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Abstract 

Deep brain stimulation (DBS) therapy is a programmable neurosurgical intervention that 

can significantly improve quality of life for individuals with medication-refractory 

movement disorders, such as Essential Tremor and Parkinsonôs Disease. However, clinical 

outcomes with DBS therapy still vary across patients, and the clinical time and effort 

necessary to program the stimulation settings to each patientôs symptoms presents practical 

challenges in the clinic. With the advent of directional lead technology and independent 

multi-channel current-controlled stimulation, the scope of possible DBS configurations is 

now substantially larger than it was even five years ago. This has greatly increased the time 

to determine the most effective electrode configuration, and in reality much of the 

stimulation parameter space is left unexplored during a clinical visit. This thesis addressed 

the gap between the directional lead technology and its clinical implementation by 

developing three promising techniques to program directional DBS lead systems. The 

first programming technique involved developing subject-specific computational models 

of DBS based on individual MRI/CT scans. Comparing model predictions to clinical 

outcomes from patients with Essential Tremor revealed that lateral and medial parcellations 

of the motor-thalamic afferents of the cerebellothalamic tract were differentially associated 

with stimulation-induced therapy and side effects, respectively. Second, sensor-based 

evaluation of DBS in Essential Tremor patients revealed that directional contacts were 

superior to ring-mode contacts in providing optimized tremor reduction with reduced 

dysarthria. The third programming technique involved using neurophysiological feedback 

to guide the selection of which electrode(s) to use during DBS. In Parkinsonôs disease, for 

example, stimulation through electrodes with higher resting-state beta-band oscillatory 

power in the subthalamic nucleus generally result in better clinical outcomes. Using a non-

human primate model, we tracked how beta-band power changed spatially and temporally 

between intraoperative and chronic time points and showed that the strongest variability 

occurred within the first two weeks after lead implantation. This suggested that 

neurofeedback-based programming may be most consistent after the immune tissue 

response settles. Together, these results showed how model- and sensor-based 

programming techniques can limit the parameter space for programming directional DBS 

enabling more efficient and effective clinical outcomes in the future. 
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Chapter 1: Introduction  

Published in part within: 

Brinda AK and Johnson MD. ñDeep Brain Stimulation.ò Handbook of 

Neuroengineering, edited by Nitish V. Thakor, Springer, expected July 29, 2022. 

 

1.1 Brief History of DBS Therapy 

For almost a century, physicians have treated brain disorders with intracranial electrical 

stimulation. Early on, electrical stimulation was applied intraoperatively through acutely 

implanted depth electrodes as a part of volumetric mapping procedures to identify the 

precise brain regions to surgically ablate to ameliorate symptoms of several brain disorders. 

These stimulation-based mapping procedures proved to be critical in two respects. First, 

one of the challenges with lesion therapies had been that slightly off-target lesions could 

result in severe side effects, including the inability to speak and the loss of motor control 

in the lower and upper extremities. Electrical stimulation was found to transiently and 

reversibly evoke those same side effects, thus enabling physicians to identify the 

stereotaxic coordinates to avoid when performing surgical ablation. Through the course of 

these mapping studies, it also became apparent that electrical stimulation could be helpful 

in identifying volumes that when ablated would result in robust therapeutic outcomes. In 

particular, low frequency stimulation (with pulse trains <50 Hz) in the optimal target could 

exacerbate symptoms, whereas high frequency stimulation (with pulse trains >50 Hz) could 

alleviate symptoms (Hassler et al., 1960).  

 

This discovery prompted several neurosurgeons to pioneer the chronic implantation of one 

or more depth electrodes into the same brain regions targeted for surgical ablation therapies 

(Mark et al., 1960). The advantage of this approach over surgical ablation therapies was 

that deep brain stimulation (DBS) was reversible (i.e. the stimulator could be turned off) 

and adaptable (i.e. the stimulator settings could be adjusted to optimize the therapy for a 

given patient). In these early studies, the electrode wire implants were externalized through 

a percutaneous connector that mated with an electronic box for delivering voltage or 

current-controlled stimulation with pulse trains at frequencies at or above 50 Hz. Illustrated 
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examples of the depth electrode implants in these early studies are shown in Figure 1.1, 

including implants targeting the globus pallidus and motor thalamus for the treatment of 

movement disorders (Bechtereva et al., 1972), the peri-amygdala space for the treatment 

of neuropsychiatric disorders (King, 1961), and the somatosensory thalamus for the 

treatment of neurogenic pain disorders (Hosobuchi et al., 1973).  

 

 
Figure 1.1: Il lustrated historical examples of chronically implanted DBS lead designs and stimulation 

settings.  (A) Stimulation of targets within the basal ganglia and motor thalamus of the same patient were 

used to treat movement disorders, including Parkinsonôs disease (Bechtereva et al., 1972). (B) High-

frequency stimulation of the peri-amygdala region could induce emotions of joy, whereas stimulation in the 

amygdala could induce emotions of fear (King, 1961) (C) A coiled lead of electrodes implanted into the 

somatosensory thalamus was used to treat severe neurogenic pain (Hosobuchi et al., 1973). 

 

Pulse generators were then further developed into fully implantable systems containing 

primary cell batteries and telemetry hardware for programming stimulation settings 

including stimulation amplitude, frequency, pulse width, and electrode configuration. The 

pioneering work of Dr. Alim Louis Benabid and colleagues in collaboration with 

Medtronic brought DBS systems to mainstream use for treating movement disorders in the 

1980s and 1990s (Benabid et al., 1987a, 1991). Since then, several medical device 

companies have successfully navigated the regulatory and reimbursement pathways to 

bring a range of DBS systems to market for the treatment of movement disorders, 

neuropsychiatric disorders, and epilepsy.  

 

1.2 Current DBS Systems and Implantation Procedures 

The current DBS system consists of an implantable pulse generator (IPG) connected, via 

an extension cable, to a lead of electrodes (Figure 1.2A). DBS leads are approximately 1.3 

mm in diameter with four or more electrode contacts distributed along or around the lead 
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body and made of an alloy of platinum and iridium. The arrangement of electrodes as 

shown in Figure 1.2B includes a vertical stack, which derives from the early studies by 

Hosobuchi and colleagues who sought to design a lead that could accommodate off target 

implantation depths (see inset in Figure 1.2C). Electrodes on the distal end of the DBS 

lead are connected to coiled or multi-filar wires that are insulated and traverse through the 

lead body to mate with the extension cable. The insulating polymer is typically made of 

medical grade polyurethane with mechanical and biological resistance to fracture and 

degradation in vivo. The IPG has bidirectional telemetry capabilities for remote 

programming of stimulation settings and in some cases onboard recording from 

accelerometers that are embedded in the IPG circuitry and from onboard recording of local 

field potentials within the brain. The bidirectional telemetry uses RF ranges between 150-

200 kHz to much higher ranges with Bluetooth protocols. In recent years, these protocols 

have allowed for distant and even remote programming such that there is no longer a need 

for a telemetry wand to be physically over the implanted neurostimulator. 

 
Figure 1.2: Standard components of a DBS system.  (A) Components include IPG, extension cable tunneled 

subcutaneously, and one or more leads of electrodes implanted into the brain through a cranial burr hole. (B) 

Shown is a sagittal view from a postoperative MRI with the susceptibility artifact highlighting the trajectory 

of the DBS lead. The inset shows the coronal view of the DBS lead targeting the dorsolateral subthalamic 

nucleus (STN) for treating Parkinsonôs disease. 

 

Individuals scheduled for DBS surgery will first undergo a pre-operative magnetic 

resonance imaging (MRI) scan followed by a computed tomography (CT) scan in which a 

headframe with fiducials is secured to the cranium with set screws under local anesthesia 

(Figure 1.3). The pre-operative imaging data sets are then co-registered to plan the 

trajectory of the DBS lead implant and determine the precise coordinates and angles to set 
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on a stereotaxic arc that attaches to the headframe during surgery. This planning process is 

critical to identify the angles in the coronal (medial-lateral) and sagittal (anterior-posterior) 

planes that ensure reaching the targeted brain region but also avoiding instances in which 

the DBS lead passes through major vasculature (e.g. through cortical sulci) or passes 

through regions known to result in poor postoperative outcomes (e.g. ventricle penetration 

has been associated with postoperative confusion). In the operating room, the surgery is 

often performed under mild general anesthesia during the initial skin incision, cranial burr 

hole, and formation of a dural flap to access the brain. After which, the patient is weaned 

off of general anesthesia and microelectrode mapping is performed to identify the 

functional territories of the DBS target.  

 

 
Figure 1.3: Surgical protocol for the DBS lead and IPG implantation process. 

 

This mapping process includes both electrophysiological mapping to identify cells whose 

spike activity responds to behavioral manipulations and microstimulation mapping to 

identify regions that when stimulated evoke side effects. The microelectrodes are advanced 

using a microdrive, which is attached to the stereotaxic frame. Rigid guide tubes are used 

to ensure that the microelectrodes advance straight to the target. These microelectrodes 

range from single microwires to single shank arrays with multiple microelectrodes along a 
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single shank to multi-tine systems. Depth electrodes used for epilepsy monitoring and 

stimulation have been designed with both macroelectrodes and microelectrodes to enable 

recording local field potentials as well as the possibility of recording multi-unit spike 

activity. These different geometries emphasize the need to record both along a track as well 

as across several spatially distinct tracks. The microelectrode track deemed to exhibit the 

longest run of functionally relevant cells and with reasonably high stimulation thresholds 

for inducing side effects is then used for the DBS lead implant.  

 

The final stage consists of advancing the lead through the chosen guide tube under 

fluoroscopy, retracting the guide tube with the lead held in place with an anchored stylet, 

and fixing the lead to the cranium using a clamping fixture within the burr hole. In most 

cases, it is informative to test stimulation after the DBS lead reaches its target to determine 

the extent of the therapeutic effect as well as the thresholds to induce side effects while the 

patient is still in the operating room. The remaining proximal end of the DBS lead cable is 

coiled in a subgaleal pocket for the second stage of the DBS implant surgery. While 

microelectrode mapping is commonly used in DBS lead implant procedures for movement 

disorders, the technique is rarely used for DBS targets consisting entirely of axonal fiber 

pathways. In these cases, targeting is based on the stereotaxic coordinate system generated 

by the stereotaxic headframe co-registered to the preoperative MRI and CT scans. Recent 

studies have also reported on the use of intraoperative MRI and CT imaging to guide the 

implantation of DBS leads, which has the benefit that the patient can be placed under 

general anesthesia during the entire procedure.  

 

Several weeks after the initial DBS lead implantation surgery, the second phase of the DBS 

implant surgery is performed under general anesthesia. This phase involves tunneling an 

extension cable under the skin from the infraclavicular area of the chest to the subgaleal 

pocket adjacent to the burr hole. Through a small skin incision, the DBS lead is connected 

to this extension cable with the other end of the extension cable secured to the IPG. In some 

cases, there may be two DBS leads implanted in a single procedure in which case multiple 

cables are routed to one or more IPGs. Following this second phase of the DBS surgery, a 

clinician will program the DBS system to identify the stimulation settings (e.g. electrode 
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configuration, stimulation amplitude, pulse width, frequency) that provide the best 

therapeutic effect without causing side effects. 

 

1.3 Clinical Indications for DBS Therapy 

DBS therapy is approved by the FDA for use in five brain conditions with many other 

clinical indications under active investigation in preclinical animal models and early-stage 

human clinical trials. In 1999, the FDA approved DBS therapy targeting the ventral 

intermediate nucleus (Vim) of the thalamus, which is the cerebellar-receiving area of motor 

thalamus, for Essential Tremor (ET). DBS targeting the subthalamic nucleus (STN) and 

internal globus pallidus (GPi) for Parkinsonôs disease (PD) was approved by the FDA in 

2002. The FDA gave humanitarian device exemptions in 2003 for DBS of the GPi to treat 

dystonia and in 2009 for DBS of the anterior limb of the internal capsule to treat obsessive 

compulsive disorder. Most recently, the FDA approved DBS of the medial temporal lobe 

in 2013 and the anterior nucleus of thalamus in 2019 for treating epilepsy. With these 

successes, DBS is under investigation across many other brain disorders including stroke, 

minimally conscious state, addiction, obesity, and dementia (Table 1.1). 

 

Table 1.1: Clinical Indications for DBS.  Level of approval currently obtained for each clinical indication 

target: Food and Drug Administration (FDA), European Conformity (CE Mark), Humanitarian Device 

Exemption (HDE), and Investigational.   
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1.4 Physiological Mechanisms of DBS Therapy 

In order to optimize DBS therapy for existing targets and consider new targets, it is 

important to have a solid understanding of the biophysical principles of how electrical 

stimulation influences neural activity and how those changes in neural activity translate 

into symptom-relieving therapies for patients. While there are several general concepts that 

extend across most DBS clinical applications, it is important to acknowledge that the 

physiological mechanisms of DBS can vary according to the clinical indication, the 

targeted brain region, and the stimulation patterns used in the therapy. The general concepts 

of the mechanisms of DBS will be explained below.  

 

 Volume conductor theory with DBS electrodes 

Importantly, applying a voltage across one or more implanted electrodes generates both 

non-faradaic and faradaic currents. These currents are delivered by most DBS systems as 

a biphasic stimulation waveform with the first phase consisting of a narrow pulse (60-90 

ɛs most often) followed by a longer duration secondary phase of opposite polarity that 
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balances the charge injected in the first phase. Such charge-balancing is a critical feature 

of DBS waveforms to avoid the buildup of faradaic reaction products at the electrode-tissue 

interface. Such redox reactions can both degrade the electrode and cause a reactive tissue 

response that can be damaging to the cellular microenvironment of the nearby neuropil. 

DBS systems typically use a secondary stimulus waveform phase that is delivered as an 

active recharge or a passive recharge, with the latter case meaning that the electrode is 

switched to an open circuit after the initial narrow pulse is delivered. 

 

The stimulation waveform that passes into the neuropil is affected by the presence of a glia 

and proteinaceous encapsulation layer surrounding the DBS lead. This encapsulation layer 

consists of dense collections of microglia, ramified astrocytes, extracellular matrix, other 

proteins that adsorb onto the electrode surface, and in some cases macrophages that enter 

into the brain when the microvasculature is disrupted during implantation. Together, this 

encapsulation layer adds resistive and capacitive impedances that can modify the waveform 

shape of the applied stimulation. Voltage-controlled stimulators are particularly sensitive 

to this filtering phenomenon since the delivered current depends on the sensed electrode-

tissue impedances (Lempka et al., 2010). Current-controlled waveforms are much less 

sensitive to the effects of the encapsulation layer impedance (Butson et al., 2006), and 

current-controlled stimulators have become the standard in recent years.  

 

Interestingly, chronic stimulation for more than an hour can significantly attenuate the 

encapsulation layer impedance, presumably by creating extracellular paths through the 

tightly clumped glia that make up the encapsulation layer (Lempka et al., 2009). Clinically, 

this often manifests during the initial programming visit for voltage-controlled stimulators 

in which stimulation amplitudes are set at ~80% of the threshold to elicit a side effect. Over 

the course of several hours of stimulation, the electrode-tissue interface impedances drop 

leading to pronounced side effects appearing. In this case, the impedance drop results in a 

larger current passing through the electrode-tissue interface thus having broader spatial 

effects and activating more pathways than initially intended. The delayed side effect 

phenomenon has not been widely reported for current-controlled stimulators. 
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According to volume conductor theory, the stimulus-induced tissue potentials fall off as a 

function of distance from a monopolar electrode source and as a function of distance-

squared from bipolar electrode sources. Monopolar stimulation is defined in the field of 

DBS as stimulating through one electrode within the brain with a return electrode set as 

the metallic shell of the IPG, also known as the ócanô or ócaseô. Bipolar stimulation uses 

two electrodes within the brain with each set as the anode or cathode depending on the 

time-point of the stimulation waveform cycle. Let us first consider the distribution of 

extracellular tissue potentials •Ὠ that result from monopolar and bipolar current-

controlled stimulation through an isotropic conductance medium using a point source 

electrode. These potentials are given by: 

• ȟ  Ὠ  (1.1) 

• ȟ  Ὠ   (1.2) 

where Ὅ is the current amplitude, „ is the specific electrical conductivity, and Ὠ is the 

distance between the current source and the location being evaluated. While these 

equations are helpful to see conceptually how tissue potentials fall off with distance, DBS 

leads contain macroelectrodes with surface areas on the order of 1.5 - 6.0 mm2 and with 

geometries that include cylindrical, hemispherical, or radially segmented cylindrical 

shapes. When stimulating through such macroelectrodes, the tissue potentials fall off more 

gradually with distance as shown in (Equation 1.3) with an ‌ experimentally calculated 

between 0.78-0.88 for some monopolar configurations (Miocinovic et al., 2009). 

• ȟ  (1.3) 

Though it has not yet been experimentally calculated, the ‌ value in this equation for 

bipolar stimulation through a DBS lead is likely less than 2. The larger sizes of DBS 

electrodes also create smaller current densities in tissue that are adjacent to the active 

electrode(s) and relatively larger current densities in the tissue farther away from the active 

electrode(s). These have important implications in terms of óactivatingô or generating 

action potentials within neurons or axonal pathways adjacent to the DBS lead as described 

below. 
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 Membrane potential changes induced by DBS 

Computational models have provided significant insight into the biophysical mechanisms 

by which DBS modifies membrane polarization within neuronal processes that are adjacent 

to an active electrode. We will start with a discussion of the effects of stimulation on 

myelinated and unmyelinated axons and then consider the effects that DBS has on a 

neuronôs soma and dendritic processes. One of the fundamental concepts in understanding 

how extracellular stimulation can depolarize or hyperpolarize portions of an axon is the 

principle of the óactivating functionô estimation (Equation 1.4) (Rattay, 1986). 

Ὓὼȟὸ ȟ ȟ ȟ
 (1. 4) 

This function estimates the contribution of electrical stimulation on transmembrane current 

that underlies membrane polarization and action potential formation. For myelinated 

axons, this function is defined as the second spatial difference of extracellular potentials 

along axonal compartments in which the external potential ὠȟ corresponds to the nth node 

of Ranvier along an axon with node of Ranvier separation given by ῳὼ. The activating 

function calculation for unmyelinated axons requires taking the limit as the axonal 

compartment size ῳὼ reduces to zero (Equation 1.5). 

Ὓὼȟὸ ὰὭά
ᴼ
Ὓὼȟὸ  (1. 5) 

Together, these activating functions for myelinated and unmyelinated axons emphasize 

that the direct driving force on membrane polarization with electrical stimulation is the 

second spatial difference or differential in extracellular potentials along the axon. The 

spatial profile of the activating function adjacent to a DBS lead depends on both the 

electrode geometry and the orientation of the axon. In other words, if two orthogonal axons 

cross at a single nodal point adjacent to an active electrode, the activating function values 

for each axon at that crossing point will most likely be different. As another example to 

reinforce this point, an axonôs membrane polarization will exhibit minimal changes during 

stimulation when the axon courses along an isopotential contour within the tissue. In 

contrast, when an axon courses orthogonal to the induced isopotential contours, DBS will 

have a strong effect on the axonôs membrane voltage. One can also think of this in terms 

of the stimulus-induced electric field in which case axons that align with the electric field 

direction will have much stronger changes in membrane polarization than axons projecting 
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orthogonal to the electric field. Recent DBS studies have sought to leverage this principle 

of electric field alignment to create óorientation-selectiveô stimulation paradigms that more 

selectively activate subsets of axonal pathways coursing near a DBS lead (Anderson et al., 

2019; Lehto et al., 2017; Slopsema et al., 2018; Xiao et al., 2016a).  

 

 Disruption of pathological oscillations 

In addition to modulation of neuronal spike activity, DBS can affect the spectral power of 

local field potentials. Abnormal oscillatory activity is known to occur in several brain 

disorders including epilepsy, PD, and ET (Kuhn et al., 2008a; Neumann et al., 2019). These 

oscillations are thought to stem from pathological synchronous activity across independent 

information channels manifesting as abnormal spectral power across one or more 

frequency bands. In epilepsy, for example, these oscillations are often characterized in the 

gamma band (30-200 Hz) and high frequency oscillation band. In PD and ET, the 

pathological oscillations are in the beta band (12-30 Hz) and theta band (3-8 Hz), 

respectively. Isochronal stimulation is known to suppress these oscillations at stimulation 

amplitudes and frequencies that are clinically therapeutic (Air et al., 2012; Kuhn et al., 

2008a; Sohal and Sun, 2011). Recent work has also shown that triggering stimulation based 

on the phase of local field potentials can further reduce the spectral power of these 

abnormal oscillations (Cagnan et al., 2017). Chapter 4: will  discuss the use of beta-band 

power for initial DBS lead programming in PD patients. 

 

1.5 Spatial Targeting for DBS Therapy 

Precise spatial targeting of DBS therapy is critical to activate the pathways necessary to 

drive clinical improvement in symptoms and to avoid activating pathways that can evoke 

side effects. Spatial precision can be thought of in two ways: the first is neurosurgical 

precision of implanting the DBS lead in a position and orientation that allows for one or 

more electrodes to be in the target nucleus or fiber pathway; the second is the postoperative 

programming precision in which a clinician fine tunes which electrodes to stimulate 

through and which stimulus settings to use to achieve robust improvement in symptoms 
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for a given patient. The focus of this thesis is primarily post-operative programming which 

we will discuss after first considering the effect of DBS lead implants and lead design. 

 

 DBS lead implants: unilateral vs. bilateral 

When considering DBS surgery for a patient, it is important to determine if a patient should 

have unilateral or bilateral DBS lead implants. In most settings, bilateral implantations are 

used given that the clinical effects of DBS manifest primarily contralateral to the DBS lead. 

In ET, for example, DBS therapy targeting the Vim nucleus of thalamus produces almost 

an entirely contralateral effect on tremor. Thus, if a patient has bilateral tremor or has 

substantial midline tremor, bilateral DBS lead implants are necessary to adequately control 

the patientôs tremor symptoms (Mitchell et al., 2018; Nazzaro et al., 2013; Ondo et al., 

2001; Putzke et al., 2005). However, bilateral DBS implants often have a higher likelihood 

of inducing side effects including speech and gait impairments (Mitchell et al., 2018; 

Nazzaro et al., 2013; Ondo et al., 2001; Putzke et al., 2005). For some disorders, such as 

PD, unilateral DBS can generate reduction in motor symptoms on both the contralateral 

and ipsilateral sides (Alberts et al., 2008; Rizzone et al., 2017), but the effect size is greater 

on the contralateral side. Similar to bilateral DBS for ET, bilateral DBS for PD can also 

cause more speech and cognitive dysfunction in comparison to unilateral DBS (Alberts et 

al., 2008; Temel et al., 2006). 

 

 DBS lead design  

The basic DBS lead design contains four cylindrical electrodes distributed along a lead 

body with adjustable design variables including the number of electrodes, electrode height, 

and inter-row spacing (Figure 1.4A). These design parameters have been adjusted to create 

several models that are commonly used in DBS applications today. DBS leads designed to 

target small nuclei, will have shorter array lengths. An example is the Medtronic 3389 DBS 

lead which has a total array length of 7.5mm and is commonly used for targeting the STN. 

In other cases, such as targeting the anterior limb of internal capsule for treating obsessive 

compulsive disorder, DBS leads often have a 24 mm span of electrodes (e.g. Medtronic 

3391 lead), providing additional flexibility to target a broad range of fiber pathways with 
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both dorsal and ventral extents. These designs with stacked electrodes along the lead also 

provide surgical tolerance should the lead be implanted too deep or too shallow. 

 

 
Figure 1.4: DBS lead design parameters.  (A) Conventional DBS lead design with four cylindrical electrodes. 

Adjustable parameters include electrode height and spacing between electrodes, both of which contribute to 

the total array length. (B) Directional DBS lead designs with the two middle rows containing split band 

electrodes. Shown are leads from Abbott (left) and Boston Scientific (right). (C) Future directional DBS 

leads for enhanced spatial targeting. Adjustable parameters include electrode height, inter- and intra-row 

spacing between electrodes, and the number of segmented electrodes in each row. 

 

Recent developments in DBS lead technology have created split band designs in which a 

cylindrical electrode is divided into multiple separately addressable electrodes (Figure 

1.4B and C). Such designs have enabled current steering around the DBS lead with more 

spatial precision. This has become particularly useful in cases in which the DBS lead is 

slightly deviated in its implant location from its therapeutic target. In such cases, the ability 

to directionally steer current towards the therapeutic target and away from any pathways 

related to side effects is crucial to obtaining optimal therapy for the patient. A therapeutic 

window refers to the stimulus amplitude difference between achieving a robust clinical 

effect and generating side effects, and is a concept often used in assessing DBS lead designs 

and lead implant locations. When that difference is less than or equal to zero, side effects 

emerge at or before the threshold for maximal therapeutic effect. Directional DBS leads 

have been shown to improve therapeutic windows in patients with ET and PD and will 

likely be beneficial for other clinical indications as well. 
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While commercially available DBS leads have a limited number of designs available, the 

design space is quite large. There is a clinical need for DBS lead technology to be tailored 

to the anatomy of the varying neural targets of DBS therapy. Such adaptations may involve 

the following design characteristics:    

(A) Number and location of cylindrical and split band electrodes 

(B) Electrode size 

(C) Spacing between rows  

(D) Spacing between segmented electrodes within a row 

It is important to keep in mind that these design choices may be constrained by other 

factors. For instance, increasing the number of electrodes along and around the DBS lead 

creates smaller electrode sizes that will result in higher charge densities at the electrode-

tissue interface (Teplitzky et al., 2016a). To facilitate these higher charge densities without 

causing electrode material degradation, there is ongoing research to develop high surface 

area electrode coatings (Petrossians et al., 2014). However, one still needs to consider the 

effects of higher charge densities on the local cellular microenvironment around the DBS 

lead (McCreery et al., 1990). The use of smaller electrode sizes as mentioned earlier, also 

creates different tissue potential distributions than observed for larger macroelectrodes; 

smaller electrodes will yield current density that is higher in the tissue nearest to the active 

electrodes and more quickly falls off with distance. This effectively results in the 

directional óthrowô of the activation volume to be smaller when using smaller electrode 

sizes around a DBS lead (Teplitzky et al., 2016a).  

 

Models have suggested that one can shift the centroid of a volume of tissue activated by 1-

2 mm on one side or the other with commercially-available directional leads, but charge 

density limits related to tissue damage make it difficult to extend this range (Teplitzky et 

al., 2016a). Hence, directional DBS leads can steer current to aid in spatial targeting to 

some extent, namely in cases in which implants are 1-2 mm off target but are not likely to 

be a remedy for implants that are farther off target. In those cases, re-implantation of the 

first DBS lead may be necessary or implantation of a second DBS lead to steer the current 
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between leads may be helpful. These challenges are acutely present in the field of DBS as 

recent meta-analysis has shown that 15-34% of DBS cases involve removal or revision of 

a DBS lead (Rolston et al., 2016). Given those limitations, directional DBS lead technology 

still provides increased flexibility to steer current, creating a non-uniform electric field that 

can activate a therapeutic target and avoid activation of regions and pathways related to 

side-effects (Martens et al., 2011). 

 

 Directing the electric field 

A useful way to visualize the regions óactivatedô by stimulation is a model-based estimation 

of the volume of tissue activated (VTA). The process involves choosing a single activating 

function threshold or a threshold function to provide a spatial volume of the axons that are 

likely activated by a given DBS setting. VTA analysis can be used by clinicians to 

determine what combinations of electrodes should be used to contain or direct stimulation 

to certain structures (Butson and McIntyre, 2008). While the VTA is useful in its 

computational efficiency, there are other more accurate approaches to estimating the neural 

structures activated by DBS including the driving function (Gunalan et al., 2018a; Warman 

et al., 1993), and large-scale biophysical models in the NEURON programming 

environment (Johnson and McIntyre, 2008; McIntyre et al., 2004; Miocinovic et al., 2006).  

 

When one considers finite element models and biophysical models that incorporate 

anatomically realistic axonal fiber trajectories, one can consider how to steer current to 

preferentially stimulate one axonal pathway over another. One approach in this regard is 

known as orientation-selective stimulation in which one aligns the electric field along the 

three-dimensional morphologies of the neuronal pathways of interest (Lehto et al., 2017). 

As an example of this approach through directional DBS leads (Slopsema et al., 2018), one 

can target specific axonal orientations relative to the DBS lead as shown in Figure 1.5: 

(A) Two cathodes on separate rows and in the same column produce an electric field 

adjacent to the active electrodes that is orthogonal to the DBS lead and will 

preferentially activate axonal fibers that are orthogonal to the lead (Figure 1.5B 

and C).  
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(B) One cathode and one anode on separate rows and in the same column produces an 

electric field parallel to the DBS lead and will preferentially activate axonal fibers 

that are parallel to the lead (Figure 1.5B and C).  

(C) In order to activate axonal fibers oriented at an angle of 45 degrees to the DBS lead 

axis, the electrode pairing can be rotated so that they are not in the same column of 

electrodes (Figure 1.5D and E). 

(D) In order to activate fibers at an angle between 0 and 45 degrees, the electrode 

pairing can be rotated and the ratio of current amplitude between the two electrodes 

can be adjusted (Figure 1.5F). 

Another example of this principle was shown for STN-DBS in humans in which one can 

align the electric field orthogonally to the DBS lead through a double cathode configuration 

(Slopsema et al., 2018). This configuration resulted in an electric field oriented parallel to 

the axonal projections into and out of the STN and orthogonal to the corticospinal tract of 

internal capsule, which if stimulated would result in involuntary muscle contractions. 

 

 
Figure 1.5: Orientation-selective stimulation involves designing an electric field that aligns with the direction 

of axonal pathways of therapeutic relevance and is not aligned with axonal pathways implicated in side 

effects of DBS. (A) This principle is highlighted for a directional DBS lead with a row of annular electrodes 

on either side of two segmented rows each containing three split-band electrodes (Abbott Neuromodulation, 

Plano, TX). (B) Dual cathode (green) and bipolar (blue) current-controlled stimulation was applied through 

electrodes on each of the segmented rows. (C) Biophysical axon models were distributed around the DBS 

lead at a 1mm distance from the lead, and activated axons are highlighted for each electrode configuration. 

(D) Dual cathode (red) and bipolar (purple) configurations were applied to off-axis segmented contacts. (E) 

Activated axons are highlighted for both cathode-cathode and cathode-anode configurations. (F) Stimulus 

thresholds for activation of all radially distributed axons for each stimulus configuration in (B) and (D). 



 

 

17 

 

NA = axons were not activated up to a charge density of 30 ‘ὅȾὧά . Reproduced with permission from 

(Slopsema et al., 2018). 

 

 Targeting algorithms that leverage computational models of DBS 

The clinical optimization of DBS settings, also known as programming, requires a 

substantial amount of clinical time to identify the most therapeutic electrode configurations 

and stimulation amplitudes, frequencies, and pulse widths. The goal in programming a 

DBS system is to target electrical current through an anatomical  ñsweet-spotò related to 

the disease: such as, the postero-lateral STN for PD and the inferior pole of the VIM 

nucleus of the thalamus for ET (Akram et al., 2017; Barbe et al., 2011a; Benabid et al., 

1991, 1996; Horn et al., 2017; Sandvik et al., 2011). DBS programming often requires 

multiple patient visits over months to years with each clinical visit requiring hours to parse 

through as many DBS settings as possible (Hunka et al., 2005; Schüpbach et al., 2017). 

The programming process typically starts with a monopolar review, during which each 

electrode is tested individually to determine the therapeutic efficacy and therapeutic 

window. This involves fixing the stimulation frequency and pulse width and ramping up 

the stimulation amplitude until a side effect is observed. Realistically, however, clinician 

time, patient fatigue, and the wash-in and wash-out time constants of DBS therapy on 

individual symptoms limit the number of electrodes that can be tested in a given session. 

Patients are often programmed with reasonably good stimulation settings but are not 

óoptimizedô since it is difficult to fully explore all possible electrode configurations and 

stimulation parameters in a single clinical visit.  

 

Typically, during a single monopolar review session, one can evaluate DBS leads with four 

electrodes as shown in Figure 1.4A but a monopolar review is not easily accomplished 

with newer directional DBS leads with eight or more electrodes. One short-cut strategy 

used for directional DBS leads has been to group the split band contacts of one row together 

and stimulate simultaneously through all of them to mimic a cylindrical electrode. If that 

grouped ring of electrodes provides better therapy than the other rows, then the split band 

electrodes can be tested individually. Although this technique does save time and often 

provides additional levels of therapy (Steigerwald et al., 2016), the parameter space is still 
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left largely unexplored. Bipolar configurations are rarely tested which limits opportunities 

to use orientation-selective stimulation (Slopsema et al., 2018). Additionally, the frequency 

of DBS is typically fixed, limiting opportunities to consider other frequencies that may 

cause fewer side effects (Xie et al., 2012). 

 

Several novel programming strategies have been proposed in recent years leveraging 

computational models of DBS. One strategy has been to run hundreds to thousands of 

simulations using patient-specific finite element models of the electrode-tissue interface 

and the activating function (Equation 1.4) to predict the volumes of tissue in which 

stimulation generates action potentials within the axonal compartments defined by the 

volume (McIntyre et al., 2006). These simulations then build VTA estimations for any of 

the parameter combinations of interest (amplitude, pulse duration, frequency, and electrode 

configuration). Each of those VTAs can then be compared to the target VTA and scored 

quantitatively. The VTA deemed most similar by the scoring equation corresponds to a set 

of DBS parameters which are given to the clinician as a starting point during the patientôs 

first programming session. Recent efforts have integrated machine learning into this 

approach to more efficiently predict the stimulation setting that will generate a VTA best 

matching the desired target volume. Artificial neural networks are well-suited to this 

process and can be trained by the initial VTA simulations to calculate future VTAs in a 

timely manner (Chaturvedi et al., 2013). This allows clinicians to virtually explore 

activation due to any monopolar and potentially multipolar configurations, but do require 

a very large upfront cost of running many simulations. 

 

Additionally, there have been efforts to leverage optimization theory to further reduce the 

upfront cost of running patient-specific computational models and allow for instances in 

which one may want to more selectively activate axonal pathways of different orientations 

that occupy the same volume of interest. In this case, convex optimization can identify the 

stimulation settings that maximize the activating function (Equation 1.4) for a given 

axonal pathway within a region of interest rather than running a full set of simulations for 

each configuration (Anderson et al., 2018; Xiao et al., 2016a). One can set up an objective 

function to maximize the activating function value for one axonal pathway and minimize 
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the activation value of other axonal pathways and assign relative weights amongst all the 

objectives. This objective function can be solved for each point in a 3D grid and also 

include constraints or other objectives such as power consumption to further constrain the 

problem (Xiao et al., 2016a). In addition, one can extend this to a Hessian matrix of electric 

potentials that can be useful to define an objective function for pathways to target and avoid 

(Anderson et al., 2018). Use of the Hessian matrix allows for activation prediction in all 

directions, rather than in a pre-defined axonal pathway direction. These linear convex 

optimization approaches have the advantage of computing optimal DBS parameters in 

mere seconds.  

 

With these convex optimization approaches, one assumes that each volumetric grid point 

is independent of other grid points, which is not necessarily the case. If one considers an 

axon traversing through a volume of interest, it should not matter if one generates an action 

potential in one axonal compartment or another. What matters is that the overall axon is 

activated. Posing the problem in this way requires non-convex optimization. Particle 

swarm optimization (PSO) is one approach that has been shown to be effective in solving 

this problem by establishing hundreds of particles that can navigate through the DBS 

parameter space (Peña et al., 2017). The particles are guided by an inertial velocity (where 

in the parameter space they are going), a cognitive velocity (related to the parameter setting 

that yielded a particleôs best outcome), and a social velocity (where the population of 

particles found its best outcome to be in the parameter space). Over many iterations, which 

together take a few minutes to calculate computationally, the particle population swarms 

towards a global solution on a Pareto-front. Whereas other approaches require pre-defining 

the objective function weights, PSO can be set up with a multi-objective function in that 

the Pareto-front evaluates all possible objective function weighting schemes (Figure 1.6) 

(Peña et al., 2018). In this case, a clinician can identify, across a multi-dimensional space 

corresponding to all the pathways modeled, which pathways to activate or not activate and 

to what degree to reveal the stimulation settings that will achieve that optimized 

programming solution.  
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Figure 1.6: Multi -objective particle swarm optimization  (PSO) for identifying DBS settings that more 

selectively active one or more neural pathways adjacent to a DBS lead. (A) Multiple particles each explore a 

parameter space of electrode configurations and stimulation amplitudes and are guided by (B) an inertial, 

cognitive, and social component amongst the N particles. (C-E) Particles are mapped onto a multi-objective 

space that describes the goal of activating one or more pathways over other pathways. Through an iterative 

process, non-dominated particles are tracked to create a Pareto front with particles corresponding to 

optimized electrode configurations. Reproduced with permission from (Peña et al., 2018). 

 

Machine learning-based computational algorithms will no doubt be important in reducing 

the clinical visit time to identify therapeutic stimulation settings and perhaps provide non-

intuitive stimulation settings that will more effectively deliver therapy for patients on an 

individual basis. Such algorithms are also likely to enable testing hypotheses on DBS 

mechanisms in a prospective manner to identify which neural pathways account for therapy 

and side effects. These algorithms may prove especially useful for DBS therapies that have 

long wash-in times such as DBS for treatment-resistant depression and dystonia. With the 

emergence of DBS leads with more segmented contacts, including high-density leads with 

20+ electrodes (Martens et al., 2011), programming through a trial and error approach will 

be clinically infeasible using the monopolar review method. Spatial targeting algorithms 

could make the use of these leads more practical and more therapeutically impactful.  
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1.6 Pathway targeting with DBS across movement disorders 

The following are two examples of neurological disorders that can be treated with DBS: 

Essential tremor (ET) and Parkinsonôs disease (PD). Both of these movement disorders 

have pathophysiology that has given rise to multiple therapeutic targets. In the case of ET, 

the goal is to choose a target that avoids the myriad of potential side effects; while in the 

case of PD, there is more of a focus on symptom-specific therapy which may be associated 

with sub-regions of the DBS target. 

 

 DBS for Essential Tremor (ET). 

Essential Tremor is the most common movement disorder affecting up to five percent of 

adults over the age of 60 and four percent over the age of 40 (Louis et al., 1998; Zesiewicz 

et al., 2010). For cases of refractory disease, motor thalamic DBS has been shown to 

improve tremor by 60-90% (Benabid et al., 1991; Kumar et al., 2003; Schuurman et al., 

2000; Zesiewicz et al., 2010). The cerebellar-receiving area of motor thalamus, also known 

as the ventral intermediate nucleus (VIM) (Al -Fatly et al., 2019a; Benabid et al., 1987b, 

1991; Eisinger et al., 2018; Papavassiliou et al., 2004; Siegfried and Lippitz, 1994) as well 

as the posterior subthalamic area (PSA), which includes the zona incerta and prelemniscal 

radiations are the common targets of DBS for ET (Barbe et al., 2011b; Becker et al., 2020; 

Hamel et al., 2007). Although tremor can be more easily controlled compared to the 

multitude of PD symptoms, side effects can and often do arise from DBS therapy including 

dysarthria, paresthesias, imbalance, and overall weakness (Schuurman et al., 2000; 

Zesiewicz et al., 2010). PSA DBS is equivalent in clinical outcome to VIM DBS, though 

the former can achieve therapy at lower stimulation intensities on average (Barbe et al., 

2014; Kim et al., 2021). Recently, connectomic and tractography-based studies have been 

focusing on the cerebellothalamic tract (CTT), which courses through both the PSA and 

VIM, as an effective target for treating ET with DBS (Coenen et al., 2020; Henderson, 

2012; Keane et al., 2012; Middlebrooks et al., 2018, 2021a; Schlaier et al., 2015; Yang et 

al., 2020). In Chapter 2:, we investigated the fibers within the CTT to determine their role 

in providing therapy and inducing side effects during DBS for ET. However, investigating 

how DBS affects individual symptoms of ET (i.e. postural versus action tremor) will 
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require more quantitative approaches to measure each motor sign. Chapter 3 builds that 

framework to show how directional DBS leads can provide enhanced control of tremor and 

avoid side effects of stimulation. 

 

 DBS for Parkinsonôs Disease (PD). 

PD is a movement disorder characterized by bradykinesia, muscle rigidity, tremor, and 

postural instability (Mao et al., 2019; Peng et al., 2018). The common anatomical targets 

for treating these cardinal motor signs with DBS include the STN and GPi (DeLong and 

Wichmann, 2015; Mao et al., 2019), which are both integral to the basal ganglia motor 

control network (DeLong and Wichmann, 2015). In the case of the STN, studies have 

shown that targeting the dorsolateral region of the STN subserving sensorimotor function 

generates a robust therapeutic effect, whereas targeting the ventromedial STN can induce 

cognitive side effects (Frankemolle et al., 2010) including changes in mood (Okun et al., 

2003). These regions are only a few millimeters apart, emphasizing the importance of 

precise DBS lead implantation. Studies have also pointed towards the importance of 

antidromically stimulating the hyperdirect pathway (Gradinaru et al., 2009), which 

connects cortical regions including motor cortex directly with the STN (Nambu et al., 

1996). Studies have shown that one can align the electric field to these projections within 

STN to more precisely modulate those fibers (Slopsema et al., 2018). There is also 

experimental evidence using patient-specific models that the sweet spot for alleviating 

rigidity and bradykinesia are different (Butson et al., 2011). The rigidity target was found 

to be larger and located more lateral than the bradykinesia target suggesting that there are 

different pathways subserving the therapeutic effects on different motor signs. 

Interestingly, this study also showed that the therapeutic targets could be outside of the 

STN, suggesting that fibers of passage near DBS targets may be important to consider as 

well. Studies have also shown that the wash-in and wash-out times of DBS therapy can 

also depend on the location of stimulation in the STN area (Cooper et al., 2011).  

 

Meta-analyses studies have shown no significant difference in the overall therapeutic effect 

of STN-DBS versus GPi-DBS on improvement in motor signs (Follett et al., 2010; Mao et 

al., 2019; Peng et al., 2018; Xie et al., 2016). The GPi may be better suited for patients 
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experiencing dystonia, gait impairments, and medication-induced dyskinesia (Mirza et al., 

2017). There is also experimental evidence that, similar to STN-DBS, the targets for 

treating parkinsonian rigidity and bradykinesia differ in the GPi target as well. In this case, 

rigidity was relieved relatively easily across all electrodes spanning the medial edge of the 

external globus pallidus (GPe) all the way to the ventral GPi. Bradykinesia, on the other 

hand, was reduced most strongly when the active electrodes were located at the border 

between the GPi and GPe (Johnson et al., 2012a; Yelnik et al., 2000). Other studies have 

embarked on targeting brain regions including the pedunculopontine nucleus within the 

brainstem for freezing of gait and other gait dysfunction (Mao et al., 2019; Wilcox et al., 

2011). Together, these studies emphasize that DBS can be effective when targeting 

different brain regions, but at the same time, within a brain region, it is critical to target 

pathways precisely to achieve robust therapy without side effects. 

 

Another promising method for programming DBS leads involves the use of recorded local 

field potential activity, which becomes especially prominent for leads with smaller 

electrode sites that do not shunt the underlying neural sources (Connolly et al., 2016; 

Contarino et al., 2014). This may aid in DBS programming as features from the local field 

potentials that correlate with the manifestation of symptoms could guide clinicians in 

choosing the spatial configuration of electrodes to stimulate through (Tinkhauser et al., 

2018). Additionally, one can use such recorded neural activity to identify the temporal 

paradigm of the stimulation settings to maximize therapy for a given patient. In Chapter 

4:, we discern utility of neural oscillations in DBS programming by longitudinally tracking 

the spatial and temporal dynamics of local field potentials following DBS lead implant in 

4 non-human primates. 

 

1.7 Thesis Objectives 

Much like other neuroengineering subfields, the field of DBS is moving even further to 

one of precision medicine. In a way, DBS has always been personalized with the flexibility 

of tuning stimulation settings (including electrode configuration and stimulation patterns) 

to be most effective for a given patient. However, recent developments have greatly 
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expanded upon this personalized approach. In particular, the clinical introduction of 

directional DBS leads allows for a high amount of flexibility in programming, but also 

requires a tedious amount of clinician and patient time to fully optimize stimulation 

settings. 

 

This thesis (1) pairs computational modeling to clinical outcomes in order to define an 

optimal target for DBS in ET, (2) provides clinical evidence which emphasizes the utility 

of directional DBS leads in ET patients, and (3) investigates neurophysiology as a guide 

for programming of DBS in PD. The significance of these approaches is the additional 

clinical knowledge that can be used to optimize directional DBS therapy in movement 

disorder patients using three programming approaches outlined in Figure 1.7. 

 

 

Figure 1.7: Three programming tools  outlined in this thesis that are helpful in programming directional DBS 

in movement disorder patients. 

 

Chapter 2: develops patient-specific computational models of DBS in ET which were 

paired with a retrospective analysis of clinical outcomes to investigate which neural 

pathways in and around the VIM are responsible for therapeutic and/or side effects. 

 

Chapter 3 describes initial data collected in a prospective clinical trial with ET patients 

using a profile of quantitative methods which objectively evaluated DBS paradigms and 

supports the use of segmented contacts to steer current to maximize therapy without 

inducing side effects. 

 



 

 

25 

 

Chapter 4: shows the spatial and temporal dynamics of beta-band oscillatory power 

immediately following DBS lead implant in a preclinical model and eludes to the 

importance of chronic neural recordings in DBS patients for initial programming and 

research purposes. 

 

  



 

 

26 

 

Chapter 2: Clinical effects of modulating pathways 

within and around the cerebellothalamic tract in 

patients with Essential Tremor 

Submitted for publication: 

Brinda AK, Slopsema JP, Butler R, Ikramuddin S, Beall T, Guo W, Chu C, Patriat R, Braun 

H, Goftari M, Palnitkar T, Aman J, Schrock L, Cooper SE, Matsumoto J, Vitek JL, Harel 

N, Johnson MD. ñClinical effects of modulating pathways within and around the 

cerebellothalamic tract in patients with Essential Tremor.ò  

 

2.1 Chapter Summary 

Background: While deep brain stimulation (DBS) is an effective treatment for medication-

refractory Essential Tremor, patient outcome variability remains a significant challenge 

across centers. Proximity of active electrodes to the cerebello-thalamic tract (CTT) is likely 

important in suppressing tremor, but how tremor control and side effects relate to targeting 

parcellations within the CTT and other pathways around the ventral intermediate nucleus 

of thalamus (VIM) is unclear.  

Objective: To relate detailed, patient-specific neural pathway activation of VIM-DBS to 

clinical outcomes.  

Methods: Using ultra-high field (7T) MRI, we built subject-specific finite element models 

and pathway activation models for 23 directional DBS leads. Pathways included the CTT, 

cortico-thalamic tracts, medial lemniscus, thalamic fasciculus, lenticular fasciculus, zona 

incerta and internal capsule. Pathway activations were compared at clinician-optimized 

settings, paresthesia thresholds, and dysarthria thresholds. Mixed-effect models were 

utilized to determine which pathways significantly contributed to therapeutic and adverse 

outcomes. 

Results: The lateral portion of the CTT had the highest activation at clinical settings 

(p<0.05) and a significant effect on tremor suppression (p<0.001). Activation of the medial 

lemniscus and posterior-medial CTT was significantly associated with severity of 
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paresthesias (p<0.001). Activation of the anterior-medial CTT had a significant association 

with dysarthria (p<0.05).  

Conclusion: This study provides important context on the pathways responsible for DBS 

therapy with Essential Tremor and suggests a directional programming approach may have 

utility in more selectively activating lateral fibers within the CTT with the goal of avoiding 

stimulation-induced side effects. 

 

2.2 Introduction  

 Deep brain stimulation (DBS) therapy can be a highly effective neurosurgical treatment to 

alleviate the motor signs of medication-refractory Essential Tremor (ET) (Benabid et al., 

1991; Blomstedt et al., 2007; King et al., 2017; Siegfried and Lippitz, 1994). However, the 

clinical effectiveness of DBS for ET continues to vary within (Pilitsis et al., 2008) and 

across clinical DBS centers (Okun et al., 2005), stemming in part from (1) deviations in 

the precise surgical targeting of the electrode array to the cerebellar-receiving area of motor 

thalamus and/or the posterior subthalamic area (Low et al., 2019; Papavassiliou et al., 

2004) and (2) challenges in identifying stimulation settings that fully reduce tremor without 

inducing adverse side effects (Kim et al., 2021; OôSuilleabhain et al., 2003). 

 

The cerebellar-receiving area of motor thalamus, also known as the ventral intermediate 

nucleus (VIM) (Al -Fatly et al., 2019a; Benabid et al., 1987b, 1991; Eisinger et al., 2018; 

Papavassiliou et al., 2004; Siegfried and Lippitz, 1994), as well as the posterior subthalamic 

area, which includes the zona incerta and prelemniscal radiations from the cerebellum, are 

thought to be key pathways in the propagation of tremorous activity (Barbe et al., 2011b; 

Becker et al., 2020; Hamel et al., 2007). Often, DBS can induce side effects, including 

paresthesia, dysarthria, and ataxia, at stimulation amplitudes that limit the ability to fully 

abolish tremor. Recent connectomic and tractography studies have focused on the 

cerebellothalamic tract (CTT) as an effective target for therapy (Bot et al., 2021; Coenen 

et al., 2020; Low et al., 2019; Middlebrooks et al., 2021a; Schlaier et al., 2015; Yang et al., 

2020). However, other studies suggest that fibers within the CTT may also be responsible 

for stimulation-induced side effects (Åström et al., 2010; Petry-Schmelzer et al., 2021).  
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Computational modeling of DBS has become an important tool to investigate the 

relationships between the volume of tissue activated (VTA) (Reich et al., 2016) or the 

predicted pathways activated (Keane et al., 2012; Gunalan et al., 2017) and the resulting 

clinical efficacy and side effects of each stimulus setting, with approaches based on 

predicted pathway activation having significantly better accuracy (Gunalan et al., 2018b). 

Recent efforts in the field of computational modeling of DBS have also leveraged subject-

specific models (Keane et al., 2012) that are constructed from high-field magnetic 

resonance (MR) imaging data (Goftari et al., 2020; Peña et al., 2018). To date, these 

detailed models have largely focused on DBS for Parkinsonôs disease and neuropsychiatric 

disorders. In this study, we developed patient-specific computational models of DBS for 

ET to identify neural fibers that correlate with the clinical effect of reducing tremor and 

inducing side effects.  

 

2.3 Materials and Methods  

 Subject demographics and imaging 

Pre-operative high-field, 7-Tesla (7T) MR imaging was collected from thirteen subjects 

clinically diagnosed with medication-refractory ET. Imaging was performed at the 

University of Minnesota Center for Magnetic Resonance Research on a 7T research 

scanner (Magnetom 7T Siemens) and followed our published protocols (Duchin et al., 

2018; Plantinga et al., 2016). Briefly, imaging included 0.6 mm isotropic T1-weighted, 

0.4x0.4x1.0 mm T2-weighted, and 1.25 or 1.5 mm isotropic diffusion-weighted (b=1500, 

54 directions) images. Diffusion preprocessing steps included motion, susceptibility, and 

eddy current distortions correction using FMRIBôs Software Library (FSL) eddy and topup 

algorithms. All leads were Abbott Infinity DBS systems with segmented DBS leads (model 

6172 or 6173) implanted either unilaterally (n=3 subjects) or bilaterally (n=10 subjects). 

Subjects returned several weeks post-implant for initial programming of their DBS 

systems, where monopolar review thresholds for therapy and side effects were identified 

and initial optimized settings determined by a movement disorder specialist. At that time, 

a CT scan (0.4x0.4x0.6 mm) was collected and fused with the pre-operative MRI to 
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determine the final location of the DBS lead. Subject demographics and final programmed 

DBS settings are shown in Table 2.1. The study was approved by the University of 

Minnesota Institutional Review Board and all subjects gave written, informed consent prior 

to participation. 

 

Table 2.1: Subject demographics and final DBS settings. 

Subject Age Gender 

Implant To Programming Time 

(Left Lead)               (Right 

Lead) 

Initial Optimized 

Setting  

(Left Lead) 

Initial Optimized  

Setting  

(Right Lead) 

1 60 M 36 days 29 days 

2A (-), case (+) 

1.2 mA, 180 Hz,  

60 ms 

2ABC (-), case (+) 

1.2 mA; 180 Hz, 

60 ms 

2 73 M 38 days 24 days 

2ABC (-), case (+) 

1.75 mA, 130 Hz, 

60 ms 

2ABC (-), case (+) 

1.5 mA, 130 Hz, 

60 ms 

3 61 F 36 days 40 days 

2B (-), case (+) 

3.25 mA, 130 Hz, 

90 ms 

2B (-), case (+) 

3.25 mA, 130 Hz, 

90 ms 

4 65 F 31 days 70 days 

1 (-), case (+) 

4.2 mA, 190 Hz,  

60 ms 

3ABC (-), case (+) 

2.0 mA, 130 Hz, 

30 ms 

5 57 M 29 days 31 days 

3A (-), case (+) 

2.5 mA, 130 Hz, 

60 ms 

3ABC (-), case (+) 

2.5 mA, 130 Hz, 

60 ms 

6 67 M 32 days --- 

2C (-), case (+) 

2.2 mA, 180 Hz,  

60 ms 

--- 

7 52 F 52 days --- 

2ABC (-), case (+) 

1.0 mA, 130 Hz,  

30 ms 

--- 

8 75 F 31 days 28 days 

3ABC (-), case (+) 

1.6 mA, 130 Hz,  

60 ms 

2ABC (-), case (+) 

1.0 mA, 130 Hz, 

60 ms 

9 57 M 52 days 23 days 

3ABC (-), case (+) 

2.75 mA, 130 Hz, 

30 ms 

3C (-), case (+) 

2.0 mA, 130 Hz, 

30 ms 

10 70 M 28 days 28 days 
2ABC (-), case (+) 

1.5 mA, 130 Hz,  

3ABC (-), case (+) 

2.5 mA, 130 Hz,  
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60 ms 60 ms 

11 66 F --- 31 days --- 

2ABC (-), case (+) 

0.5 mA, 130 Hz, 

60 ms 

12 65 M 30 days 29 days 

3ABC (-), case (+) 

1.9 mA, 130 Hz,  

60 ms 

3ABC (-), case (+) 

0.5 mA, 130 Hz, 

60 ms 

13 74 M 80 days 38 days 

2ABC (-), case (+) 

3.5 mA, 180 Hz,  

30 ms 

2AC (-), case (+) 

2.0 mA, 130 Hz, 

30 ms 

Totals: 

64.8 

(avg), 

65 

(med) 

5F/ 8M 
37 days (avg), 

31 days (med) 

10 bilateral / 3 unilateral 

Amplitude 1.9 mA (avg), 2.0 mA (med) 

Frequency: 141 Hz (avg), 130 Hz (med) 

Pulse Width: 53 ms (avg), 60 ms (med) 

cathode (-),anode (+), implanted pulse generator (IPG), average (avg), median (med) 

 

 Computational Modeling Pipeline  

Subject-specific finite element models (FEMs) and biophysical NEURON models were 

manually constructed from each subjectôs 7T MRI data and were combined to predict 

activation of neural pathways surrounding a given DBS lead (Figure 2.1). 

 

 

Figure 2.1: Computational modeling pipeline.  The brain geometry, inhomogeneous conductivity 

distribution, and lead location are combined into a finite element model (FEM) which is interpolated along 

axons and fed into NEURON. 

 

 Finite Element Models (FEMs)  

An Abbott 6172 segmented DBS lead (n=22, diameter: 1.27 mm, contact height: 1.5 mm, 

contact spacing: 0.5 mm) or an Abbott 6173 segmented DBS lead (n=2, diameter: 1.27 

mm, contact height: 1.5 mm, contact spacing: 1.5 mm) was built in COMSOL Multiphysics 

v5.4a. The leads contained 8 electrode contacts in a 1-3-3-1 configuration with the two 
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middle rows segmented into 3 contacts each. The location of each lead was determined by 

registering a post-surgery CT scan with a pre-operative 7T MRI in Slicer (v4.8.0). The 

surface of the brain was segmented from the T1 image using FSLôs Brain Extraction Tool. 

Patient-specific brain volumes were segmented into grey matter, white matter, and cerebral 

spinal fluid (CSF) using FMRIB's Automated Segmentation Tool (FAST) on the T1 image. 

Voxels classified as grey matter or white matter were assigned subject-specific anisotropic 

conductivities based on diffusion tensors (Güllmar et al., 2010; Schmidt and van Rienen, 

2012), using conductivity and permittivity values calculated with the Cole-Cole dispersion 

functions at the median frequency (3049 Hz) of the stimulus waveform applied (grey 

matter: ů = 0.106 S/m, ὑr = 65,898; white matter: ů = 0.065 S/m, ὑr = 29,790) (Cole and 

Cole, 1941; Gabriel et al., 1996a, 1996b, 1996c). Voxels classified as CSF were assigned 

isotropic values (ů = 2.00 S/m and ὑr = 109) and bulk tissue outside of the brain was 

considered lumped tissue (ů = 0.065 S/m, ὑr = 29,790) (Howell and McIntyre, 2017). A 

0.25 mm encapsulation layer was added around the lead to represent the tissue response 

following implantation and was modeled with isotropic white matter properties (ů = 0.065 

S/m, ὑr = 29,790) (Yousif et al., 2007). 

 

The FEM was meshed using Delaunay triangulations and variable tetrahedral elements 

with extra fine resolution within and around the lead/encapsulation and within a 20 mm 

sphere around the lead tip. Final meshes contained 167,000-198,000 tetrahedra. In each 

model, the base of the neck was assigned a Dirichlet boundary condition of zero volts to 

represent ground, and the insulation of the lead was assigned a Neumann boundary 

condition of zero flux. The model also included a 1 mA/m2 normal current density applied 

to the surface of one of the eight contacts. Using Poissonôs equation, the FEM was 

simulated with a sinusoid at the median frequency of the stimulation waveform (3049 Hz) 

to calculate the voltage distribution throughout the tissue. 

 

 Pathway Tractography and Axon Population 

MR images were used to segment several nuclei and pathways thought to be involved in 

therapy and side effects of DBS for ET. Segmentation of the thalamic nuclei was completed 

by resampling the T1 MRI image to AC-PC space and warping the Mai Atlas of the Human 
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Brain to the T1-MRI images (Keane et al., 2012; Mai, 2007; Xiao et al., 2016b) to identify 

the internal and external aspects of the VIM (VIMi and VIMe, respectively), ventral-caudal 

nucleus (VC), ventral oral anterior and posterior nucleus (VOA/P), reticular nucleus (Ret), 

and the zona incerta (ZI). Further segmentation included the motor, premotor, and 

somatosensory cortices using FreeSurfer, and manual segmentation of additional structures 

from the T1 and T2 images, including the red nucleus, subthalamic nucleus, crus cerebri, 

internal globus pallidus, and the decussation of the superior cerebellar peduncle (SCP). 

Diffusion-weighted images were processed with FSL (Jenkinson et al., 2012): FDT 

(Jenkinson and Smith, 2001) was used for eddy-current correction, BEDPOSTX (Behrens 

et al., 2003a) was used to estimate the diffusion parameters, and DTIFIT (Behrens et al., 

2003b) was used to fit the diffusion model to each voxel. Following segmentation, 

probabilistic tractography was completed to extract subject-specific trajectories for 

pathways within and around the VIM. For the cortico-thalamic pathways, seed-points and 

way-points were placed in the premotor cortex (pMC) and the VOA/P, the motor cortex 

(MC) and the internal and external aspects of the VIM (VIMi and VIMe, respectively), and 

the somatosensory cortex (SSC) and the VC. The SCP was subdivided into three pathways: 

seed-points were placed in the deep cerebellar nuclei (DCN) contralateral to the DBS lead, 

waypoints were placed in the decussation of the SCP and the ipsilateral red nucleus/lateral 

edge of the red nucleus, and endpoints were placed in the ipsilateral reticular nucleus, 

VIMi, and VIMe. The internal capsule was obtained with seed-points in the ipsilateral crus 

cerebri and waypoints in the ipsilateral motor cortex. For the medial lemniscus (ML), the 

region lateral to the decussation of the SCP was used as a seed-point and a waypoint was 

placed in the VC. The thalamic/ansa fascicularis (TF) and the lenticular fasciculus (LF) 

were segmented manually using an atlas (Mai, 2007).  

 

Each pathway was randomly populated with 2 µm diameter multi-compartment myelinated 

axons (McIntyre, 2004), and axon fibers which intersected the DBS lead were displaced to 

account for tissue deformation using the following formula: ὶ Ὑ ÅzØÐ ὶ, where ὶ is 

the distance from the closest compartment to the center of the DBS lead and Ὑ is the sum 

of the radius of the DBS lead and thickness of the encapsulation layer (Goftari et al., 2021). 

The complex FEM voltage distribution was interpolated along these axon trajectories to 
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represent the extracellular voltages at each membrane compartment. These voltages were 

scaled by an in vivo primate recording of stimulation artifacts (90 µs, 136 Hz, biphasic, 

passive recharge) recorded adjacent to a DBS lead in a non-human primate to account for 

the capacitive effects of the electrode-tissue interface. If multiple contacts were employed 

in a stimulation setting, superposition was used to sum the resulting FEM output. This 

time-varying extracellular potential was applied to each compartment along each axon in 

NEURON v7.3 using e_extracellular, which in turn calculated and applied transmembrane 

currents from those extracellular potentials (Teplitzky et al., 2016b). Action potential 

counters were placed at the distal end of each axon to determine whether an action potential 

was produced. A binary search algorithm was used to scale the FEM output and determine 

the pulsatile waveformôs peak amplitude threshold for activation (i.e. generating a 

stimulus-evoked action potential) for each axon. The clinical standard of a monopolar 

review in which stimulation is sent through a single contact in reference to the IPG was 

assessed in the FEMs, including grouping of the segmented contacts into a single row. 

 

 Data Analysis  

Subject-specific pathway activation models were generated for all 23 DBS leads, and 

simulations were run for all 10 possible monopolar DBS settings (230 settings × 9 

pathways = 2070 total pathway simulations across all subjects). For each setting, thresholds 

for activation were found and compared. Percent activation for each pathway was 

calculated as the number of axons activated for a given stimulation paradigm divided by 

the total number of axons in each pathway. Freidmanôs test for variance was run to 

determine if statistical differences in pathway activation existed at therapeutic and side 

effect thresholds (MATLAB R2019b). Post hoc analysis was done to test specific 

comparisons between pathways. A two-sided sign test was performed to compare pathway 

activation to zero. For further statistical analysis, significant pathway activation was 

deemed as greater than 20%, a threshold based on previous studies in which 10-20% 

activation was necessary to exhibit behavioral changes (Chaturvedi et al., 2010; Johnson 

et al., 2012b). Pathways with this level of significant activation at clinician-optimized 

settings, paresthesia thresholds, or dysarthria thresholds were included in ordinal logistic 

regression models with random subject effect (SAS 9.4) in which the dependent variable 
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was categorized as a 0, 1, or 2, based on tremor reduction or side effect severity as 

interpreted from the clinical visit records (SAS 9.4). No tremor reduction with DBS was 

categorized as a 0, partial tremor reduction as a 1, and substantial to full tremor reduction 

as a 2. No DBS-induced side effect was categorized as a 0, transient paresthesia or slight 

dysarthria as a 1, and persistent paresthesia or moderate to severe dysarthria as a 2. For 

ordinal logistic regression, the outcome was an odds ratio estimate for each individual term. 

All models used a larger data set which included 613 samples taken from the entire 

monopolar review process, rather than just at the aforementioned threshold points. This 

larger data set followed the same general trends. 

 

2.4 Results 

Pathway activation was investigated for 23 leads from 13 subjects with ET, who were 

implanted with one or more directional DBS leads targeting the VIM thalamus. The 

subject-specific location of the implant relative to parcellations of functional nuclei of the 

thalamus and fiber pathways coursing through those nuclei are shown for two subjects in 

Figure 2.2 (see Figure 2.3 for all leads). In this cohort, despite variation in lead location, 

all of the clinically optimized electrodes were located along the CTT with contacts 

spanning ventral VIM, the ventral pole of the VIM, and the posterior subthalamic area 

(PSA). 
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Figure 2.2: Directional DBS lead implant examples targeting VIM and the PSA.  (A) The Abbott 6172 DBS 

lead with eight electrodes in a 1x3x3x1 configuration. (B) Examples of subject-specific pathway models for 

DBS leads from two subjects (ET2-R and ET4-R) in the sagittal view (top) and the front coronal view 

(bottom). Axonal fiber tracts incorporated in the model included the cerebellothalamic tract with 

demarcations for axons terminating in VIMi (blue), VIMe (yellow) and Ret (not pictured); the medial 

lemniscus (green); thalamic and lenticular fascicularis (not pictured); and the corticothalamic tracts: SSC-

VC (green), MC-VIM (yellow and blue), pMC-VOA/P (violet). The arrow represents the row of the clinician 

optimized settings. 
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Figure 2.3: Directional DBS lead location for all subjects.  The Abbott 6172 DBS lead (0.5 mm spacing) 

with eight electrodes in a 1x3x3x1 configuration was implanted in 12 of 13 subjects (21 of 23 leads). The 

Abbott 6173 DBS lead (1.5 mm spacing) was implanted bilaterally in one subject, ET13. 

 

 Pathway Activation and Clinically Programmed Settings 

Stimulus thresholds of activation were found for axons populated in the CTT, cortical-

thalamic pathways (subdivided into: MC-VIM, pMC-VOA/P, and SSC-VC), ZI, TF, LF, 

ML, and IC. The percent pathway activation was calculated at the clinically optimized 

setting for each DBS lead (Figure 2.4).  While most modeled pathways were not robustly 

activated at the clinically optimized DBS settings across subjects, three pathways did show 

more consistently strong activation (CTT, ZI, and ML) as well as differential activation of 

those pathways within the same lead and variance in pathway activation distributions 

amongst the 23 DBS leads studied. 
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Figure 2.4: Subject-specific pathway activation for clinically programmed DBS settings.  Percent activation 

of the MC-VIM, ML, pMC-VOA/P, SSC-VC, CTT, LF, TF, IC and ZI for (A) all 23 leads and for (B) each 

individual patient. 

 

Friedmanôs Test for variance indicated that there were significant differences in activation 

across pathways (p<0.001). The highest mean pathway activation was found in the CTT 

(32.45 ± 14.01%), which was significantly larger than activation in ML (19.92 ± 18.49%; 

Wilcoxon signed rank test, p=0.015) and ZI (16.55 ± 17.62%Wilcoxon signed rank test, 

p=0.001) before adjusting for the multiple comparisons (Figure 2.5A). An ordinal logistic 

mixed effects regression model including these three pathways showed that CTT was the 

only pathway with a significant effect on tremor suppression (p<0.001) (Figure 2.5B). ZI 

and ML were included for comparison in this analysis given their higher pathway activation 

values at settings eliciting side effects. Within the CTT (Figure 2.5C), Friedman's test for 

variance indicated significant differences in sub-pathway activation (p<0.001). Fibers 

innervating posterior VIMe showed the highest mean activation (59.08 ± 30.89%), 

followed closely by fibers projecting into anterior VIMe (41.97 ± 30.29%) and posterior 

Reticular nucleus (41.11 ± 34.56%). All three aforementioned pathways were found to 

have a similar positive association with tremor suppression (p<0.001) (Figure 2.5D). 
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Figure 2.5: Pathway activation for clinically programmed therapeutic settings.  (A) Percentage activation 

of pathways at clinically therapeutic settings shows that the CTT had highest activation (*p<0.05, 

**p<0.005). The white or black dot represents the median and the horizontal line represents the mean 

activation for each pathway. A black median dot represents significant pathway activation compared to 

zero (p<0.001). (B) Mixed effects model results are shown for the ZI, CTT, and ML pathways; CTT was 

shown to be the only pathway significantly associated with tremor reduction (*p<0.0001). Odds ratio 

estimates with 95% confidence intervals not overlapping the dotted red line were considered to have a 

significant effect on the therapy outcome. (C) The CTT pathway was subdivided into 6 sub-sections of 

fibers entering posterior (P) and anterior (A) Ret, VIMe and VIMi, with significantly different pathway 

activation demarcated by *p<0.001. (D) Mixed effects model results are shown for directional subsections 

of CTT fibers with greater than 20% activation at clinically programmed stimulation settings (*p<0.001).  

 

 Pathway Activation at Side Effect Thresholds  

Percent activation of all the pathways were compared for all DBS settings reported to 

exhibit side effects of paresthesia and dysarthria. For settings eliciting persistent 

paresthesias, Friedman's test revealed significant differences in pathway activation 
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(p<0.001), with the ZI, CTT, and ML pathways exhibiting greater than 20% pathway 

activation at paresthesia threshold settings (Figure 2.6A). Paresthesias were found to be 

primarily associated with activation of ML (p<0.001) and CTT (p<0.001), whereas ZI fiber 

activation had a slight negative association with paresthesia severity (p<0.001) as shown 

in Figure 2.6B. CTT subdivisions revealed significant differences in activation, with the 

posterior CTT fibers projecting to the VIMi showing the largest positive association with 

paresthesia severity (p<0.0001) (Figure 2.6C). 

 

 

Figure 2.6: Pathway activation at paresthesia thresholds.  (A) Percentage activation of pathways at 

stimulation thresholds for persistent paresthesias highlights that ML had high activation (*p<0.001) along 

with CTT and ZI. A black median dot represents significant pathway activation compared to zero 

(p<0.001). (B) A mixed effects model for paresthesia outcome shows that ML and CTT are similarly 

associated with paresthesia presence and severity (*p<0.001). (C) Mixed effects model results for 
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paresthesia outcome including the 6 subsections of CTT fibers highlights posterior VIMi as the CTT fibers 

most associated with paresthesias (*p<0.05, **p<0.001).  

 

Pathway activation at the dysarthria thresholds again showed significant differences 

(Friedmanôs test, p =1e-17). The CTT pathway exhibited the highest activation at 

stimulation settings reported to induce dysarthria (p<0.001) as shown in Figure 2.7A. 

Additionally, CTT proved to have a significant positive association with dysarthria 

presence in the mixed effects model (p<0.001) (Figure 2.7B). When the CTT was 

subdivided into 6 regions for further analysis, despite all regions having greater than 20% 

activation and a Friedmanôs test revealing significant differences in pathway activation 

(p<0.001), only CTT fibers innervating the anterior VIMi had a significant association with 

dysarthria (p<0.05) as shown in Figure 2.7C. 
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Figure 2.7: Pathway activation at thresholds for stimulation-induced dysarthria.  (A) Percent activation of 

pathways across all DBS leads at thresholds for stimulation-induced dysarthria highlights the ZI and CTT 

pathways as possible contributors. (B) Mixed effects model results for dysarthria show CTT as the only 

pathway significantly associated with dysarthria. (C) A mixed effects model for dysarthria including 

directional subsections of CTT fibers show the anterior VIMi fibers of the CTT as the only subsection 

significantly associated with dysarthria. 
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Figure 2.8: Pathway activation  in ET12-L across therapeutic and side effect inducing DBS settings. (A) 

DBS lead location for ET12-L in the context of the modeled pathways, including MC to VIMe (yellow), MC 

to VIMi (blue), pMC to VOA/P (lavender), SSC to VC (green), ML (green), DCN to VIMe (yellow) and 

DCN to VIMi (blue). (B) Pathway activation using contact 3ABC as the cathode (0.5 mA), which resulted in 

complete arrest of tremor without inducing side effects. Activated axons appear in their corresponding 

pathway color. Non-activated axons are transparent grey. (C) Persistent paresthesias were induced using 

contact 1 as the cathode (2.5mA), and (D) dysarthria was generated using contact 4 as cathode (4mA). In 

both cases, full tremor control was also achieved.   

 

2.5 Discussion   

In this study, detailed subject-specific biophysical models of DBS were used to explore 

pathway activation around DBS leads implanted in or near the VIM for treating Essential 

Tremor. Similar to previous studies, our results showed significant activation of the CTT 

pathway; however, the models went further in specifically identifying the lateral deep 

cerebellar nuclei projection axons to the reticular nucleus and to VIMe as key elements 

activated at clinically effective stimulation settings (Figure 2.8). 
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 Therapeutic VIM DBS associated with lateral cerebellothalamic tract activation 

Therapeutic efficacy of thalamic DBS for ET has been attributed to activation of the VIM 

nucleus as well as the PSA (Kakei et al., 2001; Kultas-Ilinsky et al., 2003). The PSA has 

been shown to have clinical outcome equivalence to VIM DBS (Barbe et al., 2014; Kim et 

al., 2021). In our patients, the directional DBS leads were implanted such that the 

segmented contacts were positioned between the VIM and the PSA, enabling stimulation 

settings to target both the CTT and other pathways in the PSA region, including the ZI, TF, 

and LF. We first investigated the hypothesis that activation of one or more of these 

pathways is responsible for the therapeutic effects of DBS. Our models showed that, at the 

clinically optimized settings, the CTT coursing through the PSA area was activated 

significantly more than the ZI. There was also little or no activation of the LF and TF. 

These subject-specific pathway activation modeling results confirm previous studies based 

on 3T MRI and volume of tissue activated calculations that found positive association with 

the CTT region and tremor reduction (Coenen et al., 2020; Henderson, 2012; Keane et al., 

2012; Lévy et al., 2020; Middlebrooks et al., 2018, 2021a, 2021b; Schlaier et al., 2015; 

Yang et al., 2020). 

 

Given the improved image contrast and higher signal to noise ratio of the subject-specific 

imaging at 7T, we were able to further segment the CTT into 6 sub-pathways based on 

entrance to VIM at the ventral pole. These included the anterior reticular, VIMe, and VIMi, 

as well as the posterior reticular, VIMe, and VIMi subpathways. Based on 

electrophysiology studies (Vitek et al., 1994), the medial to lateral demarcations relate to 

the somatotopic organization of VIM such that projections related to the lower extremities 

are more lateral (VIMe) and those responsive to the face are more medial (VIMi). Recent 

thalamotomy studies have also shown that a lesion restricted to the most lateral/external 

portion of VIM is sufficient for arresting tremor with less adverse effects than the 

traditional, more medial target (Hirato et al., 2018). We found that clinically optimized 

settings had greatest activation of the VIMe and posterior reticular fibers, suggesting the 

postero-lateral afferents are the portion of the CTT responsible for the primary therapeutic 

effect seen with DBS (Figure 2.8B).    
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 Paresthesia associated with activation of Medial Lemniscus and posterior VIMi 

CTT fibers 

Paresthesias are thought to originate from activation of cells within the VC region of 

thalamus given their responsiveness to somatosensory stimulation (Hua et al., 2000; 

Kuncel et al., 2008). Consistent with this hypothesis, the mixed effects models showed the 

presence and severity of a persistent paresthesia was associated with activation of the ML 

pathway (Figure 2.8C). Activation of the ML aligns with a previous study noting 

association of the afferent inputs to the VC with paresthesias (Keane et al., 2012). The 

additional association of paresthesias with activation of posterior VIMi CTT fibers may 

stem from the proximity of these fibers to the ML or modulation of kinesthetic cells at the 

posterior border of the VIM (Molnar et al., 2005) Additionally, in our study, two-thirds 

(50/75) of the stimulation settings inducing persistent paresthesias reported paresthesias 

located in the face, which aligns with the posterior VIMi as having a somatotopy of face-

responsive cells (Vitek et al., 1994). 

 

 Dysarthria associated with activation of the VIMi CTT fibers 

Dysarthria is another common stimulation-induced side effect of DBS for ET, reportedly 

occurring in up to 75% of cases (Flora et al., 2010; Pahwa et al., 2006). In our study, 

dysarthria occurred at the upper limit of the therapeutic window in over half of the 

clinically chosen settings. We assessed the pathways activated at dysarthria onset and 

found a significant association with activation of CTT fibers, and more specifically, 

anterior VIMi  afferents (Figure 2.7 and Figure 2.8D). This medial activation profile aligns 

with the face-related cellular somatotopy of internal VIM (Vitek et al., 1994) as well as a 

study by Matsumoto and colleagues showing that stimulation-induced dysarthria occurred 

with more medial thalamic stimulation (Matsumoto et al., 2016). Other studies have also 

suggested that stimulation overlapping the CTT was a possible cause of dysarthric 

worsening of intelligibility (Åström et al., 2010; Petry-Schmelzer et al., 2021). Our 

findings are consistent with these past studies and further suggest that the anterior VIMi 

afferents of the CTT are specifically those responsible for stimulation-induced dysarthria. 
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 Study Limitations  

The patient-specific modeling pipeline developed here has the potential to improve 

directing and steering of the electric field in and around DBS leads. However, these studies 

have an inherent degree of error varying from registration of various MRI images, to post-

operative registration of a CT scan to an MRI scan, to the manual segmentation of 

structures later used for tractography. These sources of error are mitigated to the best of 

our ability through a combination of improved spatial resolution of images by using 7T 

MRI with optimized sequences, automated and manual registration of images, multi-

individual validation of subject-specific segmentations, and detailed checking of 

tractography solutions with an atlas to maximize the accuracy of our models. Additionally, 

the time and effort necessary to produce these subject-specific models is not optimized for 

practical implementation in todayôs standard clinical workflow. Another limiting factor 

was the general lack of granularity in the degree of tremor improvement or worsening 

based on the clinical Fahn-Tolosa Marin (FTM) and the Essential Tremor Rating 

Assessment Scale (TETRAS) scales. This can make it difficult to compare levels of therapy 

across subjects. In this retrospective analysis, we therefore relied heavily on final 

programmed settings and thresholds for therapy in the comparisons made here. Within the 

larger sample used for mixed effects modeling, tremor and side effects outcomes were 

assigned a severity value of 0, 1, or 2 based on our interpretation of the clinician notes. 

 

2.6 Conclusions 

Patient-specific computational models were used to assess pathway activation related to 

clinical DBS settings. DBS settings clinically optimized for tremor reduction showed 

significant activation of the CTT, and in particular the more lateral afferents of VIMe and 

Ret, while paresthesias were related to activation of the ML and posterior VIMi afferents, 

and dysarthria was associated with activation of anterior VIMi afferents. This study 

provides important context for the pathways responsible for therapy and side effects of 

DBS in ET patients and suggests a directional programming approach may have utility in 

more selectively activating fibers within the CTT. 
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Chapter 3: Directional DBS enhances kinetic tremor 

reduction and avoids stimulation-induced dysarthria 

In collaboration with: 

Brinda AK, Butler R, Cornish C, Jiang T, Marticorena D, Blumenfeld M, Slopsema JP, 

Hjelle N, Krieg J, Kim M, Beall T, Guo W, Vitek JL, Schrock L, Cooper SE, Matsumoto 

J, Johnson MD. 

 

3.1 Chapter Summary 

Objective: Directional deep brain stimulation (DBS) with split-band electrodes has 

potential to improve clinical outcomes through higher spatial resolution and spatial 

targeting within the brain. In this study, we investigated the degree to which directional 

DBS can enhance outcomes in patients with Essential Tremor using a set of quantitative 

tools to measure kinetic tremor and speech dysarthria. 

Approach: Six subjects (11 DBS leads) were evaluated through a monopolar review in 

which stimulation was applied through each of the eight electrodes on the 1-3-3-1 DBS 

lead. Archimedes spirals were digitally measured when kinetic tremor was observed to first 

decrease (initial therapy) and again after reaching the highest stimulus amplitude before 

emergence of side effects (maximum therapy). Speech recordings were also collected at 

the side effect threshold or maximum therapy stimulus amplitude for each electrode, and 

were analyzed for voice onset time (VOT) and prolonged voicing (VOC) durations. Both 

sets of measurements were compared to determine the optimal electrode for tremor 

reduction and avoidance of dysarthric side effects. 

Results: For the split-band rows, in 78.9% of cases, a directional contact had more 

capability to reduce tremor without inducing dysarthria compared to a simulated ring-

mode. Additionally, in 41.7% of visits, a full-band electrode provided superior or similar 

tremor reduction to the most therapeutic simulated ring electrode suggesting that split-band 

electrodes at the distal and proximal rows may be useful. 

Significance: These results emphasize the utility of evaluating directional DBS for patients 

with Essential tremor and provide an example of how to effectively and efficiently 
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determine the most optimal directional DBS electrode in a programming or research 

session using quantitative measures of therapy and stimulation-induced side effect. 

 

3.2 Introduction  

DBS leads targeting the thalamus were first designed with a stack of ring electrodes to 

enable one to deliver therapy should the lead be implanted too superficial or too deep 

(Hosobuchi et al., 1973). More recently, directional DBS leads with split-band electrodes 

have become standard-of-care in many clinics to enable current steering both along and 

around the lead body (Bruno et al., 2021; Contarino et al., 2014; Pollo et al., 2014). These 

directional leads contain eight electrodes arranged in a 1-3-3-1 configuration, and are 

implanted about the ventral border of the cerebellar-receiving area of motor thalamus for 

treatment of Essential Tremor (ET). 

 

While the leads offer more flexible programming options, the higher electrode count and 

the ability to steer current in multiple orientations with bipolar or multipolar stimulation 

settings makes it challenging for clinicians to adequately explore the full parameter space 

during a clinical visit. For many patients, DBS programming is performed with a standard 

monopolar review using ring-mode configurations at each row, and only if side effects 

emerge are the split-band electrodes evaluated (Veerappan et al., 2021). The efficiency of 

the DBS programming visit is one consideration, but perhaps more importantly is being 

able to find an optimal setting given the lack of granularity in clinical rating scales such as 

the well-validated Fahn-Tolosa Marin (FTM) tremor rating scale (0-4 score range) and the 

Essential Tremor Rating Assessment Scale (TETRAS) (also 0-4 score range) (Krüger et 

al., 2021; Rammo et al., 2021; Roque et al., 2021; Steffen et al., 2020; Veerappan et al., 

2021). The use of more objective, quantitative measures would enable clinicians to 

ascertain fine differences in treatment to identify optimal DBS settings more readily. 

 

There have been many studies that use sensors to capture and quantify tremor reduction 

along a continuous scale (Bruno et al., 2021; Cooper et al., 2020; Haddock et al., 2018; 

Merchant et al., 2018; Rüegge et al., 2020) and a few studies that use sensors to capture 
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side effect severity (Al -Fatly et al., 2019b; Becker et al., 2020; Fasano et al., 2010; Mücke 

et al., 2014; Petry-Schmelzer et al., 2021). One study utilized a 3D ultrasound kinematic 

analysis tool to assess tremor suppression and choose the best pair of electrodes for 

interleaved stimulation (ILS) (Barbe et al., 2014). Quantitative analysis of speech was then 

used to show that current-shaping ILS decreased stimulation-induced dysarthria compared 

to ILS using equal current for both electrodes. Here, we similarly used sensor-based 

analysis to assess tremor reduction and dysarthria. However, in this study we expand 

previous results by exploring the full parameter space of monopolar directional DBS.  

 

In this study, we compared directional and omnidirectional DBS outcomes in ET patients 

through (1) upper extremity kinetic tremor assessment using digital capture of Archimedes 

spiral drawings, and (2) stimulation-induced dysarthria severity by recording fast repetition 

syllables. 

 

3.3 Methods 

Six individuals with a clinical diagnosis of Essential Tremor, a pre-operative 7T MRI brain 

scan, and one or more directional DBS lead implants (Abbott Infinity, model 6173) were 

recruited to participate in this study. All subjects gave their written and verbal consent to 

participate (clinical trial: NCT03984643), and the study was approved by the Institutional 

Review Board of the University of Minnesota. Five of the subjects had bilateral DBS lead 

implants, and one subject had a unilateral implant. Over a single day-long programming 

visit, a neurologist performed a rigorous monopolar review in which each electrode (n=8) 

and 2 simulated ring-mode rows of segmented contacts (2ABC and 3ABC) were evaluated. 

Evaluations included clinician-determined TETRAS scores and Brief Ataxia Rating Scale 

(BARS) scores at multiple stimulation amplitudes for each electrode. In addition to these 

common clinician-determined ratings, we utilized two sensor-based measurements to 

quantitatively assess upper extremity tremor severity and stimulation-induced dysarthria 

severity. 
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 Capturing kinetic tremor severity: Archimedes spiral analysis 

Instead of assessing kinetic tremor by having the subjects copy a spiral on a sheet of paper, 

subjects were asked to trace a spiral using a stylus and a Microsoft Surface Tablet within 

Inkscape. Spirals included in this analysis were traced at two clinician-determined 

thresholds: initial therapy and maximum therapy without side effects. Spirals were then 

extracted from Inkscape and ñunravelledò via conversion from cartesian to polar 

coordinates (Figure 3.1A) (Legrand et al., 2017; Pullman, 1998; Saunders-Pullman et al., 

2008). The ñunravelledò spiral was then fitted to a polar plot that accounts for positioning 

error, as done by Legrand et al., using Equation 3.1.  

 

”ǋ ‌— ɻϽÃÏÓ— ‍ϽÓÉÎ —    (3.1) 

 

where ” is the unravelled spiral and ”ǋ is the fitted line. The mean squared deviation (MSD) 

was then derived from the residual fluctuation and a logarithmic transform was applied 

(Equation 3.2) to calculate Spiral Tremor Severity (STS) (Elble et al., 2006; Haubenberger 

et al., 2011; Legrand et al., 2017). 

 

ὛὝὛὒέὫ
1
В ” ”1     (3. 2) 

 

Figure 3.1B shows an example set of spirals collected from a patient in our study while 

DBS was OFF and while DBS was ON using three different segmented contacts of the 

same row on a directional DBS lead. The corresponding quantitative STS scores are listed 

below each spiral. In this case, the DBS-OFF spiral received a clinician-rated TETRAS 

score of three, and all three DBS-ON contacts received a clinician-rated TETRAS score of 

zero. 
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Figure 3.1:Spiral analysis method  and examples. (A) An example spiral was unravelled from cartesian to 

polar coordinates and fitted with a line using Equation 1 in order to calculate the mean square deviation 

from the residual. (B) An example set of spirals is shown from one patient for DBS-OFF and DBS-ON 

through three different segmented electrodes on one split-band row to highlight how the differences in 

tremor severity are scored and to show how directional contacts in the same row varied in tremor reduction 

capability.  

 

 Capturing dysarthria severity: Voicing and Voice onset time 

As part of the BARS assessment, clinicians rate the severity of dysarthria during DBS. In 

this study, we recorded a fast syllable repetition task during which the subject was asked 

to repeat the syllable \ka\ at least 10 times in a row as fast and as clearly as possible. This 

is also known as oral diadochokinesis and typically includes the syllables \ta\ and \pa\ as 

well. We chose to reduce our sample to the velar consonants (\kakaka...\) as it is the most 

complex of the three and its features have been shown to relate to DBS-induced dysarthria 
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in Essential tremor (Becker et al., 2020; Mücke et al., 2014; Petry-Schmelzer et al., 2021). 

Speech recordings were done at the maximum stimulation amplitude tolerated by the 

patient, or 5.0 mA depending on which occurred first. Analysis of the speech recordings 

included manual labeling of voice onset time (VOT) duration and prolonged voicing 

(VOC) duration in the PRAAT Software (Figure 3.2A and B). The first and last \ka\ of 

each string were excluded to account for differences in phonetics seen at the beginning and 

end which are not indicative of dysarthria. The average VOT and VOC were then manually 

labeled for each string of \ka\s within PRAAT, a speech analysis software. VOT was 

labelled at the onset of the consonantal constriction to the onset of the vowel. VOC was 

labelled as the duration of voicing during the start of consonantal closure with voicing 

greater than 20 ms considered dysarthric (Mücke et al., 2014). Figure 3.2 shows an 

example string of \ka\s with labelled VOT and VOC start and end times from one subject 

in which DBS was OFF (Figure 3.2A) and DBS was ON (Figure 3.2B) for an electrode 

which caused dysarthria. These parameters showed further granularity when comparing 

recordings from three different segmented contacts in the same row (Figure 3.2C). 

 

 
Figure 3.2: Speech analysis methods  and examples. (A) A non-dysarthric recording of \ka\s during which DBS was 

OFF shows normal variation of syllables in an ET subject. VOT and VOC durations are labeled with red lines. (B) A 

dysarthric recording of \ka\s during which DBS was ON. When comparing (A) and (B), note the visual difference in 

VOT and especially VOC durations. (C) An example of VOT and VOC duration values in one split-band row of a DBS 

lead shows the differences possible across segmented electrodes. 

 

 Statistical Analysis 

Statistical analysis compared the quantitative methods to their corresponding clinician rating 

outcomes using Pearson correlations. Additionally, the Kruskal-Wallis test, a nonparametric one-

way ANOVA, was used to check for differences between STS values across clinician ratings. Post 
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hoc comparisons were made using the Wilcoxon rank sum test. When comparing DBS-ON and 

DBS-OFF conditions, the Wilcoxon sign-rank test was used to test for differences. 

 

3.4 Results 

 Tremor severity 

Spirals drawn during various monopolar DBS stimulation paradigms were analyzed from 

11 DBS leads across a total of six ET subjects. Bilaterally implanted subjects had separate 

visits for each implanted hemisphere. This resulted in a total of n=441 spirals from 11 

separate visits. TETRAS ratings for left hand and right hand spirals were correlated to the 

calculated STS (Pearsonôs correlation test: P<0.0001) (Figure 3.3A). A nonparametric 

ANOVA test revealed significant differences across TETRAS rating groups (P<0.0001) 

and post-hoc analysis showed differences between all TETRAS rating chronological pairs 

(Wilcoxon rank-sum test: all P<0.0001) except between spirals with a TETRAS rating of 

zero or one. Both TETRAS ratings and calculated STS gave significantly reduced 

outcomes when comparing DBS-OFF and TETRAS-optimized DBS-ON settings 

(Wilcoxon sign-rank test: both P<0.001) (Figure 3.3B). 

 

 
Figure 3.3: TETRAS ratings compared to calculated Spiral Tremor Severity  (STS). (A) TETRAS ratings and STS 

were significantly correlated (P<0.0001, R=0.50). (B) Both TETRAS and STS showed a significant decrease in tremor 

when comparing the DBS-OFF to DBS-ON condition (P<0.005). DBS-ON uses the electrode and amplitude determined 

by clinicians to be optimal for chronic stimulation.  
 

The distribution and granularity of the entire sample of spirals rated by TETRAS and by 

the quantitative method of outputting STS are shown in Figure 3.4A. TETRAS ratings for 
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spirals ranged from 0 to 4 with no spread between integers, while STS ranged from -0.788 

to 1.941 with a precision down to the thousandth decimal place. When focusing on a single 

subject in Figure 3.4B, the granularity provided by the quantitative method appeared in the 

ring electrodes and rows of segmented contacts. The TETRAS ratings for simulated ring-

mode electrodes and full-band ring electrodes were all 0. However, the STS values 

provided a visible, quantifiable difference in each row and revealed the best tremor 

reduction was with contact 4 and 3ABC. Further, in row 2, TETRAS scores of each 

segmented electrode were all the same at a rating of 0, while STS values revealed slightly 

better tremor reduction in contact 2B. Similarly, contact 3B is revealed as the optimal 

contact for tremor control overall. 

 

 
Figure 3.4: Granularity of TETRAS ratings compared to objective calculated Spiral Tremor Severity  (STS). (A) Violin 

plots of the TETRAS ratings and calculated STS values highlight the differences in parameter distribution. (B) An 

example mapping of TETRAS scores and STS for spirals drawn during therapeutic stimulation using each individual 

electrode, as well as simulated ring-mode electrodes 2ABC and 3ABC, highlights the granularity of the calculated STS 

and the utility of directional contacts. Note that in (B) yellow is considered optimal and blue is considered suboptimal 

for these parameters. 

 

 Stimulation-induced dysarthria severity 

Speech recorded during DBS were similarly analyzed from each DBS lead (n=11) across 

the six subjects. This resulted in n=142 speech recordings from 11 total visits. Each speech 

recording included 10 to 15 repeated syllables (\ka\). VOT and VOC durations were 

manually labelled for each syllable and averaged for each recording.  
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The average VOC was shown to have a positive correlation with the BARS dysarthria 

rating (P<0.0001, R= 0.46) whereas the average VOT had a negative correlation with the 

BARS dysarthria rating (P<0.05, R= -0.18) (Figure 3.5). A Kruskal-Wallis test with post-

hoc analysis revealed significant differences in VOC and VOT between recordings rated a 

zero or a one with BARS (P<0.005). Of note, a BARS dysarthria rating of two was rare 

(6/142). 

 

 
Figure 3.5: BARS dysarthria ratings compared to quantitative speech measures.  (A) Average VOC was positively 

correlated with BARS dysarthria rating (P<0.0001). A significant difference in VOC for BARS dysarthria ratings is given 

by **P<0.005. (B) Average VOT was significantly negatively correlated with the BARS dysarthria ratings (P<0.05). 

 

The distribution of all BARS dysarthria scores is shown in Figure 3.6 juxtaposed with the 

distribution of all average VOC and VOT durations. All BARS dysarthria ratings ranged 

from 0-2 with no spread between integers, while the VOC and VOT values showed high 

granularity ranging from 7.30-31.90 ms and 17.47-112.13 ms, respectively. The same 

patient from Figure 3.4B was used as an example in Figure 3.6B to showcase BARS 

dysarthria scores mapped out on a directional DBS lead and compared with VOC and VOT 

values. The VOC map of ring electrodes followed a similar trend as the BARS scores as 

contacts 1 and 3 induced the worst dysarthria and contacts 2 and 4 induced the least. VOT 

values similarly conclude that contact induced the least amount of dysarthria. Based on 
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VOC values, contact 2C showed the least amount of dysarthric speech overall compared 

to all electrodes along the DBS lead. 

 

 
Figure 3.6: Granularity of BARS dysarthria ratings compared to quantitative speech measures.  (A) Violin plots of 

BARS scores, average prolonged voicing duration (VOC), and average voice onset time (VOT) share the distribution of 

each parameter. (B) BARS dysarthria ratings, average VOC durations, and average VOT durations during stimulation 

through each electrode at 5mA are mapped onto the lead to show the precision of quantitative speech measures when 

BARS dysarthria ratings are only able to give a binary output in this patient. Note that in (B) yellow is considered less 

dysarthric and blue is considered more dysarthric for these parameters. 

 

 Combined profile 

When programming a DBS lead, the clinician must consider tremor reduction and side 

effect severity in parallel in order to select and program that electrode configuration into 

the pulse generator. Figure 3.7 compares the quantitative outcome measures of STS and 

VOC for the 11 DBS leads (n=92 DBS settings total). Spirals included in Figure 3.7 are 

only those drawn contralaterally at maximum therapy thresholds. Speech recordings are 

those from maximum stimulation tolerance or 5 mA, with the majority (78 of 92) at 5 mA. 
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Figure 3.7: Spiral Tremor Severity (STS) and dysarthria severity across electrodes.  (A) Ovals are shown, each 

representing one programming visit, to highlight the variance across subjects when analyzing STS and VOC. The 

dotted line at 20 ms represents the threshold for impaired speech. (B) Each programming visit is shown individually to 

share the STS and VOC values for each electrode that are used to objectively determine the optimal electrode for 

tremor reduction and avoidance of stimulation-induced dysarthria. 
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The entire patient group was plotted together to compare across individuals (Figure 3.7A) 

and then plotted individually to determine the optimal electrode on each lead (Figure 

3.7B). When only considering tremor reduction at maximum therapy threshold, a 

directional electrode was optimal in nine of 11 leads, and simulated ring-mode was optimal 

in the remaining two. When assessing dysarthria severity at maximum stimulation 

amplitude, a directional electrode had the smallest VOC duration in five of 11 leads, and a 

simulated ring-mode electrode was best in three of 11 leads. Full-band ring-mode was best 

at avoiding dysarthria in three of 11 leads. The optimal electrode when STS and VOC were 

combined is considered the electrode with lowest STS and a VOC duration less than 20 

ms. In two cases when all electrodes had VOC durations greater than 20 ms (ET1-R and 

ET7-L), a new threshold was set at 25 ms. Nine of 11 leads (81.8%) had a directional 

electrode revealed as optimal and the remaining two (ET3-R and ET7-R) were optimized 

with a simulated ring-mode electrode. Of note, in nine of 11 leads, including ET3-R and 

ET7-R, a full-band electrode had lower STS or lower VOC than the best simulated ring-

mode electrode. When evaluating split-band electrodes by row, there are 19 viable cases 

with one simulated ring-mode electrode and at least two directional electrodes in that same 

row. In 13 of these cases a directional electrode was chosen when optimizing for lowest 

STS and a VOC duration less than 20 ms (or 25ms for ET1-R and ET7-L). 

 

3.5 Discussion 

In this study, quantitative sensor-based measures of DBS therapy and DBS-induced side 

effects were used to objectively compare directional and omnidirectional DBS for Essential 

Tremor. The methods utilized provided precision and granularity in their outcome beyond 

clinical rating scales that enabled a robust evaluation of DBS settings and revealed that 

directional stimulation was often superior to omnidirectional stimulation in providing 

tremor reduction while avoiding stimulation-induced dysarthria. 

 

 Quantitative assessments provide precise and granular outcome measures 

Clinicians have a limited amount of time in a single programming session to optimize 

directional DBS leads. Therefore, it is not surprising that clinicians often use shortcut 
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methods and stick with simulated ring-mode for split-band rows unless side effects limit 

DBS from achieving a satisfactory level of therapy (Zitman et al., 2021). This results in a 

significant portion of patients leaving their first programming session with omnidirectional 

stimulation settings and no exploration of directional DBS capabilities (Veerappan et al., 

2021). By utilizing an easily deployable quantitative measure framework, this study 

provided a method for more efficiently determining the optimal DBS setting on a 

directional lead in a programming session or in a research setting. 

The methods used herein were similar to those validated in previous studies (Becker et al., 

2020; Haubenberger et al., 2011; Legrand et al., 2017; Mücke et al., 2014; Pullman, 1998; 

Saunders-Pullman et al., 2008), and although slightly modified, were still correlated to the 

clinician ratings found herein using TETRAS and BARS. We did see a seemingly bimodal 

distribution of the STS for spirals when compared to TETRAS ratings. This may be 

attributable to the variability in rating consistency across clinicians considering only a 

single live rating was used for each spiral, rather than an average of several retrospective 

ratings. This highlights the lack of precision, especially across clinicians and centers, when 

using rating scales, such as TETRAS. 

 

As shown in Figure 3.4 and Figure 3.6, the calculated STS and speech measures provided 

a granularity and precision that was not possible with the clinician ratings. TETRAS values 

ranged from zero to four with no possibility of non-integer values, whereas calculated STS 

values were shown to range from -0.788 to 1.941 with a precision down to the thousandth 

decimal place. The BARS dysarthria ratings ranged from zero to two with no spread 

between integers, while the VOC and VOT values showed high granularity with a range 

from 7.30-31.90 ms and 17.47-112.13 ms, respectively. Together STS and VOC were able 

to provide an objective comprehensive profile of stimulation-induced dysarthria and tremor 

reduction for each electrode as shown in Figure 3.7. This allowed for a visualization to 

easily determine the most optimal electrode or at least narrow down the parameter space 

to be explored by monopolar review.  
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In the future, more quantitative measures may be added to the framework described herein, 

such as assessment of postural tremor reduction (Barbe et al., 2014; Bruno et al., 2021; 

Giuffrida et al., 2009; Haddock et al., 2018; Rüegge et al., 2020) and assessment of 

stimulation-induced gait ataxia (Fasano et al., 2010; Kroneberg et al., 2019). The addition 

of these measures would further allow a more precise evaluation of DBS settings. 

 

 Directional electrodes provide optimal therapy 

Using the quantitative assessment framework, this study provides evidence that directional 

DBS has utility in providing upper extremity tremor reduction while avoiding dysarthric 

side effects in the majority of ET patients. When STS and VOC parameters were combined 

(Figure 3.7), directional electrodes resulted in the best tremor reduction while accounting 

for stimulation-induced dysarthria in 81.8% of programming visits. A more detailed 

assessment was then performed that only included split-band electrode rows with enough 

viable directional segments to fairly compare to the simulated ring electrode. This in-depth 

analysis revealed that 68.4% of the time, a directional contact had more capability to reduce 

tremor without inducing dysarthria compared to simulated ring-mode. These results 

confirm those reported in many previous studies based on clinician-determined efficacy 

(Krüger et al., 2021; Pollo et al., 2014; Rammo et al., 2021; Steffen et al., 2020; Veerappan 

et al., 2021; Zitman et al., 2021), a study that used sensor-based tremor reduction (Bruno 

et al., 2021), and a single study which quantitatively investigated dysarthria in the context 

of interleaved stimulation (Barbe et al., 2014). The results align with and expand upon 

these reports by using sensor-based assessments of both stimulation-induced dysarthria and 

tremor reduction during monopolar directional DBS. 

Interestingly, in nine of the 11 DBS leads, a full-band electrode (row 1 or 4) had a lower 

STS and/or lower VOC duration than the simulated ring-mode with lowest STS. This 

leaves us to predict that if the superior full-band electrode were instead a split-band 

electrode row, further optimization of tremor reduction might be achieved in these subjects. 

While the full-band electrodes never had lower STS than all of the directional electrodes, 

a full-band electrode did have lower VOC durations than both simulated ring-mode and 

directional electrodes in three DBS leads (ET6-L, ET6-R, and ET7-L). These data suggest 
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that if directional stimulation were possible in these full-band rows, avoidance of 

stimulation-induced dysarthria may be achieved with better tremor reduction compared to 

the current optimal electrode. These results emphasize the utility of a higher-density DBS 

leads with four or more split -band electrode rows.  

 Study limitations 

In this work, only kinetic tremor was assessed using Archimedes spirals. In the future, 

sensor-based assessments which measure postural tremor using accelerometers could be 

added to this framework to give a more robust measure of therapeutic effect. Similarly, 

different side effect assessment could be added, such as using marker-less pose estimation 

to capture gait ataxia severity. 

 

These results were obtained from a relatively small sample of subjects (6) and DBS leads 

(11); therefore, additional subjects are necessary to prove statistical power for the 

hypothesis that the probability of a directional electrode being optimal (81.8%) is greater 

than chance (60%). Additionally, only seven DBS settings across all clinical visits caused 

stimulation-induced dysarthria severe enough to be rated at a 2 using the BARS. The study 

did highlight that there was considerable nuance in stimulation-induced dysarthria between 

0 and 1 ratings of the BARS, which would be in line with typical optimization done in the 

clinic to decrease dysarthria to a 0. Similarly, TETRAS ratings of 0, 1 and 2 show nuance 

in clinician ratings when comparing STS across scores. If a more precise comparison 

between clinician ratings and sensor-based methods were needed, an average of several 

clinician ratings might have given TETRAS and BARS outcomes with a more normal 

distribution. 

 

Despite the efficiency of the speech collection process, the manual labeling of VOT and 

VOC duration parameters within the PRAAT software for data collected from one 

programming visit with 10 DBS settings took several hours to complete. Translating these 

approaches into the clinic will require automatic labeling approaches. Syllable duration is 

another speech parameter shown to be indicative of stimulation-induced speech 

impairment because it encompasses articulation rate, which deteriorates with dysarthric 
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speech (Petry-Schmelzer et al., 2021). This is readily seen in Figure 3.2A and B, which 

are shown on the same time scale but appear at different articulation rates. 

 

3.6 Conclusions  

In this study, we calculated STS scores combined with speech VOC durations revealed that 

directional stimulation was optimal compared to omnidirectional stimulation in the 

majority of subjects for providing substantial tremor reduction while avoiding stimulation-

induced side effects. This research emphasizes the need to develop programming strategies 

that are effective at determining the optimal electrode or at least limiting the parameter 

space which clinicians must explore during a directional DBS programming session. 

 

  



 

 

62 

 

Chapter 4: Longitudinal analysis of local field 

potentials recorded from directional deep brain 

stimulation lead implants in the subthalamic nucleus 

Brinda AK, Doyle AM, Blumenfeld M, Krieg J, Alisch JSR, Cornish C, Lecy E, 

Wilmerding LK, DeNicola A, Johnson LA, Vitek JL, Johnson MD. ñLongitudinal analysis 

of local field potentials recorded from directional deep brain stimulation lead implants in 

the subthalamic nucleus.ò Journal of Neural Engineering 18, no. 4 (May 13, 2021). 

https://doi.org/10.1088/1741-2552/abfc1c. 

 

4.1 Chapter Summary 

Objective: The electrode-tissue interface surrounding a deep brain stimulation (DBS) lead 

is known to be highly dynamic following implantation, which may have implications on 

the interpretation of intraoperatively recorded local field potentials (LFPs). We 

characterized beta-band LFP dynamics following implantation of a directional DBS lead 

in the sensorimotor subthalamic nucleus (STN), which is a primary target for treating 

Parkinsonôs disease. 

Approach: Directional STN-DBS leads were implanted in four healthy, non-human 

primates. LFPs were recorded over two weeks and again 1-4 months after implantation. 

Impedance was measured for two weeks post-implant without stimulation to compare the 

reactive tissue response to changes in LFP oscillations. Both common average referencing 

(CAR) and intra-row bipolar referencing (IRBR) were calculated for the LFP recordings, 

and beta-band (12-30 Hz) peak power was extracted from the power spectra. 

Results: Resting-state LFPs in 2 of 4 subjects revealed a steady increase of beta power 

over the initial two weeks post-implant whereas the other 2 subjects showed variable 

changes over time. Beta power variance across days was significantly larger in the first two 

weeks compared to 1-4 months post-implant in all 3 long-term subjects. Further, spatial 

maps of beta power several hours after implantation did not correlate with those measured 

two weeks or 1-4 months post-implant. CAR and IRBR beta power correlated across short- 

and long-term time points. However, depending on the time period, subjects showed a 

https://doi.org/10.1088/1741-2552/abfc1c
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significant bias towards larger beta power using one referencing scheme over the other. 

Lastly, electrode-tissue impedance increased over the two weeks post-implant but showed 

no significant correlation to beta power. 

Significance: These results suggest that beta power in the STN may undergo significant 

changes following DBS lead implantation. DBS lead diameter and electrode recording 

configurations can affect the post-implant interpretation of oscillatory features. Such 

insights will be important for extrapolating results from intraoperative and externalized 

LFP recordings. 

 

4.2 Introduction  

Similar to other intracranial electrode arrays, deep brain stimulation (DBS) leads with 

electrodes around and along the lead body provide opportunities for bidirectional 

interfacing, including the ability to record oscillatory activity in the form of local field 

potentials (LFPs) from the surrounding tissue. Recent translational efforts that leverage 

LFPs to collect and interpret data for evaluation of closed-loop DBS technologies (Little 

et al., 2013; Priori et al., 2013; Rosa et al., 2011), post-operative programming techniques 

(Bour et al., 2015; Connolly et al., 2015a; Ince et al., 2010; Tinkhauser et al., 2018; Yoshida 

et al., 2010), and new lead designs (Connolly et al., 2016) depend on understanding how 

the reactive tissue response influences LFP signatures over the duration of the implant. 

While the reactive tissue response to cortical microelectrode implantation has been well 

studied in rodents (Kozai et al., 2015a; Ludwig et al., 2009; Vetter et al., 2004; Ward et al., 

2009; Williams et al., 2007; Woolley et al., 2013), primates (Barz et al., 2017; Suner et al., 

2005), and humans (Fernández et al., 2014; House et al., 2006), less is known about how 

the time course of the tissue response to DBS lead implantation (Lempka et al., 2009) 

affects the ability to record neural activity from DBS leads.  

 

Electrochemical impedance spectroscopy is one approach to characterize the reactive tissue 

response of implantable neural devices and gain insight about the surrounding tissue 

encapsulation (Kozai et al., 2015b; Williams et al., 2007). Impedance of implanted cortical 

microelectrodes typically increases during the first two weeks post-implant before 
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stabilizing thereafter (Kozai et al., 2015b, 2015a; Williams et al., 2007). Larger cross-

sectional area microelectrodes also cause more tissue damage and, hence, larger increases 

in impedance (Kozai et al., 2015b). Not surprisingly, preclinical and clinical studies have 

shown that impedance of DBS lead electrodes, with lead diameters much greater than that 

of microelectrodes, increases substantially in the initial weeks following implantation 

(Lempka et al., 2009; Lungu et al., 2014; Sillay et al., 2018; Williams et al., 2007).  

 

A common LFP feature recorded from DBS leads in the subthalamic nucleus (STN) are 

beta-band oscillations (Abosch et al., 2012; Arlotti et al., 2018; Bour et al., 2015; Bronte-

Stewart et al., 2009). Beta oscillations have long been used intraoperatively to guide DBS 

lead placement, as they are known to be robust in the sensorimotor region of the STN in 

drug-naïve (Connolly et al., 2015b, 2015c) and parkinsonian (Chen et al., 2006; Holdefer 

et al., 2010; Kolb et al., 2017; Kuhn et al., 2005) brains. Beta oscillatory activity recorded 

from conventional DBS leads (4 rows x 1 column) in the STN has been shown to change 

between intraoperative and 30-day post-implant time periods (Rosa et al., 2010); Due to 

clinical constraints, there is a lack of studies detailing the dynamics of LFP oscillatory 

activity over the initial two weeks following STN-DBS lead implant and how these 

compare with known increases in electrode-tissue impedance at later time points. Such 

knowledge is critical for interpreting results from intraoperative studies that evaluate the 

use of beta-band activity as a feature for post-operative programming and intraoperative 

evaluation of closed-loop DBS systems. 

 

In this study, we examined post-implant spatial and temporal dynamics of beta-band 

oscillatory power in the STN through directional DBS leads in four non-human primates. 

Recordings were performed over a two-week post-implant period without stimulation and 

then tracked again 1-4 months later. The non-parkinsonian state was chosen over a 

parkinsonian state in order to control for any day-to-day fluctuations in beta-band 

oscillatory power stemming from changes in parkinsonian behaviors. LFP recordings were 

analyzed using common average referencing (CAR) and intra-row bipolar referencing 

(IRBR) schemes and tracked alongside electrode-tissue impedance measurements.   
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4.3 Materials and Methods  

  Preclinical Animals 

Four healthy, adult female rhesus macaques (Macaca mulatta) were used in this study 

(Subject 1, 17 years old, 9.5 kg; Subject 2, 17 years old, 8.9 kg; Subject 3, 15 years old, 11 

kg; Subject 4, 17 years old, 10.0 kg). All experimental procedures and care were performed 

in compliance with the Institutional Animal Care and Use Committee (IACUC) at the 

University of Minnesota and with the United States Public Health Service policy on the 

humane care and use of laboratory animals. The subjects were pair-housed, provided with 

water ad libitum, and fed a standard diet supplemented daily with a variety of fresh fruits 

and vegetables. Subjects were housed in a humidity-controlled room maintained on a 

12h/12h light/dark cycle. All efforts were made to provide quality care and alleviate 

medical conditions for the animals through regular veterinary support and consultation. 

The animals were trained with a cooperative behavioral training paradigm using positive 

reinforcement methods (Graham et al., 2012; McMillan et al., 2014).  

 

 Imaging and Surgical Procedures 

Pre-operative CT (Siemens Biograph) and 7T MRI (Magnex Scientific-passively shielded) 

data were acquired in each subject at the Center for Magnetic Resonance Research at the 

University of Minnesota. The T1-, T2- and susceptibility-weighted images were used to 

construct subject-specific surgical plans through a combination of Amira (Thermo Fischer 

Scientific) and the Monkey Cicerone surgical navigation software (Miocinovic et al., 2007) 

(contact the corresponding author for an updated copy of this software platform). All 

surgeries were performed under deep isoflurane anesthesia and aseptic conditions as 

described previously (Agnesi et al., 2015; Connolly et al., 2015a; Zhang et al., 2018). All 

subjects were instrumented with a chamber over the right (S1 and S2) or left (S3 and S4) 

hemisphere and oriented in an oblique, anterior-posterior / lateral-medial trajectory to 

target the STN in a manner consistent with the trajectory of STN-DBS lead implantation 

in humans. The chamber material was PEEK in Subject 4 and titanium in all other subjects 

(Gray Matter Research). 
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 Microelectrode Mapping and DBS Lead Implant 

Electrophysiological mapping techniques utilized glass tipped tungsten microelectrodes 

(250 mM diameter) to record neuronal spike responses to passive and active joint 

manipulation to locate the sensorimotor region of the STN. Additionally, microstimulation 

(< 50 mA) which evoked motor contractions was used to define the location and functional 

representation of the corticospinal tract of the internal capsule. The mapping track which 

yielded the longest run of spike activity and high thresholds for evoked motor movements 

in the sensorimotor STN was chosen for DBS lead implantation. Along this trajectory, a 

scaled-down, twelve-electrode, directionally segmented DBS lead (4 rows by 3 columns, 

manufactured by Heraeus Medical Components) was implanted in Subjects 1 and 2 

(Figure 4.1A). The 4x3 lead diameter was 0.8 mm, and each electrode had 0.5 mm height 

(SA = 0.36 mm2) with a 0.5 mm spacing between rows. A scaled-down, six-electrode, 

directionally segmented DBS lead (2 rows by 3 columns, manufactured by Abbott 

Neuromodulation) was implanted in Subjects 3 and 4 (Figure 4.1B). The 2x3 lead had 0.51 

mm diameter, and each electrode was 0.76 mm in height (SA = 0.41 mm2) with a 0.51 mm 

spacing between rows. X-ray imaging (JPI Healthcare) was used during the microelectrode 

mapping and lead implantation procedures to ensure trajectory and depth were consistent. 

Post-operative CT scans were registered to each subjectôs pre-operational surgical plan to 

verify DBS lead placement within the STN. The radial orientation of DBS lead electrodes 

in Subjects 1 and 4 was verified with post-mortem histology (Figure 4.1C). For more 

information on obtaining these preclinical DBS lead designs from the above manufacturers, 

please contact the corresponding author. 
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Figure 4.1: Directional DBS lead implants and experimental timeline.  (A) DBS lead with 12 segmented 

electrodes in a 4x3 configuration implanted in the STN of Subjects 1 and 2. MRI-T1 images are shown for 

each subject with segmented reconstructions of the DBS lead (cyan) and STN (red) overlaid on the images. 

(B) DBS lead with 6 segmented electrodes in a 2x3 configuration was implanted in the STN of Subjects 3 

and 4. (C) Radial orientation of electrodes relative to the STN (red) for each subject. View is in a plane 

perpendicular to the oblique DBS lead trajectory. AM - anteromedial; PL - posterolateral. (D) Experimental 

timeline marks the day of implant and subsequent LFP recordings and impedance spectroscopy 

measurements. 

 

 Local Field Potential Recording and Analysis 

Resting-state LFPs were recorded at 24.4 kHz from each of the electrodes over a two-week 

period for 30 consecutive movement-free seconds (Tucker-Davis Technologies, Synapse 

Software) (Figure 4.1D). Perioperative (day 1) LFP recordings were taken several hours 

following DBS lead implantation. Resting-state periods were determined by visual 

inspection of the animal during the recordings. LFPs were collected in reference to the 

metallic head post anchored to the cranium with multiple titanium bone screws (Subjects 

1-3) or a silver chloride wire inserted into the DBS chamber filled with saline (Subject 4) 

(Lempka et al., 2009). LFPs were analyzed offline using the Chronux toolbox (Bokil et al., 

2010) and modified MATLAB scripts (v2017a, Mathworks). Initial post-processing 

included a 1 Hz high-pass filter and a 300 Hz low-pass filter applied to the raw time series 

data (Figure 4.2A). Two LFP referencing schemes were calculated: common average 
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reference (CAR) and intra-row bipolar referencing (IRBR).  CAR is useful for 

interpretation of the spatial location of beta-band activity, and IRBR is more relevant in 

currently implemented clinical devices (Abosch et al., 2012; Yoshida et al., 2010). CAR 

LFPs were calculated by subtracting the average signal across all electrodes from each 

individual electrode (Figure 4.2B). IRBR LFPs were calculated by subtracting signals 

from adjacent electrodes within the same row (Figure 4.2C).  Power spectra from the 

recording schemes were calculated using the multi-taper method with three tapers 

(Chronux). The resulting power spectra were smoothed with a moving Gaussian window 

of length 100 (standard deviation = 20) and normalized by aligning the high frequency 

baseline power of each spectrum to zero to reduce contribution of any day-to-day wide-

band spectral power changes. From the full power spectrum, the beta peak power was 

calculated from spectral data between 12 and 30 Hz.  

 

 
Figure 4.2: LFP beta-band activity across three referencing approaches  (example from Subject 4). (A) 

Monopolar recordings, in reference to a silver chloride wire in the DBS chamber, were filtered around the 

peak beta activity from 12-30Hz. (B) Common average referencing involved subtracting the average 

monopolar recording across the array from each individual monopolar recording. (C) Bipolar intra-row 

referencing involved subtracting monopolar recordings from adjacent electrodes within the same row. The 

dotted line highlights instances in which a phase reversal occurs amongst electrodes in the array indicating a 

dipole near electrode 3A. 
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 Electrochemical Impedance Spectroscopy and Analysis 

LFP instability immediately following the DBS lead implant reflects changes in the 

electrode-tissue interface and may stem from the reactive tissue response to neurotrauma 

induced by the implant (Kozai et al., 2015b; Lempka et al., 2009). To track progression of 

this immune response we characterized the fibrous tissue encapsulation layer that forms 

around the lead using electrochemical impedance spectroscopy (EIS). EIS was measured 

before LFP recordings to ensure viability of each electrode and to track the development 

of the tissue encapsulation layer surrounding the lead (AutoLab Potentiostat, NOVA 2.1 

software). Electrodes were deemed un-viable if impedance measured at 1 kHz was 

significantly higher than anatomically possible, indicating the wire connections had come 

loose and neural recordings were no longer possible. Measurements used an AC signal at 

an amplitude of 25mV to ensure a linear response (Lempka et al., 2009). All impedances 

were measured in a two-electrode configuration with a DBS electrode serving as the 

working electrode (Figure 4.3A). A titanium head-post, attached with metallic bone 

screws, served as the counter electrode for Subjects 1, 2, and 3. The counter electrode for 

Subject 4 was a silver chloride wire placed inside the ipsilateral DBS chamber and 

submerged in 0.9% NaCl. The measured impedance spectrum ranged from 10 - 10,000 Hz, 

which was sufficient to capture the resistive and capacitive nature of the interface (Figure 

4.3B). Analysis of EIS data included a longitudinal impedance analysis specifically at 1 

kHz and 20 Hz. We hypothesized that the impedance at 20 Hz may better reflect the 

impedance experienced by the beta-band LFP signals in the 12-30 Hz range that were 

recorded through the electrode-tissue interface. 1 kHz is the impedance commonly 

measured by investigators to ensure electrode viability (Lempka et al., 2009; Williams et 

al., 2007), and 20 Hz is more consistent with the spectral features of the neuronal 

recordings. Given the susceptibility of electrode-tissue impedances to decrease with 

electrical stimulation (Lempka et al., 2009), no electrical stimulation was delivered during 

the duration of the study. 
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Figure 4.3: Electrochemical impedance spectroscopy measurements.  (A) Impedances were measured 

between a working electrode on the DBS lead and a counter electrode either as a silver chloride wire in the 

DBS chamber or a distributed set of bone screws over the posterior cranium. (B) Shown is a Nyquist plot of 

an example impedance spectroscopy measurement highlighting 1 kHz and 20 Hz resistance and reactance. 

The latter measurement was chosen given its relevance to typical beta-band frequencies (12-30Hz). 

 

 Statistical Analysis 

For LFP and impedance time series data, a nonparametric one-way ANOVA was 

performed to confirm the presence of any significant changes across days. If p<0.05, post-

hoc analysis was done using a Wilcoxon signed rank test for zero median with Bonferroni 

corrections to account for multiple comparisons. Testing for correlations between different 

time series trends was done using a Pearson correlation test. This was applied to compare 

CAR beta-band peak power to bipolar beta-band peak power and impedance to beta-band 

peak power. Pearson correlations were also used to compare spatial beta peak power maps 

across days.  

 

4.4 Results  

 General LFP beta peak power trends following STN-DBS lead implant 

The CAR power spectra calculated from DBS lead electrodes in the four subjects varied 

over time (Figure 4.4A). During the peri-implant period (day 1 to 4), beta peak power (12-

30 Hz) fluctuated but showed consistent trends for each of the DBS leads (Figure 4.4B 

and C).  There was an increase in beta peak power between days 1 and 4 in S1 and S2 

(Wilcoxon signed rank: p=0.0122 and p=0.0420), and a decrease in beta peak power in S4 

(Wilcoxon signed rank: p=0.0313) that similarly trended downward in S3. Note that the 

subjects with lower beta peak power on day 1 were those with the larger diameter 4x3 DBS 



 

 

71 

 

lead (S1 and S2), whereas the subjects with higher beta peak power on day 1 were those 

with the smaller diameter 2x3 DBS lead (S3 and S4). For the bipolar configurations, all 

animals showed similar trends to those observed for the CAR configurations, but only S1 

had a significant change in beta peak power between days 1 and 4 (Wilcoxon signed rank: 

p=0.0269) (Figure 4.5). 

 

 
Figure 4.4: Changes in local field potential spectral characteristics using a common average referencing 

scheme  following implantation of a 4x3 DBS lead (S1, S2) and a 2x3 DBS lead (S3, S4). (A) Example power 

spectra with common average referencing from one contact of each subjectôs DBS lead highlights the overall 

spectral variation across days and subjects. The spectra examples shown are from the contacts which were 

highest in beta-band peak power on day 13. (B) Beta-band peak power (between 12-30 Hz, CAR) over days 








































































































