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Abstract 

Deep brain stimulation (DBS) is an effective therapy for motor symptoms in 

Parkinson's disease (PD). The efficacy of DBS depends on the stimulation parameters, 

and the current therapy is high-frequency stimulation (>100 Hz) with constant 

interpulse intervals and short pulse widths (<210 μs). However, the temporal pattern of 

stimulation is a novel parameter dimension that has not been thoroughly explored. We 

used non-regular temporal patterns of DBS to pursue two goals: to understand better the 

mechanisms of DBS, and to increase the efficacy and efficiency of DBS for PD. 

First, we designed high frequency patterns of non-regular stimulation with 

distinct features proposed to be important for efficacy and evaluated these patterns in 

human subjects with PD. Unexpectedly, some non-regular patterns of stimulation 

improved performance in an alternating finger-tapping task–a proxy for bradykinesia–

compared to high frequency regular stimulation. Performance in the motor task was 

correlated with suppression of beta band power in a computational model of the basal 

ganglia suggesting a possible mechanism for effective stimulation patterns. 

Inspired by the increased clinical efficacy of non-regular patterns of stimulation 

with high average frequencies, we developed a non-regular pattern of stimulation that 

reduced motor symptoms in PD using a low average stimulation frequency. Since the 

number of potential combinations of interpulse intervals is exceedingly large and it is 
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unclear how such timing should be selected, we applied computational evolution to 

design an optimal temporal pattern of deep brain stimulation to treat the symptoms of 

PD. Next, we demonstrated the efficacy of the resulting pattern of stimulation in hemi-

parkinsonian rats and humans with PD. Both the optimized stimulation pattern and 

high frequency stimulation suppressed abnormal oscillatory activity in the basal ganglia 

in the rat and human, providing a shared mechanism of action for effective stimulation 

patterns. This innovation should increase the battery life of implanted pulsed 

generators, compared to traditional high frequency stimulation, which will reduce the 

costs and risks of frequent battery replacement procedures. Further, our novel design 

approach can be used to develop novel temporal patterns of stimulation in other 

applications of neural stimulation. 

To gain further insight into the cellular effects of DBS, we measured field 

potentials in the subthalamic nucleus (STN) evoked by DBS. Subthalamic DBS local 

evoked potentials (DLEPs) have never before been recorded, and we characterized 

differences in DLEPs across DBS frequencies and time, their relationship to beta 

frequency oscillations and phase-amplitude coupling, and their dependence on 

electrode contact location. We implemented a 3-dimensional biophysical model of DBS 

in the STN-globus pallidus externus (GPe) subcircuit to explore the neural origin of the 

DLEPs. The computational model reproduced the DLEP signal and revealed that the 

quasi-periodic DLEP oscillations were caused by excitatory synaptic currents in STN 
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interrupted periodically by inhibition from GPe. DLEP power was correlated with beta 

band oscillation power in the recordings without DBS, and significant phase-amplitude 

coupling was observed in a subset of subjects with robust DLEP responses. As well, the 

contact location was an important determinant for the presence and characteristics of 

DLEP signals. Predictions were made concerning contact location relative to the 

boundaries of the STN based on the DLEP recordings and insights gained using the 

computational model, and the predictions were in agreement with blinded post hoc 

imaging based contact localization for ~70% of contacts predicted to be within STN.  

DLEPs are a new signal with several potential applications, including verifying 

accurate DBS lead placement or optimal stimulation parameters, probing the 

pathological basal ganglia, and elucidating the mechanisms of DBS.  
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Chapter 1 : Principles of electrical stimulation of neural 
tissue  

The contents of this chapter represent original work contributed by the author. This work is 

published as Brocker DT, Grill WM (2013) Principles of electrical stimulation of neural tissue. 

Handbook of Clinical Neurology, 116:3-18. 

1.1 Abstract 

Deep brain stimulation is a remarkable therapy that has mainstreamed electrical 

stimulation of the brain for the treatment of neurological dysfunction. To appreciate the 

mechanisms of deep brain stimulation, we need to understand the excitability of neural 

tissue. Here, we survey the pertinent principles of electrical excitation in the brain. The 

amount of current delivered and the tissue conductivity together determine the strength 

and extent of potentials generated by stimulation. The electrode–tissue interface is an 

important junction where electrical charge carriers in the stimulation hardware are 

converted to ionic charge carriers in the tissue. Cathodic stimulation tends to depolarize 

neural elements more easily than anodic stimulation. The current–distance relationship 

describes how the amount of current needed to excite an axon increases as a function of 

its distance from the electrode. This relationship also depends on the axon’s diameter 

because large-diameter axons are excited more easily than small-diameter axons. For a 

given axon, the strength–duration relationship describes the inverse relationship 

between threshold current amplitude and pulse duration. Specific stimulation 
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parameters must be considered to avoid stimulation-induced tissue damage. A strong 

foundation in these principles facilitates understanding of the complex effects of 

electrical stimulation in the brain. 

1.2 Introduction 

Deep brain stimulation (DBS) is a remarkable therapy that has mainstreamed 

electrical stimulation of the brain for the treatment of neurological dysfunction. Before 

the development of DBS, neurosurgeons often resorted to ablating nervous tissue when 

other attempts to control the neurological dysfunction had failed. Today, DBS provides a 

reversible and adjustable alternative to ablative surgery. To appreciate the mechanisms 

of DBS, we need to understand the excitability of neural tissue. This chapter surveys the 

pertinent principles of electrical excitation of neural tissue, thereby providing a solid 

foundation from which readers can understand later chapters. While this chapter 

focuses on electrical stimulation in the brain, with an emphasis on DBS, many of the 

principles are applicable to extracellular electrical stimulation of other parts of the 

nervous system.  

Hodgkin and Huxley's (1952) description of the ionic basis of action potentials 

yielded a more complete understanding of the intrinsic excitability of the neuronal 

membrane. However, understanding the effects of applying electrical stimulation to a 

population of neurons in the brain remains a challenge. The problem is complicated by 

the diversity of neuronal elements—soma, axons, and dendrites—and by the complexity 
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of the brain and surrounding tissues as volume conductors. In 1975, James B. Ranck, Jr. 

published a seminal review on which neuronal elements are excited during electrical 

stimulation of the central nervous system (CNS). Elements of this chapter constitute a 

Ranck review redux, and we will reexamine and build on the topics discussed in his 

review in light of new research since its publication.  

1.3 Fundamentals of electrical stimulation of neural tissue 

Current passing through a resistive medium generates a distribution of electric 

potentials. During brain stimulation, the shape and magnitude of the potentials governs 

the effects of stimulation on the neural tissue. Therefore, it is important to understand 

three fundamental principles of electrical stimulation of the nervous system: (1) the 

current delivery by the stimulation electrode, (2) the electrical properties of the neural 

tissue medium into which the current is delivered, and (3) the impact of electrode-tissue 

interface. Specifically, the cumulative impedance of the DBS circuit is an important 

variable that can determine the total amount of current injected into the tissue, and 

special attention will be given to how the conductivity of the tissue affects the spread of 

the current in the tissue and modulates the activation of neuronal elements at a distance 

away from the electrode.  

1.3.1 Current delivered to the brain tissue 

A DBS system and the patient's body form a closed electrical circuit (Figure 1.1). 

The implantable pulse generator (IPG) is an electrical source that causes current to flow 
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through the extension and lead wires to the electrode, across the electrode-tissue 

interface, and back through the tissue to the IPG case—the return electrode. An IPG can 

either operate as a current source or a voltage source. During voltage-controlled DBS, 

the impedance of the entire circuit dictates the amount of current that flows through the 

neural tissue. Current-controlled stimulators deliver a constant amount of current into 

the neural tissue with each electrical pulse, regardless of the impedance. Typical overall 

impedance values range from 500-1500 Ω (Lempka et al., 2009, Volkmann et al., 2002, 

Wei and Grill, 2009). Assuming a constant impedance of 1000 Ω provides a simple rule 

of thumb for approximating the current delivered by voltage-controlled DBS: changing 

the DBS amplitude by one volt changes the DBS current amplitude by one milliamp. The 

resistive properties of the tissue around the electrode contribute to the overall 

impedance (Butson and McIntyre, 2006); this tissue includes both the encapsulation 

tissue immediately surrounding a chronically implanted stimulation electrode, known 

as a glial scar, and the neural tissue.  

1.3.2 Electrical properties of neural tissue 

The resistive properties of tissue are more complicated than the lumped resistor 

(RT) shown in the circuit diagram (Figure 1.1). Physically, resistance (R) is a measure of 

the voltage (V) across an element as current (I) is passed through it. The lumped 

resistance of that element can be defined using Ohm's Law: R = V/I. However, for tissue 

with a geometric extent it is more appropriate and convenient to describe the distributed 
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resistance of the tissue, the resistivity. Resistivity is denoted by ρ, with units of ohm-

meter (Ω-m). In analyses of stimulation of neural tissue it is common to use 

conductivity, denoted σ, which is simply the reciprocal of resistivity with units of 

siemens per meter (S/m). 

 

Figure 1.1: DBS Circuit.  

The DBS system creates a closed electrical circuit with the patient’s body. The amount 

of current delivered by voltage-controlled DBS depends on the total impedance of the 

circuit. There are many elements that contribute to the overall impedance: the 

extension wire resistance (Rext); the lead wire resistance (Rlead); the electrode-tissue 

interface impedance (ZE-T); the electrode encapsulation (Ec) thickness (tEc) and 

resistance (REc); lumped tissue resistance (RT). The neural and non-neural tissue 

resistances are lumped together for simplicity. Modified from (Butson et al., 2006). 
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Conductivity, as its name suggests, quantifies a material's ability to conduct 

electricity and is useful for describing current flow in the brain (Table 1.1). Without the 

quasistatic approximation, however, the conductivity alone would be insufficient to 

fully describe the potentials generated by a current source. The quasistatic 

approximation allows the electrical properties of the tissue at all instants of time to be 

treated independently from one another. Ironically, it doesn't allow the brain tissue to 

have any "memory" of what just happened, ignoring capacitive, inductive, and wave 

propagation effects. Plonsey and Heppner (1967) were the first to apply this 

simplification to living tissues, and its use has been validated for describing potentials 

created by DBS with typical stimulation parameters (Bossetti et al., 2008).  

The brain’s conductivity is inhomogeneous and anisotropic. These characteristics 

have been measured directly in animal models (Geddes and Baker, 1967, Nicholson, 

1965) and quantitatively inferred from diffusion tensor imaging of the human brain 

(Tuch et al., 2001). The inhomogeneity stems from anatomical differences between 

regions of neural tissue (e.g., white versus gray matter), which cause differences in tissue 

medium conductivity (Geddes and Baker, 1967). Furthermore, neural tissue and 

encapsulating tissue around the chronically implanted electrode and IPG can also have 

different conductivities (Grill and Mortimer, 1994). 
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Anisotropy is the property of being directionally dependent. Neural tissue 

exhibit anisotropy because the axons in white matter are parallel to one another, and 

thus the longitudinal conductivity of white matter is greater than the transverse 

conductivity (Nicholson, 1965, Ranck and BeMent, 1965).  

The inhomogeneity and anisotropy of brain tissue make the flow of stimulation 

current in the CNS complex. Powerful finite element modeling software enables 

researchers to account for these properties in models of electrical stimulation of the CNS 

(McIntyre et al., 2004b). However, another approach is to make simplifying 

assumptions, for example that the tissue medium conductivity is homogenous and 

isotropic. In other words, we can assign an average conductivity to the tissue medium 

that is not directionally dependent. These assumptions are useful for didactic purposes, 

as they allow the potentials generated by a current source to be easily calculated, but 

they ignore important contributions to the pattern of neural activation (Chaturvedi et al., 

2010). The equation for the potential at a distance (r) away from a point source is given 

by: 

( )
r

I
r

πσ
φ

4
=  (1.1) 

where I is the current delivered through the point source, σ is the tissue conductivity, 

and r is the distance from the current source. The conductivity scales how the potentials 

fall off as you move away from the source.  
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Table 1.1: Important electrical properties for DBS 

 Value(s) Reference 

Average brain tissue 

conductivity  

0.15 - 0.3 S/m (Geddes and Baker, 1967, Ranck, 

1963) 

Cerebrospinal fluid 

conductivity 

~1.5 S/m (Geddes and Baker, 1967) 

Blood conductivity* 0.6 – 0.7 S/m (Geddes and Baker, 1967) 

Encapsulation conductivity  0.05-0.2 S/m (Grill and Mortimer, 1994) 

Double-layer specific 

capacitance†  

10-20 μF/cm2  (Merrill et al., 2005) 

Extension and lead wire 

resistance 

~80 Ω (Hemm et al., 2004, Holsheimer 

et al., 2000b) 

DBS electrode impedance‡ 500 - 1500 Ω  (Volkmann et al., 2002) 

(*) Human blood at body temperature with a normal hematocrit (40%). (†) Metal in 
aqueous solution using real area (geometric area multiplied by the roughness factor). (‡) 

Impedances well above or below this range may indicate a mechanical failure or a short 
circuit in the hardware, respectively. 
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1.3.3 Electrode-tissue interface  

The electrode-tissue interface is the site where electronic current in the electrode 

is transduced into ionic current in the tissue (Merrill et al., 2005). The interface has non-

linear impedance that is commonly reduced to a parallel RC circuit model (Figure 1.2). 

The resistive element represents Faradaic charge transfer where electrons are actually 

passed between the electrode and the tissue during chemical reactions. The capacitive 

element models non-Faradaic charge transfer where no charge carriers cross the 

interface and currents are generated in the tissue using electromotive force to 

redistribute charged species.  

The electrode surface area is directly proportional to the electrode's capacitance 

and, therefore, inversely proportional to electrode-tissue interface impedance. Hence, 

the electrode surface area plays a role in determining the amount of current flow 

through the tissue with voltage-controlled stimulation. Microelectrodes, for example, 

have small surface areas and little capacitance, causing them to charge/polarize quickly 

and inject less current into tissue. The Medtronic DBS electrode contacts have a 

relatively large surface area of approximately 6 mm2. 
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Figure 1.2: Electrode-tissue interface.  

(A) A reduced model of the electrode-tissue interface. The electrical circuit models the 

paths of charge transfer at the electrode-tissue interface. Charge transfer is possible 

though the double layer capacitance (Cdl) and Faradaic impedance (Zf). Electrode 

surface area is an important consideration because the double layer capacitance is 

directly proportional to the electrode surface area.  (B) The current density 

distribution (J(x,t))) across an electrode evolves during a stimulation pulse. The 

current density is very high at the electrode perimeter, especially early in a 

stimulation pulse, making the electrode perimeter an important consideration. 

Modified from (A) (Randles, 1947) and (B) (Howell, unpublished). 

Stimulating electrodes are commonly modeled as current point sources. This is a 

valid approximation for sharp electrodes with sharp tips (McIntyre and Grill, 2001), but 

the cylindrical contacts on DBS electrodes obviously do not qualify as sharp tips. 

However, if interested in assessing the response of a population of neurons to 

stimulation, then a point source model can be used to approximate a DBS electrode 

contact, especially at locations removed from the conductor-insulator interfaces and the 

insulating electrode tip (Zhang and Grill, 2010). The point source model starts to break 

down close to the conductor-insulator interface because the current density distribution 
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across the contact surface is non-uniform (Bruckenstein and Miller, 1970, Maus et al., 

1999, Rubinstein et al., 1987) (Figure 1.2). The high current density at the edges of the 

contact makes the perimeter of the electrode contact an important consideration for any 

electrode geometry.  

1.4 Polarity of stimulation 

The effect of stimulation does not depend exclusively on the absolute value of 

the stimulation current. It also depends on the current's polarity. A stimulating electrode 

can act as an anode (+, source of positive current) or a cathode (-, sink of positive 

current) at any instant in time.  

1.4.1 Extracellular cathodic stimulation primarily depolarizes 
neuronal membranes 

Since a cathode is a current sink, cathodic current is negative by convention. 

Recalling the equation for the potential generated by a point source, cathodic 

stimulation generates negative potentials in the tissue. Negative potentials in the tissue 

actually excite neurons more easily than positive potentials. The neuronal membrane is 

slightly polarized at rest. The transmembrane potential—defined as the difference 

between the intracellular and extracellular potential—is usually around -70 mV. When 

cathodic stimulation generates negative potentials in the extracellular medium, the 

intracellular potential is no longer negative compared to the extracellular potential; the 

membrane is depolarized. If the depolarization is strong enough or lasts long enough, 
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the ion channel dynamics cause an action potential; the neuron is “excited” by the 

cathodic stimulation.  

This simple explanation can be extended to include current flow as well. Since a 

cathode is a current sink, a cathodic stimulation pulse will draw current out of the 

neuron and toward the electrode. Current flow out of the neuronal membrane—that acts 

like a parallel RC circuit—sets up a potential across the membrane. The transmembrane 

potential is depolarized, and ion channel dynamics make an action potential very likely.  

It is important to differentiate between electronic and ionic current. We have 

been discussing electronic current. Electronic current generated by stimulation has to 

flow through the membrane and its impedance. Therefore, electronic current out of the 

neuronal membrane depolarizes it, and electronic current into the neuron 

hyperpolarizes it. On the other hand, ion channels can allow ionic current flow through 

the neuronal membrane with virtually no resistance. For example, during an action 

potential, sodium cations flow into the neuron to depolarize it. The depolarization is a 

direct result of the transfer of positively charged ions into the cell. Since the open ion 

channels have essentially no resistance, there is no potential drop across the membrane 

arising from the flow of ionic current through the membrane.  

This explanation serves to illustrate how extracellular cathodic stimulation 

usually excites neural tissue more easily than anodic stimulation. Both microstimulation 

studies in cat dorsal column and cortex (BeMent and Ranck Jr, 1969, Stoney et al., 1968) 
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and computational modeling (McIntyre and Grill, 1999, Rattay, 1998) suggest that 

cathodic stimulation is 4-5 times more effective, on average, at stimulating axons than 

anodic stimulation. This has practical implications for DBS, which presumably relies on 

stimulating neuronal elements to have its effects. For example, Benabid (1996) reported 

that cathodic DBS suppresses tremor more effectively than anodic DBS with the same 

amplitude (Figure 1.3).  

 

Figure 1.3: Cathodic versus Anodic Stimulation for Tremor Suppression.  

High frequency cathodic stimulation suppresses tremor more effectively than high 

frequency anodic stimulation of the same magnitude. Modified from (Benabid et al., 

1996). 

The ratio between the anodic and cathodic stimulation thresholds varies widely 

and is strongly dependent on the position and orientation of the neuron relative to the 

electrode (Rattay, 1998). In fact, as Ranck points out, anodic stimulation on the surface of 

the cortex can be more effective than cathodic stimulation (Gorman, 1966, Hern et al., 
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1962, Wongsarnpigoon and Grill, 2011). Most pyramidal neurons in the cortex are 

oriented with their dendrites pointing toward the cortical surface. Current out of the 

anode enters the dendrites and soma and exits through the axon, causing depolarization 

of the axon.  

1.4.2 Tri-phasic pattern of polarization 

The difference in threshold amplitude between anodic and cathodic extracellular 

stimulation is a result of a tri-phasic pattern of polarization that is generated by 

extracellular stimulation. Ranck explained the tri-phasic pattern of polarization in terms 

of current flow. Figure 1.4 illustrates Ranck’s explanation of this phenomenon in an 

axon during cathodic and anodic stimulation. The section of the axon closest to a 

cathode experiences current flow out of the membrane, and current flows into the axon 

in flanking regions to satisfy conservation of current. Therefore, the axon is depolarized 

closest to the cathode and hyperpolarized in the flanking regions. These hyperpolarized 

flanking regions are often called “virtual anodes” (Basser and Roth, 2000). The currents 

and changes in transmembrane voltage are reversed when anodic stimulation is applied. 

Hyperpolarization occurs in the region of the axon closest to the anode and the flanking 

regions are depolarized. Anodic stimulation relies on the flanking regions of 

depolarization—the “virtual cathodes”—to excite axons. Depolarization caused by 

anodic stimulation's virtual cathodes is usually four or five times weaker than the 

primary depolarization caused by cathodic stimulation of the same amplitude. 
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Figure 1.4: Triphasic Pattern of Polarization.  

(A) A cathode (⊖⊖⊖⊖) is a current sink. It draws current from the segment of the axon 

nearest the electrode, depolarizing it. Conservation of current dictates that current 

must also flow into surrounding segments of the axon, hyperpolarizing the adjacent 

regions. (B) An anode (⊕⊕⊕⊕) is a current source. Anodic stimulation hyperpolarizes the 

region of the axon nearest to the electrode. Depolarization occurs in the adjacent 

regions. The depolarization magnitude is approximately five smaller than the 

magnitude of the primary hyperpolarization. Therefore, if cathodic stimulation with 

magnitude X is able to initiate an action potential in an axon, then anodic stimulation 

with magnitude 5X should also be able to generate an action potential by relying on 

the virtual cathodes. 
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Following Ranck’s explanation of the tri-phasic pattern of polarization using 

electronic current flow, investigators developed more quantitative methods for 

estimating the excitation of neuronal elements. The tri-phasic pattern of polarization can 

also be explained in terms of the potentials generated by stimulation using the activating 

function. The activating function is the second spatial derivative of the extracellular 

potentials (Δ2Ve) in the direction of the axon (Rattay, 1986). The activating function for 

unmyelinated axons (like the one shown in Figure 1.5) is a continuous function. 

However, for myelinated axons the activating function is a discrete function—the 

second spatial difference of the extracellular potentials—because only the potentials at 

the nodes of Ranvier matter. The activating function is a quite rigorous approximation of 

neural excitation as it accounts for the extracellular conductivity, the distance to the 

electrode, and the strength of stimulation, and it is commonly used to estimate the 

effects of extracellular stimulation. 
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Figure 1.5: Activation Function.  

The activating function is a simple estimator of neural polarization. It is defined as 

the second spatial derivative of the extracellular potentials generated by the 

stimulation. The illustration shows that the activating function reproduces the 

triphasic pattern of polarization along an axon during cathodic stimulation. 
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1.4.3 Stimulus waveform 

Ranck did not include a discussion of stimulus waveform, but we will include it 

here for several reasons. First, concerns about tissue and electrode damage have 

motivated all chronic stimulation of the nervous system to use charge-balance, biphasic 

stimulation waveforms. Second, researchers have manipulated the stimulation 

waveform to increase its selectivity. Lastly, waveform efficiency has also been an area of 

active research.  

1.4.3.1 Charge-balanced stimulation 

Chronic stimulation waveforms should be charge-balanced to reduce the 

possibility of electrode degradation and tissue damage (Lilly et al., 1955). Consider a 

train of high frequency monophasic current pulses (Figure 1.6). They occur so quickly in 

succession that the electrode does not have time to completely discharge between 

pulses. The electrode potential begins to drift or “ratchet” away from the open circuit 

electrode potential. The electrode potential may reach levels that provide the necessary 

driving force for electrochemical reactions that irreversibly degrade the electrode and 

generate harmful chemical species that can cause tissue damage. Even with charge-

balanced biphasic waveforms, Faradaic reactions during the waveform can still cause 

electrode potential drift to occur. The drift is not as severe because the second, charge-

balancing phase immediately moves the electrode potential back very close to the open 

circuit potential. However, since Faradaic reactions may have occurred during the first 
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phase, the second phase is not guaranteed to return the electrode to the pre-pulse 

electrode potential (Merrill et al., 2005). 

 

Figure 1.6: Electrode Potential Drift During High Frequency Stimulation.  

Stimulation pulses can occur so rapidly in succession during high frequency 

stimulation that the electrode is unable to completely discharge between pulses. This 

can lead to the accumulation charge on the electrode and drift of the electrode 

potential. This is not desirable because it increases the driving force for non-

reversible chemical reactions at the electrode-tissue interface that can degrade the 

electrode or damage the neural tissue. Biphasic stimulation waveforms help prevent 

charge accumulation on the electrode. Modified from (Merrill et al., 2005). 

1.4.3.2 Waveforms for selective stimulation 

Stimulation waveform shape may allow selective stimulation of specific neuronal 

elements more readily than other neuronal elements. In 1975, Ranck surveyed the 

available evidence and suggested that even during stimulation near a neuron’s soma, 

the axon (including the initial segment) is stimulated. Evidence has accumulated since 

that time supporting that the site of action potential initiation during extracellular 
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stimulation is the axon (McIntyre and Grill, 1999, McIntyre et al., 2004b, Nowak and 

Bullier, 1998a, Nowak and Bullier, 1998b, Tehovnik et al., 2006). This fact can be very 

useful for determining the spatial effects of stimulation, as illustrate by Histed and 

colleagues (Histed et al., 2009). They used cortical microstimulation and two-photon 

calcium imaging in the cortex of mice, rats, and cats. Instead of finding that stimulation 

led to a sphere of activated neurons around the microelectrode tip, they found a sparse 

pattern of neuron soma activation when they applied stimulation slightly above 

threshold. Furthermore, when they shifted the electrode slightly, different somas 

showed activation suggesting that the somas being activated had processes, namely 

axons, near the tip of the electrode. The axons closest to the electrode tip were being 

activated and conducting antidromic action potentials back to the soma, as well as 

orthodromic action potentials to their terminations. 

Computational studies also support that the site of action potential initiation is 

always the axon or the initial segment, rather than the cell body (McIntyre and Grill, 

1999, McIntyre et al., 2004b). Computational experiments were very useful for fully 

describing this phenomenon because they allowed for precise control of parameters that 

are nearly impossible to control in vivo. The fact that action potential initiation occurs in 

the axon is crucial to understanding the effects of DBS (McIntyre et al., 2004a, McIntyre 

et al., 2004c).  
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If extracellular stimulation initiates action potentials in axons, how can we expect 

to selectively stimulate specific neural populations? The key is to recognize the 

difference between axons of passage and the local projection axons. Axons of passage 

arise from distant cell groups and pass close by the electrode. On the other hand, local 

projection axons emerge from cells bodies in the vicinity of the electrode. When these 

axons are stimulated, the effect is the same as if the action potential initiated in the cell 

body.  

McIntyre and Grill (2000) used this difference between axons of passage and 

local projection axons in a computational model of stimulation of a population of 

neurons to demonstrate that stimulation can be selective for specific neuronal elements, 

and these predictions were recently corroborated with experimental measurements 

(Wang et al., 2011). Monophasic anodic pulses activated a greater percentage of local 

projection axons at a given intensity than axons of passage. Conversely, monophasic 

cathodic pulses activated a greater percentage of the axons of passage. Further, charge-

balanced stimulus waveforms were designed with asymmetric phases to augment the 

selectively of stimulation (McIntyre and Grill, 2000). Currently, DBS devices are 

designed to deliver asymmetric biphasic stimulation pulses with a leading cathodic 

phase followed by a longer, change-balancing anodic phase. The selectivity of this 

waveform is no different than monophasic cathodic waveforms because the low-

amplitude anodic phase lags the cathodic phase and cannot exert a conditioning effect. 
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Although not currently implemented in DBS devices, selective stimulation of 

neuronal elements could be advantageous in practice. DBS and other stimulation-based 

neural prosthetics in the CNS are challenged by the fact that target cell bodies lie in close 

proximity to passing axons that arise from distant regions of the brain (Behrend et al., 

2009, Histed et al., 2009, Jensen et al., 2003, Ranck, 1975, Schiefer and Grill, 2006). 

Consider DBS in the internal globus pallidus (GPi), where one presumably wants to 

stimulate the GPi neurons without stimulating fibers of the optic tract passing by the 

ventral border of the GPi. Selective stimulation of cell bodies in the vicinity of the 

electrode could enable therapeutic effects without inducing stimulation-induced visual 

side effects such as phosphenes.  

1.4.3.3 Efficient waveforms 

The shape of the stimulation waveform also affects the charge-, power-, and 

energy-efficiency of stimulation. Charge-efficient waveforms are desirable because the 

degree of tissue damage is related to the amount of charge injected (McCreery et al., 

1990, Shannon, 1992, Yuen et al., 1981). Waveforms can also be power-efficient. The 

amount of power a stimulator needs to deliver dictates it battery size, with higher power 

requiring a larger battery. Lastly, energy-efficient waveforms can prolong the life of 

implantable pulse generators because IPG lifetime is linearly correlated with energy 

consumption (Anheim et al., 2007, Bin-Mahfoodh et al., 2003).  
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Researchers have designed waveforms that are more energy-efficient than the 

rectangular waveforms used for DBS. Analytical studies propose that a rising 

exponential waveform is the most energy efficient waveform (Jezernik and Morari, 2005, 

Offner, 1946). However, these analytical solutions did not take into account the 

nonlinear nature of the membrane dynamics, and more realistic modeling and in vivo 

experimental results demonstrated that the rising exponential waveform is no more 

efficient than other conventional waveform shapes (Wongsarnpigoon and Grill, 2010). 

Furthermore, coupling a realistic computational model of extracellular stimulation with 

engineering optimization yielded waveforms that in vivo experiments confirmed are 

more energy efficient than other conventional waveform shapes (Wongsarnpigoon and 

Grill, 2010). Furthermore, Foutz et al. (2010) supported this conclusion, using a detailed 

computational model of DBS, by concluding that Gaussian and centered-triangular 

waveforms are more energy-efficient than rectangular pulses. 

1.4.4 Bipolar stimulation 

Thus far we have only considered monopolar stimulation. Monopolar DBS is 

applied by allowing the device’s metal case implanted in the patient’s chest to act as the 

return electrode. It is essentially an infinite distance away from the neuronal elements 

that are stimulated, and is therefore considered monopolar stimulation. The DBS 

electrodes can also be configured for bipolar stimulation with two or more active 

electrode with opposite polarities in the brain (Figure 1.7).  
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Figure 1.7: DBS Electrode Configurations and Waveform Shapes.  

DBS electrode contacts can be set as either an anode (⊕⊕⊕⊕) or a cathode (⊖⊖⊖⊖). Monopolar 

stimulation is delivered when only one electrode polarity is used (anodic or cathodic). 

Multiple active electrode contacts configured with opposite polarities deliver bipolar 

stimulation. (A) Monopolar electrode configuration with the active electrode contact 

configured as a cathode. The cathodic contact delivers a biphasic stimulation 

waveform that has a high amplitude cathodic phase followed by a low amplitude, 

charge-balancing anodic phase. (B) Active electrode contact configured as an anode. 

This configuration is not available in the clinical IPG. (C) Bipolar electrode 

configuration. Each active electrode simultaneously delivers a biphasic waveform 

with the polarity of the leading phase determined by the polarity of the electrode 

contact. 

Investigators have generally assumed that bipolar stimulation is more focused 

than monopolar stimulation because current flow is “steered” by the presence of the 

electrode of the opposite polarity. The profile of polarization is definitely more complex 

for bipolar stimulation, but computational models suggest that the volume of tissue 

activated is not dramatically different (McIntyre et al., 2004b). This result is consistent 
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with earlier work that concluded that microelectrodes in a bipolar configuration gave 

little reduction in current spread compared to a monopolar microelectrode (Bagshaw 

and Evans, 1976). One advantage of bipolar DBS is that it reduces the size of the 

stimulation artifact, and thereby facilitates simultaneous ECG, EEG, or 

polysomnography (Frysinger et al., 2006). 

1.5 Current-distance relationship 

Since extracellular potentials decline with the distance away from a source, the 

current needed to excite an axon depends on the distance of the axon from the 

stimulating source. We are interested in determining how much current is needed to 

excite an axon at a given distance away from an electrode. For simplicity, this discussion 

will be restricted to monophasic, cathodic stimuli. 

1.5.1 Current-distance relationship definition 

Stoney et al. (1968) first derived a formal current-distance relationship. The 

equation for threshold current as a function of distance from the electrode had the 

following form:  

( ) 2

0 KrIrI th +=  (1.2) 

where r is the distance between the electrode and the axon, and I0 and K are constants 

(Figure 1.8). Even if one were able to get an electrode right next to an axon (r=0), there 

still needs to be a small amount of current (I0) introduced to initiate an action potential. 

As the electrode moves away from the axon, the threshold current increases with the 
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square of the distance. Other researchers confirmed this current-distance relationship 

(Bagshaw and Evans, 1976, Ranck, 1975).   

 

Figure 1.8: Current-Distance Relationship.  

The current needed to excite a neuronal element increases with the square of its 

distance away from the stimulating electrode. 

1.5.2 Dependence on axon diameter 

The parameter K controls how quickly the threshold current increases as the 

electrode is moved away from the axon. K does not have the same value for all axons, 

but rather depends on the diameter of the axon being stimulated (BeMent and Ranck Jr, 

1969, Jankowska and Roberts, 1972, Roberts and Smith, 1973, Stoney et al., 1968). For an 

axon a given distance from an electrode, the greater its conduction velocity, the less 
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current it takes to stimulate it. Conduction velocity is directly proportional to axon 

diameter. Therefore, as the diameter of the axon increases, K decreases, causing the 

threshold current to not rise as quickly as the electrode is moved away from the axon. 

Generally, large diameter axons are more easily stimulated than small diameter axons. 

1.5.3 Center-surround concept  

The current-distance relationship describes the threshold current as a function of 

the axon’s distance from the stimulating electrode. However, in practice we are rarely 

concerned with stimulating a particular axon at a given distance from the electrode with 

exactly the threshold current. Instead, neural prostheses, like DBS, stimulate a 

population of neurons around the electrode. Usually the stimulation current is well 

above threshold for most of the neuron excited by the stimulation, especially those in the 

immediate vicinity of the electrode.  

Stimulation with cathodal currents much greater than threshold can actually 

block the propagation of action potentials in an axon. Experiments in the cat CNS 

showed that cathodal currents greater than about 8 times threshold did not produce a 

propagating action potential in myelinated axons (Roberts and Smith, 1973). Similar 

findings were reported in cat spinal cord (Jankowska and Roberts, 1972) and frog non-

myelinated peripheral nerves (Katz and Miledi, 1965). Action potential propagation is 

blocked because the hyperpolarizing virtual anodes from the tri-phasic pattern of 
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polarization become large enough to squelch action potential propagation (Figures 1.4 & 

1.5).  

Ranck (1975) introduced the center-surround concept to describe the spatial 

extent of cathodal stimulation of the CNS, taking into account the fact that current many 

times the threshold can block action potential propagation.  

1.6 Strength-duration relationship 

The minimum stimulus amplitude to excite an axon a given distance from the 

stimulating electrode depends on the duration of the stimulation pulse. Weiss (1901) 

experimentally derived a linear relationship between the charge required for excitation 

and pulse duration. Weiss’s strength-duration equation described the threshold charge 

as a function of pulse width. It had the form: 

( ) rhchrhth ITPWIPWQ ⋅+⋅=  (1.3) 

where Irh is the rheobase current, Tch is the chronaxie, and PW is the pulse width; though 

Weiss did not yet recognize that the rheobase current and the chronaxie were the 

constants in his equation. The rheobase current is defined as the threshold current for 

infinitely long pulses. The chronaxie is defined as the pulse duration required for 

excitation when the current amplitude is equal to twice the rheobase current. Figure 1.9 

illustrates the strength-duration relationship.  
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Figure 1.9: Strength-Duration Relationship.  

Consider monophasic rectangular current pulses with variable pulse widths (PW). (A) 

The relationship between threshold charge (Qth) and pulse width is linear. (B) The 

threshold current amplitude (Ith) decreases as the pulse duration increases in a 

nonlinear fashion. The minimum current that can elicit an action potential (as the 

pulse duration goes to infinity) is called the rheobase current (Irh). The chronaxie (Tch) 

is the shortest pulse width that can elicit an action potential when the current 

amplitude is twice the rheobase current. 

Lapicque (1909) reiterated Weiss’s equation for the strength-duration 

relationship, but in terms of the threshold current, and introduced the rheobase current 

and chronaxie as the constants. 

( ) 






 +=
PW

T
IPWI ch
rhth 1  (1.4) 

This form of the equation is perhaps more intuitive because it describes how the 

threshold stimulus current amplitude decreases as the pulse width increases. Since 

charge is the time-integral of current, for a rectangular stimulation pulse, the charge is 

the product of stimulation current amplitude and pulse width. Therefore, the 
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relationship between the equations for threshold charge and threshold current is 

elementary; multiplying both sides of the threshold current equation by pulse width 

yields the threshold charge equation. 

1.6.1 Implications for stimulus parameter selection  

Clinicians are faced with a huge number of possible combinations of DBS 

parameters. Fortunately, the strength-duration relationship informs DBS pulse width 

selection by describing how the pulse width affects charge-, power-, and energy-

efficiency. The equations for the power (P) and energy (E) of rectangular (monophasic) 

pulses, where I is the current pulse amplitude; R is the electrode impedance; and PW is 

the pulse width, are 

RIP ⋅= 2  (1.5) 

.2 PWRIE ⋅⋅=  (1.6) 

Short pulses minimize the charge required for excitation (Figure 1.9). However, 

very long pulses minimize threshold stimulus power because instantaneous power is 

proportional to the square of the current amplitude. Clearly, conflict arises when trying 

to be simultaneously charge- and power-efficient. The energy of a rectangular current 

pulse is the product of its power and pulse width. Therefore, minimizing energy is 

analogous to finding the best compromise between charge- and power-efficiency. It 

turns out that stimulation is most energy-efficient when the pulse width is equal to the 
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chronaxie. Therefore, an implantable pulse generator will last the longest when the 

pulse width is equal to the chronaxie of the neurons.  

1.6.2 Implications for determining which neural elements are excited 
by extracellular stimulation  

Chronaxie values are dependent on the type and size of the neuronal elements 

where the action potential is initiated. Axon chronaxies are generally in the range of 30-

200 μs for large myelinated fibers, and 200-700 μs for small myelinated fibers (Ranck, 

1975). Therefore, rationale exists for the typical range of DBS pulse widths: 60-150 μs. 

The chronaxie of neuron cell bodies have been measured with intracellular 

micropipettes to be in the 1-10 ms range (Ranck, 1975). 

Researchers have used the different chronaxies of neuronal elements to try to 

determine which neuronal elements they are exciting. This approach works for 

differentiating between large and small diameter axons, but it cannot be applied to 

differentiate between excitation of cell bodies and axons because action potential 

initiation always occurs in axons. More specifically, the chronaxie from a strength-

duration curve measured with extracellular stimulation cannot tell you whether local 

cell bodies or axons of passage are excited in the vicinity of the stimulating electrode 

(Miocinovic and Grill, 2004). Chronaxie measurements imply that the excitation of large 

diameter axons is responsible for the effects of DBS in the STN (Ashby et al., 1999, 

Ashby et al., 2001), GPi (Holsheimer et al., 2000a, Wu et al., 2001), and thalamus 
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(Holsheimer et al., 2000a, Strafella et al., 1997), but these could indeed be the axons of 

local neurons (McIntyre et al., 2004a).  

1.7 Frequency of stimulation 

Ranck did not discuss how neurons respond to changes in the frequency of 

electrical stimulation, but these considerations are important when characterizing neural 

excitability. 100 Hz is usually considered the border between "high frequency" and "low 

frequency" DBS. Suprathreshold cathodic current pulses applied at a low frequency 

initiate action potentials in neurons with high fidelity. Neurons respond to the stimuli 

similarly to how they would respond to a single stimulus pulse because of the relatively 

long interpulse interval (IPI).  

1.7.1 High frequency stimulation 

High frequency stimulation can also initiate action potentials in axons with high 

fidelity. Since the IPI is short, action potentials generated by high frequency stimulation 

are far more prevalent than intrinsic ones. Therefore, high frequency stimulation can 

mask intrinsic activity (Grill et al., 2004), which may be desirable. The refractory period 

limits how rapidly neurons can fire action potentials in response to high frequency 

stimulation, no matter how strong the stimuli are. The refractory period (~1 ms) is the 

time immediately following an action potential when ion channel dynamics make it 

impossible for the neuron to fire another action potential, and if the IPI is shorter than 
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the refractory period, the neuron will not be able to respond to each stimulus with an 

action potential. 

High frequency (>100 Hz) DBS is effective for movement disorders. In patients 

with Parkinson's disease, STN-DBS frequencies above 100 Hz lead to the greatest 

improvement in tremor, akinesia, and rigidity (Moro et al., 2002, Rizzone et al., 2001). 

There is some evidence to suggest that there exists an upper limit to the therapeutic 

frequency range, possibly around 250 Hz (Moro et al., 2002, Rizzone et al., 2001). 

Frequencies below 50 Hz do not ameliorate parkinsonian signs (Moro et al., 2002, 

Rizzone et al., 2001). Furthermore, low frequency stimulation can actually worsen some 

symptoms of Parkinson’s disease (Moro et al., 2002). High frequency DBS is also 

necessary for suppression of tremor in patients with essential tremor (Benabid et al., 

1996), and low frequency stimulation can exacerbate essential tremor (Kuncel et al., 

2006). Understanding why DBS is therapeutic when applied within a specific range of 

frequencies could help explain its mechanisms of action. 

Temporally non-regular stimulation, with IPIs that vary from one pair of pulses 

to the next, can be used to explore the mechanisms of DBS (Birdno et al., 2008, Birdno et 

al., 2012, Dorval et al., 2010). Temporally non-regular DBS patterns created from 

Gaussian distributions of IPIs ameliorated motor symptoms less effectively than 

temporally regular stimulation in patients with Parkinson’s disease and essential tremor 
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(Birdno et al., 2008, Dorval et al., 2010), highlighting the importance of regularizing 

neural activity (Grill et al., 2004).  

1.7.2  Stimulation frequency and synaptic transmission 

 Nervous system function relies on a network of neurons communicating with 

one another via neurotransmitter release at synapses. Electrical stimulation in the CNS 

can change the strength of synapses at the end of the stimulated axons. Furthermore, 

synapses near a stimulating electrode can modulate the stimulation’s effect on local 

neurons. 

When the efficacy of synaptic transmission changes, it is called synaptic 

plasticity. Synaptic plasticity comes in many different forms. Long-term potentiation 

(LTP) and long-term depression (LTD) are types of synaptic plasticity where the change 

in synaptic transmission persists for a long time (hours to days) after the conditioning 

stimuli. The frequency of the conditioning stimuli often dictates what type of plasticity 

occurs. The stimulation location also plays a very big role, and a specific frequency of 

stimulation can modulate synapses very differently depending on the region of the 

brain. 

There are also forms of synaptic plasticity that only last for a few minutes. This 

short-term plasticity is also sensitive to the frequency of activity at the synapse. For 

example, a pair of high-frequency stimuli will tend to facilitate a synapse, causing the 

synapse to be stronger for the second pulse. At some synapses, a prolonged period of 
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high frequency activity will lead to a decrease in synaptic strength. The most 

widespread mechanism appears to be a decrease in the number of synaptic vesicles 

carrying the neurotransmitter that are available for release (Zucker and Regehr, 2002). 

Further, synapses can modulate the effects of electrical stimulation in a frequency 

dependent manner. This “indirect effect” is imposed on neurons around a stimulating 

electrode through activation of presynaptic terminals. The “direct effect”—direct 

excitation of the neuron’s axon—still persists.  

Extracellular stimulation very effectively excites axon terminals in the vicinity of 

the stimulating electrode (Baldissera et al., 1972, Gustafsson and Jankowska, 1976, 

Jankowska et al., 1975, McIntyre and Grill, 2002). Therefore, the indirect effect of 

stimulation is of interest. However, it is difficult to investigate the indirect effect 

experimentally. Computational modeling suggests that terminal excitation does little to 

modulate axonal firing because action potentials are initiated in the axon during DBS 

(McIntyre and Grill, 2002). However, terminal excitation can help explain axon-soma 

decoupling. High frequency stimulation of a region of the brain with inhibitory afferent 

projections causes release of inhibitory neurotransmitters on a local neuron’s dendrites 

and soma. The soma and dendrites are hyperpolarized, but the stimulation is still 

initiating action potentials in the neuron’s axon (McIntyre et al., 2004a). The soma 

activity—which is usually what is recorded from extracellular microelectrodes—is 
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completely decoupled from the axon’s activity. For this reason, interpreting 

microelectrode recording near extracellular stimulation can be difficult. 

1.8 Considerations for non-damaging stimulation 

Introducing a stimulating electrode into the brain will cause mechanical damage 

to a degree related to the electrode size. The electrode should be made of non-toxic 

materials that are resistant to electrochemical dissolution. Even so, the presence of an 

electrode will incite a foreign body response that can damage or kill neurons around the 

electrode (Biran et al., 2005). Mechanical damage cannot be avoided when inserting an 

electrode into the brain, but electrode modifications could possibly mitigate the foreign 

body response. 

Damage to the tissue can also occur by delivering electrical stimulation through 

the electrode. Therefore, clinicians need to be aware of how stimulation parameters can 

affect tissue damage. There are two proposed mechanisms for stimulation-induced 

tissue damage: the evolution of toxic products at the electrode-tissue interface and 

physiological mass action. 

1.8.1 Toxic electrochemical reactions 

The electrode-tissue interface is where electronic charge carriers in the electrode 

are transduced into ionic charge carriers in the tissue. The resistive element of the 

interface impedance (Figure 1.2) represents Faradaic charge transfer where electrons are 

actually passed between the electrode and the tissue during chemical reactions. These 
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chemical reactions can degrade the electrode and cause the evolution of toxic products 

that diffuse into the surrounding tissue. Tissue damage will ensue if the rate of toxic 

product generation at the interface is greater than what the tissue can tolerate.  

Differences in the amount of damage caused by monophasic and charge-

balanced biphasic stimulation waveforms support that the creation of toxic products at 

the interface is a mechanism of stimulation-induced tissue damage. Multiple 

experiments have demonstrated that a monophasic stimulation protocol no longer 

causes tissue damage if a charge-balanced waveform is used (Lilly et al., 1955, Mortimer 

et al., 1970, Pudenz et al., 1975), suggesting that the evolution of toxic products at the 

interface is damaging the neurons during monophasic stimulation. The undesirable 

reactions that can occur during stimulation include electrolysis of water; oxidation of 

saline, metal, and organic materials; and reduction of oxygen (Brummer and Turner, 

1977, Morton et al., 1994). 

1.8.2 Physiological mass action  

Tissue damage may also be caused by physiological changes associated with 

stimulation-induced neural excitation. This mechanism of tissue damage is linked with 

synchronous activity in large populations of neurons, and can be thought of as the result 

of over-stimulation of excitable tissue. McCreery and colleagues (1988) presented a 

convincing argument that mass action is a mechanism of stimulation-induced injury. 

They stimulated the cat cortex with identical stimulation protocols but with two types of 
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electrodes: platinum and sintered tantalum pentoxide electrodes. Platinum electrodes 

can participate in Faradaic charge transfer reactions, whereas sintered tantalum 

pentoxide electrodes only engage in capacitive charge transfer. Tissue damage occurred 

around both types of electrodes, suggesting that the damage originated from the actual 

stimulation of the tissue, rather than solely from the creation of toxic products from 

electrochemical reactions. 

How mass action leads to neuronal injury is still unclear. An experiment that 

blocked neuronal activity with local anesthetic in a stimulated peripheral nerve 

prevented the mass action injury that otherwise occurred in the unblocked nerve 

(Agnew et al., 1990). This suggests that action potential firing is necessary for mass 

action injury. There is also evidence from CNS stimulation that mass action is very 

similar to excitotoxicity. In excitotoxicity, excessive release of the excitatory 

neurotransmitter glutamate causes a pathological increase in intracellular calcium 

concentrations, which leads to cell death. Calcium can enter a neuron through glutamate 

receptors called NMDA receptors, and an NMDA receptor antagonist can protect 

against neural injury induced by electrical stimulation in the cat cortex (Agnew et al., 

1993). Strong electrical stimulation in the CNS could cause massive glutamate release 

and excitotoxicity. Other proposed mechanisms of mass action of induced neural injury 

include changes in intracellular and extracellular ionic concentrations and a depletion of 

oxygen or glucose (Merrill et al., 2005). 
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The mass action and toxic electrochemical reactions mechanisms are probably 

not mutually exclusive (Agnew et al., 1993, McCreery et al., 1992, Merrill et al., 2005). 

The neuronal injury around any stimulating electrode is probably a result of a 

combination of mechanical damage, the foreign body response, the creation of toxic 

electrochemical reaction products, and physiological mass action. 

1.8.3 Non-damaging stimulation intensities  

The degree of stimulation-induced neuronal injury is determined by two 

cofactors: the charge density and the charge per phase (McCreery et al., 1990). Charge is 

the time-integral of current, and for a monophasic, rectangular stimulation pulse, the 

charge per phase is the product of stimulation current amplitude and pulse width. The 

average charge density is the charge per phase divided by the electrode surface area. 

Shannon (1992) proposed a neural damage model describing the relationship between 

these factors: 

)log()log( QkD −=  (1.7) 

where D is the charge density per phase, Q is the charge per phase, and k (~1.85) is an 

experimentally derived constant that defines the boundary between stimulation that 

produced tissue damage and stimulation that did not (Figure 1.10). It is important to 

note that Shannon’s model may not be directly applicable to DBS because the data used 

by Shannon to delineate between damaging and non-damage stimulation intensities did 
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not come from studies using DBS electrodes, DBS target brain areas, or typical DBS 

frequencies.  

 

Figure 1.10: Shannon Model of Neuronal Damage. 

Assuming a constant impedance of 1 kΩ, the dotted line shows the full range of 

Medtronic DBS stimulation parameters. The triangle (����) represents Medtronic’s 

recommended charge density limit (30 μC/cm2) based on the Shannon model. 

Medtronic DBS systems prohibit some combinations of parameters with charge 

densities above 30 μC/cm2 on the dotted line. The circle (����) represents typical DBS 

parameter setting (90 μs, 3 Volts). Post-mortem DBS-induced tissue damage has not 

been observed with DBS parameters near this typical DBS parameter setting 

(Burbaud et al., 2002, Haberler et al., 2000, Henderson et al., 2002). Modified from 

(Shannon, 1992). 

The two factors for determining the threshold for neural injury by stimulation 

match well with the proposed mechanisms of neural injury. The charge per phase is 
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related to physiological mass action because it determines the amount and spatial extent 

of stimulation-induced excitation (Figure 1.9). The charge density per phase is related to 

damage from toxic electrochemical products because it influences the type and rate of 

electrochemical reactions that occur at the electrode surface. 

1.9 Closing remarks 

Electrical stimulation of the brain is a complex and multifaceted problem that 

remains a challenge to fully describe. The diversity of neuronal elements and the 

complexity of neural tissue as a volume conductor do not allow simple generalizations 

of the effects of stimulation on populations of neurons in the brain. Instead, a strong 

foundation in the principles described in this chapter facilitates understanding the 

complex effects of electrical stimulation in the brain. 
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Chapter 2 : Improved efficacy of temporally non-regular 
deep brain stimulation 

The contents of this chapter represent original work contributed by the author. This work 

is published as Brocker DT, Swan BD, Turner DA, Gross RE, Tatter SB, Koop MM, Bronte-

Stewart H, Grill WM (2013) Improved efficacy of temporally non-regular deep brain stimulation 

in Parkinson's disease. Experimental Neurology, 239:60-67. 

2.1  Abstract 

High frequency deep brain stimulation is an effective therapy for motor 

symptoms in Parkinson's disease. However, the relative clinical efficacy of regular 

versus non-regular temporal patterns of stimulation in Parkinson's disease remains 

unclear. To determine the temporal characteristics of non-regular temporal patterns of 

stimulation important for the treatment of Parkinson's disease, we compared the efficacy 

of temporally regular stimulation with four non-regular patterns of stimulation in 

subjects with Parkinson's disease using an alternating finger tapping task. The patterns 

of stimulation were also evaluated in a biophysical model of the parkinsonian basal 

ganglia that exhibited prominent oscillatory activity in the beta frequency range. The 

temporal patterns of stimulation differentially improved motor task performance. Three 

of the non-regular patterns of stimulation improved performance of the finger tapping 

task more than temporally regular stimulation. In the computational model all patterns 

of deep brain stimulation suppressed beta band oscillatory activity, and the degree of 
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suppression was strongly correlated with the clinical efficacy across stimulation 

patterns. The three non-regular patterns of stimulation that improved motor 

performance over regular stimulation also suppressed beta band oscillatory activity in 

the computational model more effectively than regular stimulation. These data 

demonstrate that the temporal pattern of stimulation is an important consideration for 

the clinical efficacy of deep brain stimulation in Parkinson's disease. Furthermore, non-

regular patterns of stimulation may ameliorate motor symptoms and suppress 

pathological rhythmic activity in the basal ganglia more effectively than regular 

stimulation. Therefore, non-regular patterns of deep brain stimulation may have useful 

clinical and experimental applications. 

2.2  Introduction 

High frequency deep brain stimulation (DBS) in the internal segment of the 

globus pallidus (GPi) or subthalamic nucleus (STN) is an effective and adjustable 

surgical treatment for motor symptoms of advanced Parkinson's disease (PD) (Benabid 

et al., 2009; Moro et al., 2010). Developed as a treatment for patients with advanced PD 

(Benabid et al., 1994; Limousin et al., 1995; Siegfried and Lippitz, 1994), DBS reduces 

tremor, rigidity, akinesia, and postural instability, and allows levodopa doses to be 

decreased (Follett et al., 2010; Limousin et al., 1998). Patients clinically diagnosed with 

idiopathic PD suffering from the cardinal motor symptoms are likely to receive benefit 

from DBS, with levodopa responsiveness predictive of its efficacy (Benabid et al., 2009). 
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The efficacy of DBS for PD is sensitive to the stimulation parameters, and high 

frequency (>100 Hz) DBS is more effective than low frequency (<100 Hz) stimulation 

(Kuncel et al., 2006; Moro et al., 2002; Rizzone et al., 2001). The frequency-dependent 

efficacy of DBS is a key element for the proposed mechanisms of DBS, including 

stimulation-induced regularization of pathological neuronal activity (Birdno and Grill, 

2008) and silencing of the stimulated neurons (Filali et al., 2004). The efficacy of DBS is 

also dependent on the amplitude, polarity, pulse width, and pattern of stimulation 

(Birdno et al., 2012; Dorval et al., 2010; Kuncel and Grill, 2004; Kuncel et al., 2006, 2007). 

However, the temporal pattern of stimulation stands out as a potentially important 

parameter space that has not been fully explored.  

Non-regular temporal patterns of stimulation provide a means to probe the 

mechanisms of DBS (Birdno and Grill, 2008), and could potentially be used to expand 

the therapeutic efficacy of DBS (Feng et al., 2007; Rosin et al., 2011). Random patterns of 

stimulation are less effective at suppressing motor symptoms than regular stimulation in 

patients with essential tremor (ET) and PD (Birdno et al., 2008, 2012; Dorval et al., 2010). 

In patients with ET, non-regular stimulation patterns are less effective at suppressing 

tremor than temporally regular stimulation because sufficiently long gaps in the 

stimulation train allow pathological activity to propagate through the stimulated 

nucleus (Birdno et al., 2012). However, the features of non-regular stimulation patterns 

that influence clinical efficacy in PD are unknown. 
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We applied different temporal patterns of stimulation to human subjects with PD 

to determine which features of non-regular stimulation cause it to be less effective than 

temporally regular stimulation. Surprisingly, we found that three non-regular patterns 

of stimulation significantly improved performance on a simple motor task compared to 

regular stimulation. Subsequently, using a computational model of DBS in the basal 

ganglia, we showed that the efficacy of various stimulation patterns was strongly 

correlated with their ability to suppress pathological oscillations in the beta frequency 

range. These results highlight the potential importance of the temporal pattern of 

stimulation as a means to enhance the efficacy of DBS. 

2.3  Methods 

The efficacy of five temporal patterns of high frequency DBS was quantified 

using an alternating finger tapping task in human participants with PD. As well, the 

effect of each pattern on beta band oscillations was quantified in a computational model 

of the basal ganglia. 

2.3.1 Human subject information 

Individuals with DBS for PD undergoing implantable pulse generator (IPG) 

replacement surgery were recruited to participate in this study at Duke University 

Medical Center, Wake Forest Baptist Medical Center, and Emory University Hospital. 

Subjects were at least three months post DBS electrode implant/revision, capable of 

performing a simple finger tapping task, neurologically stable, and capable of 
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understanding the study and consent form. The Institutional Review Boards at Duke 

University, Emory University, and Wake Forest University approved the study protocol, 

and subjects participated on a volunteer basis following written informed consent. 

Twenty-four subjects were consented for the study. Five subjects withdrew from the 

study before the experimental protocol began; nine subjects did not complete the 

experimental protocol; and ten subjects completed the protocol and were analyzed. DBS 

electrode target nucleus was either STN (7/10) or GPi (3/10). Subjects were asked to 

withhold PD medications for 12 h prior to surgery, and most (7/10) complied. 

Demographic characteristics and stimulation settings for each subject are shown in 

Table 2.1. 

2.3.2 Intraoperative stimulation protocol 

Sedation and analgesia were withheld when possible (8/10) and local anesthetic 

(lidocaine) was used. Following removal and disconnection of the depleted IPG, a sterile 

connection was made between the extension cable and the signal generation equipment, 

allowing different temporal patterns of stimulation to be delivered through the 

implanted electrode. 

 



 

 

47 

Table 2.1: Subject information. 

Subject Age/Sex Hemisphere/ 
Target Tested 

Electrode 
Contactsa,b 

AMP 
(V)b 

PW 
(μs) 

FREQ 
(Hz)b 

PD medications or sedation 12 h prior to 
surgery 

1 54/F Right/STN 2-/0+ 
[2-/C+] 

3.5 
[4.8] 

90 185 
[100] 

none 

2 59/M Right/GPi 0-/1-/3+ 4.0 60 185 
[160] 

none 

3 59/M Left/STN 2-/3-/0+ 
[2-/3-/C+] 

2.5 
[3.2] 

90 185 none 

4 65/M Left/STN 0-/1-/2- 3.8 90 185 Midazolam (1 mg) 
 

5 61/F Left/STN 2-/3+ 4.5 90 185 Fentanyl (25 mcg) 
Dexmedetomidine (12 mcg) 
Clonidine (25 mcg) 

6 64/F Left/GPi 2-/3+ 
[2-/C+] 

2.5 
[3.5] 

120 185 Carbidopa (25 mg) 
Levodopa (100 mg) 
Amantadine (100 mg) 

7 59/F Right/GPi 2-/3+ 3.5 
[3.9] 

120 185 None 

8 66/M Left/STN 1-/3+ 3.6 90 185 
[167] 

Carbidopa (25 mg) 
Levodopa (250 mg) 

9 52/M Left/STN 1-/2-/3+ 4.5 90 185 Carbidopa (50 mg) 
Levodopa (200 mg) 
Ropinirole (3 mg) 

10 57/M Right/STN 1-/2-/3+ 
[1-/2-/C+] 

3.0 90 185 none 
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a Quadripolar DBS electrode contacts are numbered 0 through 3, with 0 most distal and 3 most proximal. Contact polarity 
denoted by '+' (cathode) and '-' (anode). C+ indicates that the IPG case was used as the anode/current return. 
b Experimental stimulation parameters are shown. Clinical settings different from the experimental settings are shown in 
brackets. 
Abbreviations: M = male; F = female; AMP = amplitude; PW = pulse width; FREQ = frequency; STN = subthalamic nucleus; 
GPi = internal globus pallidus.
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Custom software (LabVIEW, National Instruments, Austin, TX, USA) on a 

battery-powered laptop computer generated the experimental patterns of stimulation. 

The analog voltage outputs (DAQCardTM-6062E, National Instruments, Austin, TX, 

USA) were optically isolated (bp Optical Isolator with Probe, FHC Inc., Bowdoin, ME, 

USA) from the stimulation hardware. The subject's clinical stimulation parameters and 

contact settings were maintained when possible. Subjects with case (+) programming 

(4/10) were switched to a bipolar configuration and one of the clinically inactive 

electrode contacts was set as (+). Subjects (4/10) occasionally experienced uncomfortable 

side effects when the clinical DBS amplitude was applied—presumably because their 

clinical stimulation parameters were adjusted as the IPG battery voltage declined—and 

we used the maximum stimulation amplitude that did not cause discomfort. Some 

patients reported paresthesias from stimulation, but there were no other adverse events. 

2.3.3 Stimulation patterns 

We compared bradykinesia during DBS-off (baseline) to temporally regular DBS 

at 185 Hz (regular) and to four non-regular temporal patterns of DBS (Figure 2.1A) 

named according to their dominant feature or the shape of their instantaneous pulse 

frequency (IPF) distribution (Birdno et al., 2012). All patterns had a geometric mean 

frequency of 185 Hz (Table 2.2). The absence and presence patterns were both periodic 

with low entropy (<1 bits/pulse) and characterized by either short periods absent of 

pulses or the presence of short bursts of pulses, respectively. The pauses and bursts both 
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occurred at 4.4 Hz. The uniform and unipeak patterns were highly irregular (high 

entropy: ~5.5–5.6 bits/pulse) and were created from log-uniform distributions of IPFs. 

Although the unipeak pattern was created from a wider log-uniform distribution of IPFs 

(44–720 Hz) than the uniform pattern (90–360 Hz), the two patterns had the same entropy 

(Dorval, 2008). 
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Figure 2.1: Methods used to quantify the effects of different temporal patterns 

of DBS on motor function and neuronal activity.  

(A) Temporal patterns of DBS with instantaneous pulse frequency (IPF) values and 

ranges labeled. (B) Intraoperative experiment timeline. Each stimulation pattern was 

applied for 4 min with two data collection epochs. Four minutes were allowed for the 

effects of stimulation to wash out between stimulation patterns. Baseline data were 

collected before any stimulation was applied. (C) The motor task and primary 
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measure of motor performance. Motor performance was quantified during an 

alternating clicking task on a two-button computer mouse using a measure of tap 

duration (Dur) variability (log-transformed coefficient of variation (CV) of the tap 

durations). (D) The structure of the computational model of the basal ganglia, which 

exhibited oscillatory activity in the beta frequency range. 
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Table 2.2: Temporal pattern of DBS information. 

Pattern Geometric Mean 
Frequency (Hz) 

Entropya 
(bits/pulse) 

MPR  
(Hz) 

Mean IPF  
(Hz) 

CV(IPF) CV(IPI) 

Absence 185 0.18 158 192 0.15 1.19 

Presence 185 0.95 176 196 0.35 0.30 

Regular 185 0 185 185 0 0 

Uniform 185 5.6 169 201 0.42 0.41 

Unipeak 185 5.5 145 234 0.72 0.73 

a Entropy calculation made according to Dorval (2008). 
Abbreviations: MPR = mean pulse rate; CV(IPF) = coefficient of variation of the pattern's instantaneous pulse frequencies; 
CV(IPI) = coefficient of variation of the pattern's interpulse intervals.
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2.3.4 Motor performance measurements 

Motor performance was quantified using an alternating finger tapping task 

(Burns and DeJong, 1960; Giovannoni et al., 1999; Homann et al., 2000; Pal et al., 2001; 

Taylor Tavares et al., 2005). The subject's hand contralateral to stimulation was placed on 

a two-button computer mouse and the subject was asked to press alternately each but- 

ton during 20 s trials (Figures 2.1B and C). Trials were repeated every 2 min as we 

cycled through all the patterns with 4-min stimulation on and 4-min stimulation off 

epochs. The log-transformed coefficient of variation of tap duration is a statistical 

measure of variability of tap duration that is significantly correlated with the Unified 

Parkinson's disease rating scale (UPDRS) motor score, particularly with the bradykinesia 

subscore (Taylor Tavares et al., 2005), and was the primary measure of motor task 

performance across stimulation conditions. Because of the time course of the effects of 

DBS on motor symptoms in PD (Temperli et al., 2003; Waldau et al., 2011), the second 

data collection epoch near the end of each stimulation condition was analyzed unless it 

was missing, in which case the first data collection epoch served as its replacement. 

Furthermore, only button presses made with the index finger were analyzed because 

experimenter observations, post hoc data analysis, and further analysis of previously 

published data used to validate the alternating finger tapping task (Taylor Tavares et al., 

2005) revealed that this was a more robust outcome measure (see Appendix A). The 

same trends in the data were observed when averaging index finger motor performance 
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during the early and late data collection epochs and when averaging the motor 

performance during the early and late data collection epochs for both fingers separately. 

In this repeated measures experimental design, we quantified bradykinesia in subjects at 

baseline (DBS off) and during all five stimulation patterns. After the baseline condition, 

the order of stimulation pattern presentation was randomized for each patient, and 

subjects were blinded to the stimulation conditions. Finger tapping task performance is 

weakly affected by age and gender (Pal et al., 2001), but the repeated measures 

experimental design mitigated the risks of variance and bias introduced by subject 

demographic characteristics. After completing the experimental protocol, the sterile 

connection between the extension cable and the stimulus-generating equipment was 

disengaged, and the IPG replacement surgery was completed. 

2.3.5 Data analysis and statistics 

Data collected through LabVIEW were processed using custom scripts in 

MATLAB R2009b (Mathworks, Natick, MA, USA) to extract click durations from the 

alternating finger tapping task. Technical outliers were removed by discarding 

extremely short clicks that were artifacts of the computer mouse clicking apparatus 

(debouncing; visual inspection of click duration histograms). JMP 9 (SAS Institute, Inc., 

Cary, NC, USA) and StatView 5.0.1 for Windows (SAS Institute, Inc., Cary, NC, USA) 

were used to conduct the statistical analyses. Experimental data were analyzed using 

repeated measures analysis of variance (ANOVA) with log-transformed coefficient of 
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variation of the index finger tap duration as the repeated measure in each subject. The 

log-transformed coefficient of variation of the index finger tap intervals and the log-

transformed number of index finger taps per 20 s data collection epoch are alternative 

motor performance measures that were also analyzed using the repeated measures 

ANOVA model. Fisher's protected least significant difference (PLSD) test was used to 

make post hoc comparisons across experimental conditions. Pearson's correlation 

coefficient was used to assess correlation strength. Paired t-tests were performed to 

assess the effects of bursts, pauses, and irregularity, per se, in data that were pooled 

across stimulus condition. Statistical significance was defined at α=0.05. 

2.3.6 Computational model of the basal ganglia 

A biophysical model of the basal ganglia in a PD state was used to determine the 

effect of the different patterns of stimulation on oscillatory activity in model neurons 

(Rubin and Terman, 2004; So et al., 2012). The computational model included the STN, 

GPi, and external globus pallidus (GPe), and each nucleus contained 10 single 

compartment neurons. Each GPe neuron sent inhibitory projections to two STN neurons, 

two GPi neurons, and two other GPe neurons. STN neurons sent excitatory projections 

to two GPe neurons and two GPi neurons (Figure 2.1D). The biophysical properties of 

each neuron type were validated against experimental data (Rubin and Terman, 2004; So 

et al., 2012; Terman et al., 2002), and are described in detail elsewhere (So et al., 2012). 

Constant currents were applied to neurons in each nucleus to represent inputs from 
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afferent projections that were not included in the model and produced firing rates that 

were consistent with observations in non-human primate models of PD and human 

patients with PD (Bergman et al., 1994; Starr et al., 2005; Steigerwald et al., 2008; 

Wichmann and Soares, 2006). STN and GPi neurons received applied current of 33 

μA/cm2 and 21 μA/cm2, respectively. Variability was added to the model by delivering a 

constant current to each GPe neuron randomly drawn from a normal distribution 

centered around 8 μA/cm2 with a standard deviation of 2 μA/cm2. STN DBS was applied 

by delivering the desired pattern of current pulses (amplitude 300 μA/cm2; pulse width 

0.3 ms) to each STN neuron. Simulations were implemented in MATLAB R2009b with 

equations solved using the forward Euler method with a time step of 0.01 ms and a total 

simulated time of 20 s. 

2.4  Results 

We measured bradykinesia in subjects with PD in a single intraoperative session 

while applying different temporal patterns of DBS to determine which characteristics of 

non-regular stimulation influenced its efficacy. Motor performance was quantified using 

the log-transformed coefficient of variation of index finger tap duration (log CV 

duration) during alternating finger tapping, and DBS improved performance in this task 

(Figure 2.2). Repeated measures ANOVA revealed that the variability of finger tap 

duration was dependent on the pattern of DBS (F=7.989, p<0.001). In accordance with the 

previous studies showing that DBS ameliorates motor symptoms in PD (Dorval et al., 
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2010; Taylor Tavares et al., 2005), post hoc testing revealed that tap duration variability 

was greater during baseline (DBS off) compared to regular DBS (p=0.016). Furthermore, 

tap duration variability was greater during baseline compared to all the applied patterns 

of DBS individually (p<0.05), indicating that all patterns of stimulation improved motor 

performance compared to the DBS off condition. 

 

Figure 2.2: Motor performance during different temporal patterns of DBS in 

persons with PD.  

(A) Representative data from two subjects comparing baseline (DBS off) finger 

tapping to finger tapping during DBS. (B) Mean±s.e.m. log-transformed coefficient of 

variation of tap durations (log CV duration) across all stimulation conditions. 

Significant changes were observed across stimulation conditions (repeated measures 

ANOVA). Stimulation conditions that do not share the same letter are significantly 

different. 
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Post hoc testing also revealed significant differences between stimulation 

patterns. During absence, presence, and uniform DBS, the tap duration variability was 

lower than during regular DBS (p=0.007, p=0.031, and p=0.028, respectively), indicating 

that these patterns improved bradykinesia in PD more effectively than the temporally 

regular stimulation pattern used clinically. Motor task performance (log CV duration) 

during the unipeak and regular patterns was similar. Consequently, tap duration 

variability during the absence, presence, and uniform stimulation patterns was lower than 

during the unipeak pattern (p=0.018, p=0.069, and p=0.063, respectively). When 

individually added to the repeated measures ANOVA statistical model, there was not a 

significant effect of surgical target (GPi and STN: p=0.21), medication state (p=0.42), 

sedation status (p=0.54), or switching to a bipolar electrode configuration (p=0.75). 

The responses to the different temporal patterns of stimulation were consistent 

across subjects. In 9/10 subjects, motor performance was better during the absence and 

uniform patterns compared to the regular pattern. Motor performance was superior 

during presence DBS compared to regular stimulation in 7/10 subjects. Motor performance 

was improved during stimulation compared to baseline in 80–100% of the subjects 

depending on the pattern. 

Motor performance during the stimulation patterns was weakly correlated 

(p=0.071, R2=0.076) with motor performance during the preceding stimulation off period 

(Figure 2.3A). This suggested that changes in finger tap duration variability between 
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stimulation patterns were caused by the stimulation patterns themselves, and were not a 

reflection of fluctuations in baseline motor performance. Instead, and consistent with the 

time course of the action of DBS in PD (Temperli et al., 2003; Waldau et al., 2011), motor 

performance during the stimulation off period following each stimulation pattern 

reflected the motor performance during the preceding pattern of stimulation, as 

demonstrated by significant correlations between finger tap duration variability during 

the stimulation pattern and during the subsequent stimulation off periods (p=0.0019, 

R2=0.20; Figure 2.3B). 

 

Figure 2.3: Correlation of motor performance during DBS with motor 

performance during the preceding and succeeding stimulation-off epochs.  

Correlation between the log CV duration during stimulation and during the 

stimulation-off epochs between stimulation patterns was analyzed by calculating 

Pearson's correlation coefficient. (A) Motor performance during stimulation was 

weakly correlated with motor performance during the preceding stimulation-off 

period. (B) Motor performance during stimulation was significantly correlated with 

motor performance during the following stimulation-off period. 

The log-transformed coefficient of variation of the intervals between finger taps 

(log CV interval) exhibited the same pattern of motor performance across stimulation 

patterns as log CV duration (Figure 2.4A). The finger tap timing was the most irregular, 
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on average, during baseline and the unipeak pattern of stimulation, and the average log 

CV interval during absence, presence, and uniform DBS was lower than it was during 

regular DBS. However, average differences in log CV interval across patterns of 

stimulation were small, and the repeated measures ANOVA did not reveal a statistically 

significant effect of DBS pattern (p=0.44). The log-transformed rate of finger tapping 

exhibited a similar dependence on stimulation pattern. The fewest button presses 

occurred during baseline (stimulation off), and the most occurred during the presence 

pattern of stimulation (Figure 2.4B). However, the mean differences in tapping rates 

between the patterns of stimulation were small relative to the variance, and the repeated 

measures ANOVA did not reveal a significant effect of DBS pattern (p=0.45). 
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Figure 2.4: Effects of temporal pattern of DBS on other measures of motor 

performance from the alternating finger tapping task.  

(A) Mean±s.e.m. log-transformed coefficient of variation of the intervals between taps 

(log CV interval) across stimulation conditions. (B) Mean±s.e.m. log-transformed 

number of clicks per 20 s data collection epoch across stimulation conditions. While 

these data follow the same trend as the log CV duration data, the differences between 

baseline and stimulation-on conditions were not as pronounced, and variances were 

relatively large. Therefore significant differences were not observed across 

stimulation conditions. 

We discovered that some temporal patterns of DBS improved motor 

performance more than regular stimulation, but the original goal was to determine 

which features of the stimulation patterns influenced the efficacy of DBS. Therefore, we 

evaluated the effects of bursts, pauses, and irregularity in the stimulation patterns by 
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pooling motor performance data across stimulation trains that shared the feature of 

interest (Birdno et al., 2012). We pooled data during presence and unipeak DBS into a 

“bursts” group and the remaining patterns into a “no bursts” group; measurements 

made during absence and unipeak DBS were pooled into the “pauses” group; and 

measurements from uniform and unipeak DBS were pooled into the “irregular” group. 

Paired t-tests did not reveal a significant effect of bursts, pauses, or irregularity on the 

log CV duration, log CV interval, or tapping rate (Figure 2.5). 
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Figure 2.5: Specific temporal features of DBS patterns were not responsible for 

changes in DBS efficacy.  



 

65 

Motor performance was analyzed to determine the effects of bursts, pauses, and 

irregularity in the stimulation patterns. The data were pooled across DBS patterns 

sharing the features of interest. Pooled log CV duration (A), log CV interval (B), and 

tapping rate (C) data from each subject are shown. 

It is possible that the effects of different temporal patterns of stimulation were 

explained by statistical properties of the patterns rather than being a direct result of the 

patterns themselves. However, there were no significant correlations between mean log 

CV duration and several statistical descriptors of the stimulation patterns (Table 2.2) 

including the pattern maximum IPF (p=0.53), mean IPF (p=0.62), mean pulse rate 

(p=0.82), or entropy (p=0.87). 

A biophysical model of STN-DBS was used to quantify the effects of different 

temporal patterns of stimulation on beta band oscillations in the model GPi. The 

averaged multitaper spectrograms from the GPi spike time data revealed prominent 

oscillatory activity that was suppressed by DBS (Figure 2.6A). All DBS patterns 

suppressed beta band power compared to baseline, and the relative effects of different 

patterns on beta band power mirrored their effects on the experimental measures of 

motor function (Figure 2.6B). Indeed, there was a strong correlation (p=0.007, R2=0.87) 

between beta band power and log CV duration (Figure 2.6C). Furthermore, absence, 

presence, and uniform DBS suppressed beta band power more than regular and unipeak 

DBS. 
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Figure 2.6: Different temporal patterns of DBS differentially suppressed 

oscillatory activity in a computational model of the basal ganglia.  

(A) Spectrograms of GPi spike times from the computational model of the basal 

ganglia in the PD state across stimulation conditions. Log-transformed time-integral 

of the averaged GPi spike time peak power density in the beta frequency range (13–35 

Hz; beta band power) across stimulation conditions (B) is strongly correlated with log 

CV duration (C). a.u., arbitrary units. 
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2.5 Discussion 

Quantitative measurement of the effects of different temporal patterns of DBS on 

bradykinesia in subjects with PD and oscillatory activity of model neurons revealed 

three central findings. First, the pattern of stimulation, and not simply the stimulation 

rate, was an important factor in the clinical efficacy of DBS, as demonstrated by the 

different levels of performance on a simple motor task during different temporal 

patterns of stimulation all of which had the same mean frequency. Second, some non-

regular patterns of stimulation relieved motor symptoms in PD more effectively than the 

temporally regular stimulation pattern used clinically. Third, the differential efficacy of 

DBS patterns was strongly correlated with the pattern's ability to suppress beta band 

oscillatory activity in a computational model of the basal ganglia (Figure 2.6C). 

The log-transformed coefficient of variation of tap duration is significantly 

correlated with the bradykinesia subscore of the UPDRS (Taylor Tavares et al., 2005), 

suggesting that the quantitative intraoperative measurements may be predictive of 

functional change. Secondary motor performance outcome measures (log CV interval 

and log-transformed number of clicks) supported the primary motor performance 

outcome measure (log CV duration). The correlation between log CV interval and 

UPDRS motor scores is weaker than the correlation between log CV duration and 

UPDRS motor scores (Taylor Tavares et al., 2005). The rate of finger tapping can also be 

used to quantify motor performance during an alternating finger tap- ping task (Burns 
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and DeJong, 1960; Dorval et al., 2010; Giovannoni et al., 1999; Pal et al., 2001), and it has 

also been correlated with UPDRS motor scores (Homann et al., 2000). Although 

statistically significant differences in secondary motor performance measures were not 

observed, the data mirrored the log CV duration data. There were, however, two 

discrepancies of note. First, performance quantified by the log CV interval during 

unipeak DBS was poor. In fact, according to this measure, it was slightly worse than 

motor task performance during baseline. Second, the tapping rate data indicate that 

fewer clicks occurred during absence DBS than during regular DBS. Therefore, this 

contradicts that motor task performance—quantified by the tap duration variability—

during absence DBS was significantly better than during regular DBS. 

Conducting experiments during the IPG replacement surgery uniquely enabled 

the present experiments by allowing direct connection to the brain lead. Patients had a 

stable electrode–tissue interface, clinically relevant contact selections, and stimulation 

parameters with demonstrated clinical efficacy. Performing these experiments during 

the DBS lead implantation surgery, between the lead implant and the IPG implant, or in 

the immediate postoperative period is undesirable because of unproven clinical efficacy 

and transient effects of electrode implantation. However, the intraoperative setting 

limited trial durations, so the effects of the patterns of stimulation may not be fully 

developed and differences across patterns may be underestimated. 
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We used a finger tapping task with quantitative measures that are correlated 

with UPDRS motor scores (Homann et al., 2000; Taylor Tavares et al., 2005). The 

correlations between log CV durations and the bradykinesia and rigidity UPDRS motor 

subscores are significant (Taylor Tavares et al., 2005), but it remains unclear whether 

these non-regular patterns of stimulation would ameliorate other parkinsonian motor 

signs. Although recording UPDRS motor scores during the intraoperative experiment 

would provide useful supplementary information, the feasibility of such ratings was 

limited by the intraoperative experimental paradigm. Instead, UPDRS motor score 

improvements across stimulation patterns were predicted from log CV duration values 

using the correlation between these two variables (Figure A.1). Changes in log CV 

duration from baseline for each patient were multiplied by the correlation coefficient 

(R=0.58) and scaled by the gain (80 UPDRS motor points per 0.75 log unit) to predict 

stimulation-induced shifts in UPDRS motor scores across stimulation patterns. The 

difference in log CV duration scores between regular stimulation and absence, presence, 

and uniform patterns represented an improvement of 12–15 UPDRS motor score points 

on average, suggesting that these temporal patterns of stimulation provide clinically 

meaningful improvement over temporally regular stimulation. 

Oscillatory and synchronized neural activity in specific frequency bands appear 

to be related to motor performance in patients with PD (Bronte-Stewart et al., 2009; 

Brown, 2003; Galvan and Wichmann, 2008; Priori et al., 2004), and the non-regular 
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patterns of stimulation that were most effective may be most able to override or 

otherwise disrupt pathological oscillations or synchronization in the basal ganglia. In- 

deed, the degree of suppression of the oscillatory activity in the model neurons matched 

the clinical efficacy of the patterns during the finger tapping task remarkably well, 

suggesting that the efficacy of these patterns of DBS depended on their ability to 

suppress, disrupt, or otherwise regularize pathological activity in the basal ganglia. 

There is evidence from many systems supporting the importance of temporal 

pattern in determining the effects of stimulation. Taste sensation differed across patterns 

of stimulation of the rat brainstem, even if the patterns had the same average frequency 

(Di Lorenzo et al., 2009). Temporal patterns of intra-cortical microstimulation can encode 

artificial tactile information in monkeys using a brain–machine–brain interface 

(O'Doherty et al., 2011). There is also other evidence that non-regular stimulation 

patterns could be more effective than regular stimulation for the treatment of movement 

disorders. In an adult rhesus monkey rendered parkinsonian with 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), burst stimulation patterns similar to the absence and 

presence DBS patterns improved movement times relative to frequency-matched regular 

stimulation (Baker et al., 2011). As well, closed-loop temporally non-regular stimulation 

cued from physiological signals outperformed regular DBS in a MPTP primate model of 

PD (Rosin et al., 2011). In combination with the present findings, there is compelling 
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evidence that non-regular temporal patterns of stimulation could be more effective than 

regular stimulation. 

The present results highlight the importance of the temporal pattern of 

stimulation as a means to enhance the efficacy of DBS to treat PD. Non-regular high 

frequency stimulation can improve bradykinesia in patients with PD more effectively 

than clinically-available temporally regular stimulation, possibly by more thoroughly 

suppressing or disrupting pathological oscillatory activity in the basal ganglia. 
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Chapter 3 : Optimized temporal pattern of deep brain 
stimulation reduces parkinsonian symptoms at low 
frequencies 

3.1 Abstract 

Deep brain stimulation (DBS) ameliorates motor symptoms in Parkinson's 

disease (PD) using a high frequency (130-185 Hz) regular pattern of stimulation (i.e. 

interpulse intervals do not vary across time). We used computational evolution to 

design an optimal non-regular temporal pattern of low frequency (45 Hz) DBS to treat 

the symptoms of PD and tested this pattern in a hemi-parkinsonian rat model of PD and 

in human subjects with PD. In hemi-parkinsonian rats and human subjects with PD, the 

optimal pattern of DBS produced symptom relief comparable to high frequency regular 

stimulation (130 or 185 Hz) and outperformed frequency-matched regular stimulation 

and the stimulation-off condition in behavioral tasks designed to evaluate PD motor 

symptom severity. The optimized stimulation pattern and high frequency stimulation 

both suppressed abnormal oscillatory activity in the basal ganglia, in both the rat and 

human, providing a shared mechanism of action for the effective stimulation patterns.  

The results demonstrate the utility of an entirely new dimension of neural stimulation 

parameters—the timing between pulses—to increase the efficiency of stimulation. 

3.2  Introduction 

Parkinson's disease (PD) is a progressive, neurodegenerative disease 

characterized by motor symptoms including bradykinesia, resting tremor, postural 
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instability, and rigidity (Gelb et al., 1999, Hughes et al., 1992). While dopamine 

replacement therapy can effectively treat the symptoms of PD, long-term use is 

complicated by larger and more frequent dosing, motor fluctuations, and dyskinesias 

(Lesser et al., 1979). Deep brain stimulation (DBS) is an effective and adjustable surgical 

treatment for advanced PD (Benabid et al., 2009, Moro et al., 2010) that improves motor 

symptoms, improves quality of life, and reduces motor fluctuations (Weaver et al., 2009). 

However, this therapy has not been optimized and there has been little improvement in 

DBS since its introduction. Here, we describe a novel stimulus parameter dimension – 

the temporal pattern of stimulation – and design a pattern of stimulation that results in a 

significant improvement in the efficiency of DBS for Parkinson’s disease. 

The stimulation parameters used for DBS are determined empirically and 

include short duration (60-180 μs), high frequency (typically 130-185 Hz) pulses of 

electrical stimulation to ameliorate the motor symptoms of PD (Benabid et al., 1994, 

Limousin et al., 1995, Siegfried and Lippitz, 1994). The efficacy of DBS is strongly 

dependent on the frequency of stimulation, and low frequency stimulation (< 50 Hz) is 

ineffective or exacerbates symptoms, while high frequency stimulation produces 

symptomatic benefit. However, high stimulation frequencies are associated with 

stronger side effects of stimulation (Kuncel et al., 2006, Rizzone et al., 2001) and consume 

more energy (Koss et al., 2005), thus leading to more frequent surgical replacement of 

battery-powered implanted pulse generators (IPGs) (Bin-Mahfoodh et al., 2003). IPG 
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replacement surgeries are expensive, and carry risks, including infection and need for 

alterations in programming (Pepper et al., 2013). The objective of our innovative 

temporal pattern of stimulation was to reduce the average stimulation frequency while 

preserving efficacy, and thereby reduced the energy requirements and risks associated 

with frequent IPG replacement.  

Present DBS systems deliver a regular temporal pattern of stimulation; interpulse 

intervals do not vary as a function of time. Non-regular temporal patterns of stimulation 

have been used in animal (Baker et al., 2011, Rosin et al., 2011) and human studies 

(Dorval et al., 2010, Montgomery Jr, 2005, Brocker et al., 2013) to probe DBS mechanisms. 

The effectiveness varied across patterns (Baker et al., 2011, Brocker et al., 2013, Dorval et 

al., 2010, Montgomery Jr, 2005, Rosin et al., 2011), but most importantly, the results 

demonstrated that in addition to sensitivity to frequency, the efficacy of DBS was 

strongly dependent on the temporal pattern of stimulation. This observation revealed 

the temporal pattern as a novel dimension of stimulation parameter adjustment and 

inspired the present work to design optimal temporal patterns of deep brain stimulation. 

We employed model-based design to develop an optimal temporal pattern of 

stimulation by simultaneously incentivizing both efficacy and reduced average 

stimulation frequency. The efficacy of the optimized pattern of DBS was established in a 

hemi-parkinsonian rat model of PD and then in human subjects with PD undergoing 

IPG-replacement surgery. Importantly, the same fixed pattern was used across both 
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animals and humans, and did not require individual tuning for efficacy. Subsequently, 

we used innovative hardware to record local field potentials during DBS, which 

demonstrate that the underlying mechanism for the novel low-frequency patterns was 

suppression of abnormal oscillatory activity. The results demonstrate the utility of an 

entirely new dimension of neural stimulation parameters—the timing between pulses—

to increase the efficiency of stimulation. 

3.3  Results 

3.3.1 Model based design of optimal temporal pattern of stimulation 
using computational evolution  

A computational model of the basal ganglia was coupled with a genetic 

algorithm to design an optimal pattern of stimulation that minimized average 

stimulation frequency and error index, a model-based proxy for symptoms (Figure 3.1). 

Individual temporal patterns of stimulation were organisms in a population of patterns 

with genes represented by binary bit strings. Each bit represented 1 ms of the 

stimulation pattern, with a 1 indicating a pulse in that bin and a zero indicating no 

pulse. The fitness of each stimulation pattern was evaluated using a cost function that 

incentivized reducing both the error index and the average stimulation frequency. 

Patterns with greater fitness were more likely to pass their genes (pattern characteristics) 

on to the next generation of patterns. The cost of the best stimulation pattern in each 

generation declined monotonically across generations, while the median cost across the 

population in each generation declined more slowly. The resulting optimal pattern had 
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an average frequency of 45 Hz and reduced the error index in the model by almost 98% 

relative to frequency-matched regular stimulation. Rastergrams of basal ganglia neurons 

reveal that internal globus pallidus firing was regularized effectively by the optimal 

pattern and 130 Hz DBS (Figure B.1). 

 

Figure 3.1: Model-based design of novel temporal pattern of deep brain 

stimulation (DBS) using computational evolution.  
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(A) Computational model of the parkinsonian basal ganglia that included the external 

globus pallidus (GPe), subthalamic nucleus (STN), internal globus pallidus (GPi), 

thalamus (TH), and an input train from the sensorimotor cortex (SMC). (B) The error 

index is a measure of the thalamic neuron response fidelity to SMC input. If a 

thalamic neuron did not fire a single action potential within 25 ms of a SMC input, an 

error occurred. There were three types of errors: misses, bursts, and spurious errors. 

The error index was defined as the total number of errors divided by the total number 

of SMC inputs. (C) The genetic algorithm initialized a random population of 

stimulation patterns. Subsequent generations of patterns were created using 

principles from biological evolution and evaluated according to the cost function. 

After the GA converged, the pattern with the lowest cost was selected to be tested in 

the hemi-parkinsonian rats and human subjects with PD. (D) Stimulation patterns 

were defined by binary strings, and new patterns were created by one-point 

crossover. (E) The GA converged to a pattern of stimulation that (F) reduced the error 

index in the model approximately 95% more than equal frequency regular 

stimulation. A 200 ms segment of the repeating GA designed pattern of stimulation is 

shown (inset). 

3.3.2 Efficacy of optimal pattern of stimulation in hemi-parkinsonian 
rats 

The optimal pattern of stimulation (GA DBS) was compared to DBS-off (baseline), 

45 Hz DBS, and 130 Hz DBS in hemi-parkinsonian rats using two well established 

measures of parkinsonian symptoms—the bar test (Figure 3.2A) and methamphetamine-

induced circling (Figure 3.2B)—that exhibit DBS frequency-dependent effects that 

parallel those observed in clinical studies (McConnell et al., 2012). 

There was a significant effect of stimulation condition on grip time (p<0.0001, n=9 

rats) in the bar test, and all patterns of stimulation reduced time on the bar compared to 

baseline (p<0.05). Both 130 Hz DBS and GA DBS significantly reduced time on the bar 

compared to 45 Hz (p<0.05, Figure 3.2C). Similarly, there was a significant effect of 

stimulation condition on circling rate (p<0.0001, n=13 rats), and all patterns of DBS 
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reduced circling rate compared to baseline (p<0.0001). High frequency DBS rescued 

circling behavior more completely than 45 Hz and GA DBS (p=0.0003 and p=0.02). 

Again, GA DBS reduced circling rate compared to 45 Hz (Figure 3.2D), but the effect 

size was not significantly different (p=0.12). There was not a significant effect of 

stimulation condition on normalized distance traveled (p=0.19, Figure B.2), indicating 

that changes in circling were not the result of altering the overall level of activity. 

 

Figure 3.2: Effects of temporal patterns of STN DBS on motor symptoms in the 

hemi-parkinsonian rats.  

Motor symptoms were evaluated using the bar test (A) and methamphetamine-

induced circling (B). (C) Mean ± SEM total time spent on bar across stimulation 

conditions in the bar test (n=9). Rats were akinetic and unable to dismount from the 

bar during baseline, but DBS patterns differentially rescued akinesia. (D) Mean ± 

SEM normalized circling rate across stimulation conditions (n=13). The pathological 

ipsiversive circling rate was differentially reduced by the DBS patterns. Bars that do 

not share the same letter are significantly different. 
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3.3.3 Efficacy of optimal pattern of stimulation in subjects with PD  

We quantified motor symptoms—either bradykinesia or tremor—in subjects 

(Table 3.1) with STN-DBS for PD undergoing IPG replacement surgery during DBS-off 

(baseline), temporally regular 185 Hz DBS (185 Hz), temporally regular 45 Hz DBS (45 

Hz), and the optimal pattern with an average frequency of 45 Hz (GA).  

Bradykinesia was quantified in bradykinesia-dominant PD subjects (n=4) using an 

alternating finger tapping task (Taylor Tavares et al., 2005)(Figures 3.3 A and B). There 

was a significant effect of stimulation condition on the regularity of finger tapping (log-

transformed coefficient of variation of index finger tap durations, Log CV Duration, 

p=0.01; Figure 3.3C) – a quantitative outcome measure strongly correlated with clinical 

measures of bradykinesia (Brocker et al., 2013, Taylor Tavares et al., 2005). Both GA DBS 

and 185 Hz DBS significantly improved the rate (Figure B.3) and regularity of finger 

tapping compared to baseline (p=0.006 and p=0.004, respectively), but 45 Hz DBS did not 

significantly reduce Log CV Duration compared to baseline (p=0.07). Although not 

significantly different, GA and 185 Hz DBS produced lower Log CV Duration values, on 

average, than 45 Hz DBS (p=0.17 and p=0.10, respectively). 
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Table 3.1: Subject information. 

Subject Age/Sex Hemisphere/ 

Target Tested 

Electrode 

Contactsa,b 

AMP  

(V) b 

PW  

(μs) 

FREQ  

(Hz) 

PD medications 12 h prior to 

surgery 

B1 55/M Right/STN 1-/2-/0+ 3.9 60 185 none 
 

B2 59/M Right/STN 0-/1-/2+ 3.5 60 185 none 
 

B3 69/F Left/STN 1-/2-/3+ 
[1-/2-/C+] 

2.6 60 185 10 mg carbidopa 
100 mg levodopa 

B4 64/M Right/STN 1-/2-/3+ 
[1-/2-/3-/C+] 

4.0 
[1.9] 

60 185 25 mg carbidopa 
250 mg levodopa 

T1 69/M Right/STN 1-/2-/3-/0+ 
[1-/2-/3-/C+] 

3.5 
[3.8] 

90 135 none 

T2 66/M Right/STN 2-/3+ 
[2-/C+] 

2.2 
[3.3] 

60 130 none 

T3 66/M Right/STN 1-/2-/3+ 
[1-/2-/C+] 

3.2 60 180 none 

T4 59/F Left/STN 1-/2-/3+ 2.5 90 180 none 
 

a Quadripolar DBS electrode contacts are numbered 0 through 3, with 0 most distal and 3 most proximal. Contact polarity 
denoted by ‘+’ (cathode) and ‘-‘ (anode). C+ indicates that the IPG case was used as the anode/current return. 
b Experimental stimulation parameters are shown. Clinical settings different from experimental settings are shown in 
brackets. 
Abbreviations: M = male; F = female; AMP = amplitude; PW = pulse width; FREQ = frequency; STN = subthalamic nucleus. 
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We exploited the significant correlation between Log CV Duration and UPDRS 

Part III motor examination scores to estimate the clinical impact of the different patterns 

of stimulation. The finger tapping data predicted that high frequency stimulation 

reduced UPDRS motor scores by nearly 34 points on average compared to baseline 

(Figure 3.3D), consistent with previously described effects of DBS (Hamani et al., 2005). 

GA DBS was predicted to reduce UPDRS motor scores by 31 points on average, and both 

GA and 185 Hz DBS were predicted to reduce UPDRS motor scores over 12 points more 

on average than 45 Hz DBS.  

 

Figure 3.3: Effects of temporal patterns of STN DBS on bradykinesia in 

persons with PD.  
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(A) Bradykinesia was evaluated in subjects with bradykinesia-dominant PD using a 

simple alternating finger tapping task. Stimulation patterns were applied during the 

intraoperative experiment with 5 min on-off intervals, and finger tapping data were 

collected thrice during each 5 min epoch. (B) Finger-tapping task data across the four 

conditions from subject B1 (C) Mean ± SEM log-transformed coefficient of variation 

of tap durations (Log CV Duration) across stimulation conditions. GA and 185 Hz 

DBS significantly improved performance in the finger tapping task relative to 

baseline. (D) Mean ± SEM changes in UPDRS III scores across stimulation patterns 

predicted from finger tapping task measurements. 

Tremor was quantified in tremor-dominant PD subjects (n=4) using an 

accelerometer attached to the dorsum of the hand (Figure 3.4). There was a significant 

effect of DBS condition on change in log-transformed tremor power across stimulation 

conditions (p<0.0001; Figure 3.4C). Tremor power was decreased significantly compared 

to baseline for GA and 185 Hz DBS (p=0.01 and p<0.0001, respectively). However, 45 Hz 

DBS did not significantly decrease tremor power relative to baseline (p=0.45). Further, 

GA and 185 Hz DBS both significantly decreased tremor power compared to 45 Hz DBS 

(p=0.048 and p<0.0001, respectively). 

We used the logarithmic relationship (Elble et al., 2006) between tremor 

amplitude and a 5-point (0-4) tremor rating scale (TRS) to estimate the clinical and 

functional impact of the patterns of DBS on tremor. The no stimulation condition and 45 

Hz DBS reduced estimated TRS score by less than one point, while GA DBS reduced 

estimated TRS score by about two points, and 185 Hz DBS eliminated tremor (Figure 

3.4D). These data suggest that 185 Hz DBS effectively suppressed tremor regardless of 

its amplitude, while GA DBS may suppress completely only less severe tremor. Indeed, 
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GA DBS effectively suppressed tremor in two tremor dominant PD subjects with a mean 

baseline tremor power of 61.5 m2/s4, and did not suppress tremor in two subjects with a 

mean baseline tremor power of 153 m2/s4. 

 

Figure 3.4: Effects of temporal patterns of STN DBS on tremor in persons with 

PD.  

(A) Tremor was quantified in subjects with tremor-dominant PD by attaching an 

accelerometer to the dorsum of the hand and calculating the power in the 2-20 Hz 

range. (B) Example tremor data from subject T1 across the four conditions. (C) Mean ± 

SEM change in log-transformed tremor power (2-20 Hz) across stimulation conditions. 

GA and 185 Hz DBS significantly reduced tremor relative to baseline. (D) Mean ± 

SEM changes in 5-point tremor rating scale (TRS) score across stimulation conditions 

predicted from accelerometer measurements. 

3.3.4 Optimal pattern of DBS suppresses low frequency oscillations  

 We hypothesized that the efficacy of temporal patterns of stimulation may be 

related to suppression of low frequency oscillatory neural activity that is prevalent in PD 
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(Brown, 2007) and animal models of PD (McConnell et al., 2012). Hemi-parkinsonian 

rats exhibit exaggerated 7-10 Hz oscillations that are suppressed in a stimulation 

frequency-dependent manner, similar to the frequency-dependent amelioration of 

clinical motor symptoms (McConnell et al., 2012, Fogelson et al., 2005, Moro et al., 2002, 

Rizzone et al., 2001). Field potentials were recorded from motor cortex and globus 

pallidus (GP) ipsilateral to the dopaminergic lesion and STN stimulating electrodes, and 

we quantified suppression of 7-10 Hz oscillations in hemi-parkinsonian rats during 

stimulation with each pattern. There was a significant effect of DBS pattern on 

normalized 7-10 Hz power in both GP and ipsilateral motor cortex (p=0.0035 and 

p=0.0003, respectively). Normalized low frequency oscillatory power was significantly 

lower for GA and regular 130 Hz DBS compared to regular 45 Hz DBS in GP and motor 

cortex (p<0.05; Figure 3.5). 

Human subjects with PD demonstrate exaggerated beta band oscillations 

(Brown, 2007), and improvements in bradykinesia are associated with reductions in beta 

activity after dopamine therapy and high frequency DBS (Ray et al., 2008). We 

quantified beta band power as a percent of total power across stimulation patterns in six 

human subjects undergoing STN-DBS lead implant surgery for PD. Beta band power 

was prominent in the DBS-OFF condition and suppressed differentially by the 

stimulation patterns (Figure 3.6A). GA DBS and 130 Hz DBS both significantly 

suppressed beta band power compared to the DBS-OFF condition and 45 Hz stimulation 
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(p<0.05; Figure 3.6B). Percent beta power from this cohort of DBS implant subjects was 

significantly correlated, across DBS conditions, with finger tapping performance (Log 

CV Duration) in the earlier cohort of subjects undergoing motor symptom measurement  

(Figure 3.6C; r = 0.96; p = 0.036). 

 

Figure 3.5: Effect of temporal pattern of STN DBS on low frequency 

oscillations in globus pallidus (GP) and ipsilateral cortex (iCTX) of hemi-

parkinsonian rats.  

Local field potential spectra recorded from the globus pallidus during regular 45 Hz 

(A), genetic algorithm (B), and regular 130 Hz DBS (C). (D,F) Mean ± SEM sum of 7-10 

Hz power across stimulation conditions. Low frequency (7-10 Hz) oscillatory power 

during each DBS pattern was normalized by the pre- and post-stimulation power. 

(E,G) Mean ± SEM normalized 7-10 Hz power across stimulation patterns. GA and 

regular 130 Hz DBS significantly reduced normalized 7-10 Hz power compared to 

regular 45 Hz DBS. 
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Figure 3.6: Effect of temporal pattern of DBS on beta band oscillatory activity 

in the STN of persons with PD.  

(A) Local field potentials were recorded from the STN during DBS lead implant 

surgery and spectra were estimated across stimulation conditions. (B) Percent beta 

power was quantified across stimulation conditions and averaged across subjects 

(n=6; mean ± s.e.m.). GA DBS and 130 Hz DBS significantly suppressed beta power 

compared to DBS off and 45 Hz DBS (p<0.05). (C) Percent beta power and finger 

tapping task performance (Log CV Duration) were significantly correlated. 

3.4  Discussion 

We combined model-based engineering optimization, preclinical experiments in 

an animal model, and clinical experiments in patients with PD to design and evaluate a 

novel, low-frequency temporal pattern of DBS. The optimal temporal pattern achieved 

efficacy at a low average frequency, which was not effective during non-patterned 

stimulation. Further, the differential suppression of low frequency oscillations by the 

GA and high frequency DBS provided a potential therapeutic mechanism shared by 

effective patterned and non-patterned stimulation. These results represent the first 

design and evaluation of temporal patterns of neural stimulation optimized to maximize 

simultaneously efficacy and efficiency. Further, these findings demonstrate the promise 

and utility of computational model-based design and optimization for developing novel 

non-regular temporal patterns of DBS, and open temporal pattern as a new dimension of 
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stimulation parameter modification for therapies employing artificial stimulation of the 

nervous system. 

Temporal patterns of stimulation that produce equivalent symptom relief at a 

lower average frequency provide significant advantages over conventional high 

frequency DBS (typically 130 – 185 Hz). IPGs delivering the optimal low frequency 

pattern of stimulation would consume less energy (Koss et al., 2005), and reduced 

energy consumption would translate into longer battery life and less frequent IPG 

replacement (Bin-Mahfoodh et al., 2003, Ondo et al., 2007). We estimated that the 

subjects included in this study would achieve an average of 3.9 years of additional 

battery life had GA DBS been used instead of their current high frequency DBS (Figure 

B.4). In contrast to previous work using DBS at frequencies less than 100 Hz (Tsang et 

al., 2012b), the stimulation pulse width and amplitude in our study were identical to 

those used for high frequency stimulation, and thus the low frequency GA pattern 

delivered substantially less electrical energy (Koss et al., 2005). Lower average 

stimulation frequencies may also improve DBS therapy by decreasing side effects, as 

there is an inverse relationship between DBS frequency and side effect intensity 

(Rizzone et al., 2001, Kuncel et al., 2006). The combination of less frequent IPG 

replacement surgeries and fewer side effects could make low frequency, patterned DBS 

an attractive option for many patients with DBS. 
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The optimal pattern of DBS consistently performed better than 45 Hz DBS across 

rat and human experiments. However, its effectiveness relative to 45 Hz was not as 

robust in the rat as it was in persons with PD. In contrast to effects in humans, 45 Hz 

DBS is partially effective at ameliorating haloperidol-induced akinesia (McConnell et al. 

2012) and methamphetamine-induced circling in hemi-parkinsonian rats (So et al., 

2012b), which decreased the potential differential improvement with the GA pattern. 45 

Hz DBS did not reduce 7-10 Hz oscillations in the rats, but GA and 130 Hz DBS did. This 

suggests that these low frequency oscillations were dissociated from motor symptoms 

measured in the bar test and methamphetamine-induced circling test. This is not 

surprising considering that 7-10 Hz oscillations were measured in behaving hemi-

parkinsonian rats, and motor symptoms were measured after administering haloperidol 

or methamphetamine. Nevertheless, better performance during optimal DBS compared 

to 45 Hz was a consistent effect across motor tasks in the rats and warranted further 

testing of the GA DBS in human subjects with PD. 

The GA DBS performance was equivalent to high frequency DBS in the 

bradykinesia-related finger tapping task, and predicted changes in UPDRS motor 

examination scores were almost identical. This suggests that GA and 185 Hz DBS will 

provide functionally similar alleviation of motor symptoms and clinically meaningful 

symptom improvement in bradykinesia-dominant PD patients. The suppression of 

parkinsonian tremor by GA DBS was somewhat lower than high frequency DBS. The 
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differential effect on symptoms was consistent with the relationship between error 

index, used as a model-based proxy for symptom during the design process, and 

bradykinesia observed in previous clinical experiments (Dorval et al., 2010), and 

illustrates the opportunity for future efforts to design and validate tremor-specific 

temporal patterns of stimulation using a tremor-related outcome measure in the 

computational model. A low frequency non-regular pattern of stimulation, such as the 

GA DBS tested here, is an excellent option for patients experiencing bradykinesia and 

slight to mild parkinsonian tremor, especially in patients with high energy stimulation 

parameter settings and frequent IPG replacements. 

Closed-loop DBS systems for PD and other neurological disorders are of 

particular recent interest (Rosin et al., 2011, Santaniello et al., 2011, Stanslaski et al., 

2012). One of the desired outcomes from a closed-loop DBS system is energy savings 

due to the demand-controlled stimulation. However, the energy required for feedback 

signal acquisition, amplification, and processing may mute or even reverse any possible 

energy savings from demand controlled stimulation. As well, this approach is currently 

hindered by difficulty selecting and recording a symptom-relevant biomarker. 

Conversely, non-regular temporal patterns of DBS with a low average frequency 

provided substantial increases in energy efficiency while bypassing challenges 

associated developing closed-loop DBS systems. Further, our present results suggest 

that beta band oscillations may be dissociated from tremor in PD, because the optimal 
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stimulation pattern effectively reduced bradykinesia and beta band oscillations—but 

parkinsonian tremor to a lesser extent. This indicates suppression of beta band 

oscillations may be necessary for tremor suppression in PD, but not sufficient, and that 

closed-loop DBS systems using beta band oscillations as the only feedback signal may 

have difficulty controlling parkinsonian tremor.  

3.5 Methods 

3.5.1 Computation model of the basal ganglia  

Temporal patterns of DBS were designed using a biophysical network model of 

the basal ganglia and thalamus in the PD state. The model was modified from the 

original published version (Rubin and Terman, 2004) to represent better the neural 

activity and effects of DBS in PD, and the full parameterization and implementation are 

described elsewhere (So et al., 2012a). The model included 10 neurons in each of the 

external globus pallidus (GPe), subthalamic nucleus (STN), internal globus pallidus 

(GPi), and thalamus (TH). The single compartment model neurons received constant 

applied currents to represent putative afferent projections that maintained average firing 

rates consistent with observations in non-human primate models of PD and humans 

with PD (Bergman et al., 1994, Starr et al., 2005, Steigerwald et al., 2008, Wichmann and 

Soares, 2006). Thalamic neurons did not receive constant applied currents, but rather 

received excitatory inputs, presumed to arise from the sensorimotor cortex, that arrived 

with a frequency of 14 Hz (±20%). Error index was calculated by quantifying the fidelity 
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of the thalamic neurons' responses to these inputs. The thalamic error index is an 

outcome measure for evaluating the effects of DBS in the network model (Cagnan et al., 

2009, Guo and Rubin, 2011, Guo et al., 2008, So et al., 2012a) that is well correlated with 

the behavioral effects of DBS in both animals and persons with PD (Dorval et al., 2010). 

STN-DBS was applied by delivering the pattern of current pulses to each STN neuron. 

Model simulations were implemented in MATLAB using the forward Euler method 

with a time step of 0.01 ms and a total simulated time of 50 s. 

3.5.2 Genetic algorithm optimization  

A genetic algorithm is an optimization technique based on principles from 

biological evolution (Davis, 1991). Patterns of stimulation were encoded using bit 

strings. Each bit in the string represented 1 ms of time, and the bit's value indicated 

whether a DBS current pulse was present (1) or not (0) in that epoch. Bits were 

analogous to genes and the bit string analogous to a chromosome so that, in a biological 

sense, the genetic material on its chromosome defined each stimulation pattern. Bit 

strings contained 200 elements, making each pattern 200 ms long. To evaluate the DBS 

patterns in the model, the 200 ms repeating pattern was applied to the STN neurons. 

After a random initial population of patterns was generated, patterns were evaluated 

using a cost function and "mated" to create a new population/generation of patterns. 

After 90 generations, the optimized pattern of stimulation was selected for testing in 

hemi-parkinsonian rats and patients with PD.  
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Each pattern's performance in the computational model was calculated using a 

cost function, 

Cost =100% ⋅
EI pattern −EIFMC

EIFMC
 (3.1) 

where EIpattern was the pattern's error index, and EIFMC was the error index of the pattern's 

frequency-matched regular DBS control pattern. Therefore, the cost function was the 

percent change in error index compared to the pattern's frequency-matched regular DBS 

control pattern. Since high frequency regular DBS was highly effective in the model 

(Rubin and Terman, 2004, So et al., 2012a), this cost function incentivized low average 

frequency patterns of stimulation that suppressed errors in the model without explicitly 

including stimulation frequency in the cost function. Patterns with lower (negative) 

costs were preferred and considered more fit to reproduce from an evolutionary 

perspective. 

Selective pressure toward more fit patterns was exerted using a roulette wheel 

parent selection process (Davis, 1991) that gave parents with greater fitness a better 

chance to mate and pass their genes to the next generation. Patterns were ordered and 

numbered from high to low fitness, and parents were selected by iteratively selecting 

pairs of numbers from an exponential distribution with mean equal to half the 

population size. One-point crossover mating was employed to exchange genetic material 

between the parents and to generate two offspring patterns of stimulation as part of the 

next generation of patterns. After the offspring were generated, 0.1% of their binary 
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string elements were randomly chosen and switched to mimic genetic mutation. Of the 

150 patterns in each generation, 130 were children of the previous generation, 10 were 

randomly generated immigrants incorporated to add genetic diversity and prevent 

convergence to local minima, and 10 were the most fit patterns from the previous 

generation and were included to assure that optimal patterns were maintained in 

subsequent generations. Simulations were run on the Duke Shared Cluster Resource, 

which accelerated the simulation time by over four orders of magnitude compared to a 

desktop computer. 

3.5.3 Experimental testing in hemi-parkinsonian rats  

Experiments were conducted in female Long Evans rats weighing 250-350 g. 

Low-impedance (10 kΩ) platinum-iridium stimulation electrode arrays (2x2, 

MicroProbe, Inc., Gaithersburg, MD) were implanted under isoflurane (1-3%) anesthesia 

into the STN using stereotactic technique and acute, single channel intraoperative 

recordings to guide electrode placement (A: -3.6 mm; L: 2.6 mm; V: -6.8 mm, relative to 

Bregma, (Paxinos and Watson, 2007)). Rats were rendered hemi-parkinsonian via 

injection of 6-hydroxydopamine (6-OHDA) into the median forebrain bundle (A: -2.0 

mm; L: 2.0 mm; V: -7.0 mm) via a cannula implanted during the preceding electrode 

implantation surgery. We injected desipramine (5 mg/kg, i.p.) and pargyline (50 mg/kg, 

i.p.) 30 min prior to 6-OHDA lesion to limit its non-specific neurotoxic effects (Lin et al., 
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1995) and to maximize the toxic effects of 6-OHDA on dopaminergic neurons 

(Schwarting and Huston, 1996).  

Four STN-DBS conditions were evaluated in the hemi-parkinsonian rats using 

two independent, unbiased, and quantitative outcome measures to evaluate the effects 

of the temporal pattern of DBS: the bar test (haloperidol-induced catalepsy test) and the 

methamphetamine-induced circling test. DBS off, high-frequency (130 Hz) DBS, 45 Hz 

DBS, and the genetic algorithm optimized pattern (GA DBS) of stimulation were 

compared. All patterns utilized symmetric, biphasic pulses with 90 μs per phase. The 

regular 45 Hz stimulation served as the frequency-matched control for the optimized 

pattern. Stimulation patterns were generated using custom MATALB scripts and output 

through an isolated voltage-to-current convertor (A-M Systems, Analog Stimulus 

Isolator Model 2200) and a custom AC coupler. 

3.5.4 Bar test 

The bar test is a well-established method to quantify akinesia and rigidity in 

hemi-parkinsonian rats (Duvoisin, 1976, Sanberg et al., 1988). Rats were injected with 

haloperidol—a long-acting, non-specific dopamine receptor antagonist—and placed in a 

clear box containing a bar 10 cm above the floor. The forepaws were placed on the bar 

and the amount of time before the rat dismounted from this unnatural position was 

recorded as a measure of akinesia. Non-lesioned and drug-naive control animals 

dismount the bar in 6.4±2.6 s (mean ± s.e.m.; n=4). Haloperidol doses (0.5-5.0 mg/kg, i.p.) 
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were titrated for each rat to a dose that resulted in the rat staying on the bar for over 5 

min (McConnell et al., 2012). Rats were allowed to grip the bar for a maximum of 5 min 

per trial, and trials started every 10 min following injection. Three trials were performed 

to confirm the akinetic effect after haloperidol injection, then 30 min of continuous 

stimulation was applied, and the time required to dismount the bar was recorded and 

summed across three trials. Experiments testing the different stimulation conditions 

were carried out on non-consecutive days under the same conditions. 

3.5.5 Methamphetamine-induced circling 

Methamphetamine-induced circling is also a well-established method for 

evaluating parkinsonian motor symptom severity in hemi-parkinsonian rats (Ungerstedt 

and Arbuthnott, 1970), and exhibits DBS frequency-dependent rescue of ipsiversive 

circling behavior that parallels frequency-dependent suppression of motor symptoms 

observed in clinical studies (So et al., 2012b). Methamphetamine (1.25-2.5 mg/kg, i.p.) 

was administered to the rat, and it was placed in a dark cylindrical circling chamber. An 

infrared camera and behavioral analysis software (Clever Sys, Inc.) recorded and 

quantified the rat's rotational asymmetry. Stimulation conditions were presented in 

randomized order within each block. Four to ten consecutive blocks were run with each 

rat. Angular velocity and linear speed were quantified for each one minute epoch of 

stimulation across patterns and normalized by the angular velocity and linear speed 

during one minute epochs just prior to and just after the DBS-on condition. 
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3.5.6 Field potential recordings  

We implanted stainless stain screws over motor cortex and electrodes in globus 

pallidus in order to record field potentials during DBS (n=3). Low-impedance (10 kΩ) 

platinum-iridium electrode arrays (2x2, MicroProbe) were implanted ipsilateral to the 

STN stimulating electrodes under isoflurane (1-3%) anesthesia into the GP using 

stereotactic technique (A: -1.0 mm; L: 3.0 mm; V: -5.2 mm, relative to Bregma, (Paxinos 

and Watson, 2007)). 1 mm diameter stainless steel screws were positioned juxtaposed to 

the dura over ipsilateral motor cortex (A: 2.5 mm; L: 2.5 mm (n=2), or A: 4.5 mm; L: 2.0 

mm (n=1) relative to Bregma, (Paxinos and Watson, 2007)). After recovering from 

surgery and the 6-OHDA lesioning procedure described above, the rats were placed in a 

Faraday cage while neural signals were recorded in the freely moving animal. 

Recordings for each rat took place over the course of 27 min: 9 min for each stimulation 

condition divided into 3 min pre-, during-, and post-stimulation epochs. Field potential 

recordings were band-passed filtered (0.7 Hz-300 Hz, 2 poles and 4 poles respectively) 

and amplified 5000X before digital sampling at 2 kHz (Plexon MAP System). Multitaper 

spectral estimates were obtained using the Chronux neural signal analysis package 

(www.chronux.org) and MATLAB. 

3.5.7 Histology 

Rats were deeply anesthetized with sodium pentobarbital and killed via 

intracardiac perfusion with 4% paraformaldehyde. Brains were removed, post-fixed, 
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sucrose-protected, and sectioned coronally with 50 μm thickness. Cresyl violet and 

cytochrome oxidase staining was used to determine electrode placement, and only rats 

with stimulating electrodes placed in the STN were included in the analysis. Tyrosine 

hydroxylase immunochemistry was used to confirm effectiveness of unilateral 6-OHDA 

lesion. 

3.5.8 Motor symptom evaluation in persons with PD 

 The Institutional Review Boards at Duke University and Emory University 

approved the study protocol, and subjects participated on a volunteer basis following 

written informed consent. Inclusion criteria were that the subject was at least three 

months post DBS electrode implant, capable of performing a simple motor evaluation 

task, neurologically stable, and capable of understanding the study and consent form. 

Seventeen subjects were consented for the study. Three subjects did not complete the 

experimental protocol; 5 subjects failed to exhibit better performance during high 

frequency DBS compared to baseline (DBS off) and were excluded from analysis; one 

subject's data was discarded due to an inability to confirm that stimulation was 

delivered; and 8 subjects completed the protocol and were analyzed. Subjects were 

asked to withhold PD medications for 12 hours prior to surgery, and most (6/8) 

complied. 
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3.5.9 Intraoperative stimulation protocol and motor performance 
measurements 

The IPG replacement surgery was performed under local anesthetic (lidocaine). 

Following removal and disconnection of the depleted IPG, a sterile connection was 

made between the extension cable and the signal generation equipment, allowing 

different temporal patterns of DBS to be delivered through the implanted electrode. The 

stimulation hardware and procedure are described in detail elsewhere (Brocker et al., 

2013, Swan et al., 2014). We quantified motor symptoms in subjects with PD—either 

bradykinesia or tremor—during DBS-off (baseline), temporally regular 185 Hz DBS (185 

Hz), temporally regular 45 Hz DBS (45 Hz), and a genetic algorithm designed pattern 

with an average frequency of 45 Hz (GA DBS). Following completion of the motor 

symptom evaluation task, the sterile connection between the extension cable and the 

signal generation equipment was disengaged, and the IPG replacement surgery was 

completed. 

Bradykinesia was quantified in bradykinesia-dominant PD subjects using an 

alternating finger tapping task (Burns and DeJong, 1960, Giovannoni et al., 1999, 

Homann et al., 2000, Pal et al., 2001, Taylor Tavares et al., 2005). The hand contralateral 

to stimulation was placed on a two-button computer mouse, and the subject was 

instructed to press alternately the buttons as regularly and as rapidly as possible during 

20 s trials. Finger tapping trials were repeated three times during each 5 min 

stimulation-on or stimulation-off epoch, but only the two late trials—starting 
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approximately 210 s or 270 s into the 5 min epoch—were analyzed to account for the 

time course of the effects of DBS on motor symptoms (Temperli et al., 2003, Waldau et 

al., 2011). Analyses including the early trial are included in the supplementary material 

(Figure B.5). After the baseline condition, the order of stimulation pattern presentation 

was randomized, and subjects were blinded to the stimulation conditions. The log-

transformed coefficient of variation of tap duration is significantly correlated with the 

Unified Parkinson's disease rating scale (UPDRS) motor score, particularly with the 

bradykinesia subscore (Taylor Tavares et al., 2005), and was used as the outcome 

measure for bradykinesia across stimulation conditions (Brocker et al., 2013). To estimate 

the clinical impact of the different patterns of stimulation, changes from baseline in Log 

CV Duration for each patient were scaled by the gain from the significant correlation 

between UPDRS part III scores and Log CV Duration (80 UPDRS motor points per 0.75 

log units) to predict stimulation-induced changes in UPDRS motor examination scores 

across stimulation patterns (Brocker et al., 2013, Dorval et al., 2010, Taylor Tavares et al., 

2005). 

Experiments in tremor-dominant PD subjects were performed using an 

accelerometer taped to the dorsum of the subject's hand and a randomized block design 

with 3 blocks and 1 min stimulation-on/1 min stimulation-off pairs. During 20 s trials, 

the subject was instructed to maintain their hand in a fixed position and refrain from 

voluntary movements. Signals from the three accelerometer axes (x, y, z) were 
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detrended using a linear regression based local detrending algorithm (2 s window, 1 s 

step size), and power spectra were estimated using Welch's method with a 1 s Hanning 

window and 50% window overlap and summed across all three axes. The peak tremor 

frequency in subjects with tremor-dominant PD was between 4-5 Hz, and we quantified 

tremor by integrating the power between 2-20 Hz in the tremor data power. The change 

in log-transformed power between 2-20 Hz was calculated for each stimulation off/on 

pair, averaged across blocks, and used as the outcome measure for tremor across 

stimulation conditions. 

To estimate the clinical impact of different stimulation patterns on tremor, we 

calculated changes in five-point TRS scores between off/on stimulation pairs using: 

∆TRS = 1

α
log

T2

T1









 (3.2) 

where T is tremor amplitude, ΔTRS is the change in tremor rating scale score, and α is 

an empirically derived linear correlation coefficient (conservatively, α=0.4; (Elble et al., 

2006)). Tremor amplitude is proportional to the square root of the tremor acceleration 

power. Therefore we used the square root of the 2-20 Hz tremor power (described 

above) as a proxy for tremor amplitude and calculated the change in TRS score across 

patterns. 
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3.5.10 STN field potential recordings in subjects with PD 

Field potentials were recorded from the STN in nine subjects during DBS lead 

implant surgery using instrumentation described elsewhere (Kent and Grill, 2012). Three 

additional subjects were consented for the study but withdrew before any intraoperative 

recordings were performed. All subjects were off medications for Parkinson's disease for 

at least 12 hours prior to surgery. Briefly, the instrumentation consists of battery-

powered bioamplifiers with amplifier blanking in serial configuration with diode 

clamps. The instrumentation was modified slightly to facilitate field potential recordings 

by changing the timing of the amplifier blanking around each pulse and by removing 

the relay at the stimulator that disconnected the stimulating contact in-between pulses. 

The amplifiers were blanked for 20 μs before and 20-500 μs after each DBS pulse, which 

allowed us to achieve sufficient gain for field potential recordings (2,000-10,000X). 

Symmetric biphasic pulses (90 μs per phase) were delivered through contact 1 or 2 on 

the DBS electrode lead (whichever was determined to be clinically effective by the 

attending neurologist), and the stimulation counter electrode was placed on the chest 

(StimCare Carbon Foam Electrode, Empi). Bipolar recordings were made from contacts 0 

and 2 (0+/2-) or contacts 1 and 3 (1+/3-) on the DBS electrode lead, and the implanted 

cannula served as the recording reference electrode. Stimulation was delivered at an 

amplitude determined to be effective by the neurologist performing the intraoperative 

assessment (1.5-3.0 V). 45 Hz DBS, GA DBS, and 130 Hz DBS were presented in 
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randomized order for 60 s (n=4) or 300 s (n=5) intervals with intervening intervals of no 

stimulation. One subject only received one of the DBS conditions of interest (130 Hz) 

before withdrawing from the study and was excluded from analysis. 

The field potential data were post-processed in MATLAB. The data were high 

pass filtered to remove offset and very slow signal components (2 Hz cutoff, 3 pole 

butterworth filter), and then the signal was smoothed around the amplifier blanking 

epoch by linear interpolation from 0.1 ms before to 1.5 ms after the start of the DBS 

pulse. Evoked compound action potentials were observed in the interpulse intervals 

(Kent et al., 2014), and the averaged evoked response was subtracted from the signal to 

reduce spectral power at the stimulation frequency. Finally, the data were band-pass 

filtered between 2-100 Hz and down-sampled to 400 Hz before spectral analysis was 

carried out using the Chronux software package (chronux.org). The final 20 s or 95 s of 

data for each condition were selected for spectral analysis from the 60 s and 300 s trials, 

respectively (except in one subject who did not complete 300 s of data collection for the 

130 Hz condition and a 15 s trial was used in its place). Percent beta power was 

quantified as the percentage of power in a 14 Hz window centered around the beta peak 

in the OFF condition. Two subjects were excluded from analysis because they did not 

have a prominent beta peak in the OFF condition (defined as < 1%/Hz peak power in a 

beta band), leaving six subjects included in the analysis.  In most subjects this window 

coincided well with the high beta range (20-33 Hz). However, in one subject the beta 
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peak was at 14 Hz, and the window was contracted so that it did not include frequencies 

below 10 Hz. 

The data processing methods did not artificially reduce beta power in the 

recorded field potentials for the GA DBS condition. In fact, the two subjects that did not 

have beta peaks in their field potential spectra had increased beta power due to the GA 

pattern data processing methods, which introduced small spectral artifacts in the beta 

range (Figure B.6). 

3.5.11 Data analysis and statistics  

 Finger-tapping and tremor data were collected through LabVIEW and processed 

using custom scripts in MATLAB. Technical outliers were removed from the mouse 

clicking data by discarding extremely short clicks that were artifacts of the computer 

mouse clicking apparatus (debouncing; visual inspection of click duration histograms; 

Figure B.7). Statistical analyses were conducted in StatView 5.0.1 for Windows. All rat 

and human data were analyzed using repeated measures analysis of variance (ANOVA). 

Post hoc comparisons between stimulation patterns were performed when indicated by 

the repeated measures ANOVA using the Fisher's protected least significant different 

test (PLSD). Significance was defined at α=0.05.  
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Chapter 4 : Subthalamic evoked potentials reflect 
functional connectivity of human basal ganglia 

4.1 Abstract 

Evoked potentials can reveal important characteristics of neural circuits, and we 

recorded evoked potentials during deep brain stimulation (DBS) of the subthalamic 

nucleus (STN) in humans with Parkinson’s disease. DBS local evoked potentials (DLEPs) 

were characterized by an early positive phase, an early negative phase, and then 

alternating quasi-periodic positive and negative phases oscillating with 3 ms intervals 

and decreasing amplitude with time. A 3-dimensional biophysical model of the 

subthalamic nucleus, globus pallidus, and hyperdirect pathways revealed that the 

evoked potentials were the result of interaction between excitatory and inhibitory 

synaptic currents in the STN and that periodic pallidal firing in response to excitation 

from subthalamic axons was responsible for persistent oscillatory activity. The model 

also indicated that placement of the negative recordings contact within the STN resulted 

in DLEPs consistent with the clinical DLEPs, while placement of the positive recordings 

contact within the STN resulted in an inverted DLEP polarity, and DLEPs in three 

subjects were inverted relative to the other subjects, reflecting differences in the location 

of the electrode contacts relative to the boundaries of the STN. Beta band power in local 

field potentials recorded in the STN was suppressed by high frequency DBS, but not low 

frequency DBS and was correlated with DLEP power, suggesting that electrode location 

might be an important determinant for the presence and magnitude of both signals. 
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Phase-amplitude coupling was observed in three of the subjects with robust DLEPs, and 

analysis of the preferred phase of the high frequency oscillation supported the 

hypothesis that differences in contact location resulted in inverted DLEPs. Predicted 

contact locations within STN based on the DLEPs and local field potentials were in 

agreement with blinded post hoc imaging based contact localization for ~70% of contacts. 

DLEPs are a novel signal that reveals functional connectivity of the human basal ganglia 

and can be used to guide or verify DBS lead placement, probe the pathological basal 

ganglia, and elucidate the mechanisms of DBS. 

4.2 Introduction 

Evoked potentials are neural signals recorded in response to a stimulus and are 

used to probe neural systems (Sutton et al., 1965). For example, visual evoked potentials 

recorded over the occipital cortex reveal important characteristics of the visual neural 

circuits (Thorpe et al., 1996), and somatosensory evoked potentials assess spinal cord 

function, conduction times, or stimulus sensitivity (Buchsbaum et al., 1977). Similarly, 

electrically evoked potentials in the cochlear nerve and spinal cord–often called evoked 

compound action potentials–guide stimulation parameter selection in cochlear implants 

and spinal cord stimulation (Jeon et al., 2010, Miller et al., 2008, Parker et al., 2013). 

Although deep brain stimulation (DBS) evoked potentials have been recorded in the 

cortex (Baker et al., 2002, Schiff et al., 2007), recordings in the stimulated nucleus are rare 

(Kent et al., 2014) due to the challenge of large stimulation artifacts saturating amplifiers 
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and overriding the underlying neural signal. These challenges have been met here using 

a combination of diode clamping and amplifier blanking over three stages of serial 

amplification. We used a novel amplifier configuration (Kent and Grill, 2012) to record 

evoked potentials in the subthalamic nucleus (STN) during different frequencies of DBS 

in persons with Parkinson’s disease. We term the evoked potentials recorded in the 

vicinity of the stimulating electrode, DBS local evoked potentials (DLEPs). 

DBS is used to treat a variety of neurological disorders and is an effective therapy 

for the cardinal motor symptoms of PD (Benabid et al., 2009). The STN is the most 

common target for DBS in PD (Miocinovic et al., 2013), and STN DBS suppresses 

symptoms in a frequency-dependent manner—high frequency stimulation (>100 Hz) is 

effective, while low frequency stimulation is not (Rizzone et al., 2001). However, the 

underlying mechanisms of action of DBS remain subject to debate (Miocinovic et al., 

2013), and it is even unclear what neural elements are responsible for mediating 

symptom relief. DLEPs have only been recorded during thalamic DBS for essential 

tremor (Kent et al., 2014). In subjects with DBS of the ventral intermediate nucleus of the 

thalamus, DLEP characteristics were related to activation of local and passing neural 

elements in a computational model of the thalamus (Kent and Grill, 2013). 

STN DLEPs could reveal important insights into the mechanisms of DBS for PD. 

For example, they could reveal whether local elements are excited or inhibited by 

stimulation, and changes in DLEP amplitude across time could expose synaptic 
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depletion or plasticity. Indeed, synaptic depletion is a hypothesized therapeutic 

mechanism of DBS (Anderson et al., 2006). DLEPs could also provide corroborative 

evidence concerning single-unit activity and enlighten our understanding of network 

dynamics. Lastly, DLEP characteristics could reveal real-time information regarding the 

location of the DBS lead contacts relative to the borders of the STN if the nucleus has a 

distinct DLEP signature. This new physiological signal during intraoperative lead 

placement could yield tremendous benefits for patients with PD since lead 

misplacement is the leading cause of suboptimal DBS outcomes (Ellis et al., 2008, Okun 

et al., 2005). We quantified DLEP characteristics in patients with STN DBS for PD, and 

demonstrate that DLEPs reveal the functional connectivity in the human basal ganglia, 

contributing directly to determining the effects of DBS in PD and are strongly dependent 

on electrode location. Therefore, DLEPs could be used as an important marker for 

desired DBS lead placement and a novel tools for further probing the mechanisms of 

DBS and characteristics of the basal ganglia circuit in different disease states. 

4.3 Results 

We quantified STN DLEP characteristics in subjects with Parkinson’s disease and 

constructed a computational model of the STN and globus pallidus externus (GPe) to 

determine the neural origins of the DLEP signals. Further, we characterized the 

relationship between DLEPs, local field potentials (LFPs), and electrode location in the 

human STN. Persons with PD undergoing DBS lead implant in STN were recruited to 
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participate in the study. The Institutional Review Board at Duke University approved 

the study protocol, and subjects participated on a volunteer basis following written 

informed consent. Twelve subjects were consented for the study, but three withdrew 

prior to any study procedures, and nine subjects were included in the analysis (Table 

4.1). 

4.3.1 Subject information 

Persons with PD undergoing DBS lead implant in STN were recruited to 

participate in the study. The Institutional Review Board at Duke University approved 

the study protocol, and subjects participated on a volunteer basis following written 

informed consent. Twelve subjects were consented for the study, but three withdrew 

prior to any study procedures, and nine subjects were included in the analysis. All 

subjects withheld PD medications for 12 h prior to surgery. Short-acting sedation was 

given to subjects prior to research activities as part of routine medical care. Subjects were 

assigned to one of two groups based on the presence of tremor during preoperative care. 

Subjects with tremor had 60 s trials and received four different DBS frequencies (5, 20, 

45, 130 Hz) interspersed with DBS-OFF epochs. Subjects without tremor only received 45 

Hz and 130 Hz DBS with DBS-OFF epochs intervening, but trials were 300 s long. Trial 

lengths were chosen because of possible differences in the time course of DBS effects on 

symptoms of tremor and akinesia/bradykinesia in PD (Benabid et al., 1996, Temperli et 

al., 2003, Waldau et al., 2011), and the design allowed examination of several DBS 
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frequencies and long epochs of stimulation. Subject-specific information and 

demographics are shown in Table 4.1.  

The DBS leads had four cylindrical platinum-iridium contacts (d: 1.27 mm; h: 1.5 

mm) separated by 1.5 mm of insulation (Medtronic DBS Lead Model 3387). Stimulation 

was delivered through one of the two middle contacts at an amplitude sufficient for 

therapeutic benefit as determined by the attending neurologist, and bipolar recordings 

were made from the two surrounding contacts. The ventral recording contact always 

served as the positive input (+) and the dorsal recoding contact served as the negative 

input (-) to the differential recording, and depending on the location of the recording 

contacts relative to the borders of the STN the signals could be inverted relative to 

signals recorded in other subjects.  During DBS-OFF, the recordings captured local field 

potentials; and during DBS the recordings also included DLEPs. 
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Table 4.1: Subject information. 

Subject Age/Gender Target Amplifier Gains AMP 

(V) 

SD 

(μs) 

ED 

(μs) 

Recording Contacts 

1 70/M L-STN 20-20-10 3 20 500 1+/3- 
2 67/F L-STN 20-50-10 3 20 500 0+/2- 
3 58/M L-STN 20-20-5 2.5 20 500 0+/2- 
4 56/M L-STN 20-20-10 2 20 500 0+/2- 
5 71/F R-STN 20-50-10 2 20 400 0+/2- 
6 72/M L-STN 20-50-10 2.5 20 500 1+/3- 
7 62/M L-STN 20-20-5 3 20 20 0+/2- 
8 71/M R-STN 20-50-5 1.5 20 100 0+/2- 
9 71/M R-STN 20-20-5 2.5 20 100 1+/3- 
Abbreviations: M = male; F = female; L = left; R = right; STN = subthalamic nucleus; AMP = stimulation amplitude; SD = 
blanking start delay; ED = blanking end delay.
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4.3.2 Short latency DLEPs 

The average short latency (0-7.7 ms) DLEPs for the time interval from 5-15 s after 

the start of stimulation are shown in Figure 4.1. The DLEPs were characterized by an 

early positive deflection (~0.7-1.5 ms), an early negative deflection (~1.5-3.0 ms), a late 

positive deflection (P1, ~4.0-5.5), a late negative deflection (N1, ~5.5-6.5 ms), and a 

second late positive deflection (~6.5-7.7 ms). To demonstrate that the multiphasic DLEPs 

were indeed physiological, and not a ringing artifact, we delivered DBS with pulses that 

alternated between anodic- and cathodic-phase-first in one subject (subject 5). There 

were no differences in DLEPs between the two pulse polarities, and the average DLEP 

across all pulses was calculated (Figures 4.1 and 4.2, middle panel). Time- and 

frequency-dependent changes in the DLEP response (see below) also imply a dynamic 

physiological response and not a stereotyped artifact. 

The characteristics of the DLEPs were dependent on DBS frequency. First, the 

amplitude of P1 was greater for higher DBS frequencies during this time interval (but 

see time-dependent changes below). Second, the DLEP elicited by high frequency 

stimulation (130 Hz) exhibited deflections in the early negative phase of the DLEP that 

were consistent with being continuations of the multiphasic DLEP signal evoked by the 

previous DBS pulse (see subjects 3,4,5). This effect became less noticeable late in the 

stimulation epoch. 
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Figure 4.1: Short latency deep brain stimulation local evoked potentials 

(DLEPs) elicited by different DBS frequencies at times 5-15 s.  

Data from subjects 1-9 are displayed in order from left to right and top to bottom. 

Responses for subjects 4, 7, and 8 were digitally inverted. 
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The DLEPs recorded in Subjects 7-9 were not consistent with those from the 

remainder of the subjects. All three subjects lacked late positive deflections, although 

evidence of early and late negative deflections was observed in subjects 7 and 8. Subject 

6 lacked P1 deflections during 45 Hz stimulation, but P1 emerged over the course of the 

first 100 ms of 130 Hz stimulation (see time-dependent changes below). Subject 9 did not 

have any of the late DLEP characteristics shared by the other subjects.  

4.3.3 Long latency DLEPs 

The average long latency (0-22 ms) DLEPs for the 5-15 s time interval are shown 

in Figure 4.2. Only DBS frequencies less than or equal to 45 Hz were included because 

those frequencies had sufficiently long interpulse intervals to visualize long latency 

responses. The long latency DLEPs revealed that the quasi-periodic oscillatory responses 

persisted well after the stimulation pulse. There were up to six late positive and negative 

deflections within the 22 ms interval (see subjects 2 and 3). The amplitude of the positive 

and negative deflections diminished during the interval, but the relative timing between 

the positive deflections remained relatively constant (~ 3 ms), only slowing slightly near 

the end of the interval. Therefore, the frequency of the oscillations after each DBS pulse 

was ~333 Hz, which is similar to the frequency of high frequency oscillations recorded in 

STN (Foffani et al., 2003) and to the modulated frequencies observed in STN phase-

amplitude coupling (Yang et al., 2014). DLEPs were similar across measurements during 
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different frequencies of DBS. Again, higher frequencies tended to produce higher 

amplitude positive deflections, and longer lasting oscillations.  

 

Figure 4.2: Long latency DLEPs evoked by different DBS frequencies at times 

5-15 s. 

Data from subjects 1-8 are displayed in order from left to right and top to bottom. 

Subject 9 only received 130 Hz DBS and could not be included. Responses for 

subjects 4, 7, and 8 were digitally inverted. 
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4.3.4 Simulated DLEPs  

We implemented a 3-dimensional biophysical model of STN DBS in the STN-

GPe subcircuit to investigate the neural origin of the DLEP signals (Figure 4.3). Model-

generated DLEPs for 45 Hz and 130 Hz DBS were remarkably similar to DLEPs from 

humans with PD indicating that the modeled STN-GPe subcircuit and the afferent 

cortical axons were sufficient to generate DLEPs (Figure 4.3C and D). All phases of the 

human DLEP were present in the model DLEP, however there were fewer positive 

deflections in the modeled 45 Hz DLEP compared to clinical DLEPs for some subjects. 

STN neurons were relatively quiescent in the interpulse intervals due to high inhibitory 

tone from the highly active GPe neurons (Figure 4.3E and F). This is consistent with 

reports that STN neurons are silenced or exhibit lower firing rates during high 

frequency stimulation (Filali et al., 2004, Meissner et al., 2005). STN action potentials 

were slightly more common approximately 3-5 ms after a DBS pulse, which matches the 

timing of the late positive deflection (P1) and is consistent with reports of STN action 

potentials during high frequency DBS interpulse intervals (Carlson et al., 2010). GPe 

neurons were excited by STN axons, which were directly excited by DBS. Due to the 

highly synchronized input and the recurrent inhibition within GPe, GPe neurons tended 

to fire periodically with intervals of 3-4 ms (Figure 4.3G and H). Indeed, similar periodic 

firing is observed in GPe single unit recordings in parkinsonian monkeys during STN 

DBS (Hashimoto et al., 2003). Therefore, the periodic pallidal firing is responsible for the 
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periodic late DLEP phases. Temporal summation of excitatory synaptic currents in GPe 

during high frequency stimulation led to GPe action potentials earlier in the interpulse 

interval (Figure 4.3H), and temporal summation may also be responsible for the shorter 

latency of P1 and N1 observed in the early clinical 130 Hz DLEP. 
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Figure 4.3: Computational modeling reveals the neural origin of the DLEPs.  

(A) The model included subthalamic and globus pallidus neurons and cortical axons 

of the hyperdirect pathway. (B) We simulated the placement of contacts 1 

(stimulating) and 2 (negative recording input) within the STN and contacts 0 (positive 

recording input) and 3 ventral and dorsal to STN, respectively. DLEPs calculated from 

the computational model were similar to those observed clinically for 45 Hz (C) and 

130 Hz DBS (D). Post-stimulus time histograms (PSTHs) for STN firing during 45 Hz 

(E) and 130 Hz (F) DBS reveal a small amount of direct excitation from stimulation 

and relatively strong inhibition in the interpulse interval with slight increases in 

firing coincident with the positive phases of the DLEPs. (G, H) GPe spiking is 

periodic following the strong excitation via STN afferents with peaks in the PSTH at 

3-4 ms intervals. The periodic nature of the GPe firing helped shape the DLEP in the 

model. 
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4.3.5 Time-dependent changes in 130 Hz DLEPs 

To visualize changes in clinical DLEPs during the stimulation epochs, we plotted 

the l2-norm of the difference vector between individual DLEPs and the average DLEP 

(Figure 4.4A). Only 130 Hz DBS caused time-dependent changes in the DLEP, and these 

changes were further quantified. During the first 100 ms of stimulation (Figure 4.4A, 

inset), the magnitude of P1 increased rapidly with successive pulses, and the P1 delay 

shortened (Figure 4.4B). Interestingly, P1 produced by the first 130 Hz DBS pulse in 

subject 6 was non-existent, similar to the 45 Hz DBS DLEP, but it emerged and grew in 

amplitude over first 100 ms of stimulation. The magnitudes and delays of P1 and N1 

were plotted as a function of time, which revealed slow time-dependent changes (Figure 

4.4C-F). After a brief increase in magnitude, P1 and N1 magnitudes decayed during the 

stimulation epoch. Latencies for each deflection increased during stimulation in parallel 

with one another. For subjects receiving 300 s of stimulation, magnitudes and latencies 

stabilized by ~100 s (Figure 4.4E and F). P1 amplitudes were normalized by the peak 

amplitude in the first 100 ms of stimulation. The normalized P1 amplitude was 

significantly lower for the 50-60 s interval compared to the 5-15 s stimulation interval 

across subjects (paired t-test, p = 0.007, n=5; Figure 4.4G). A paired t-test for P1 latency 

also revealed a significant increase in peak latency between 5-15 s and 50-60 s (p = 

0.0279; mean diff. = 0.3 ms; n = 5; Figure 4.4H). The normalized P1 amplitude and N1 
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latency continued to decrease and increase, respectively, in the two subjects that 

received 300 s of stimulation. 
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Figure 4.4: Time-dependent changes in DLEPs.  

(A) The l2-norm of the difference vector between individual DLEPs and the mean 

DLEP revealed time-dependent changes in the DLEP exclusively for 130 Hz DBS. 

Rapid changes in the DLEP occurred over the first 100 ms (inset), and slower changes 

occurred over the remaining stimulation epoch. (B) The amplitude of the P1 peak 
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increased with successive pulses over the first 100 ms. (C,D,E,F) The magnitudes and 

latencies of the P1 and N1 deflections varied across time. Amplitudes decayed after a 

brief period of strengthening early in the stimulation epoch; and P1 and N1 latencies 

increased after initially decreasing in the first 100 ms. Magnitudes and latencies 

stabilized around 100 s into the stimulation epoch. (G,H) There was a significant 

decrease in normalized P1 amplitude and a significant increase in P1 latencies 

between the 5-15 s and 50-60 s stimulation intervals. 
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4.3.6 Local field potential spectral estimates  

LFP recordings revealed that robust DLEP responses were predictive of beta 

frequency oscillations observed in the STN of patients with PD (Brown, 2003). Distinct 

peaks in the beta frequency range (10-35 Hz) were observed in most subjects, and 

subjects without beta peaks also had poor DLEP signals (Figure 4.5). Indeed, beta band 

power was correlated with DLEP power during 130 Hz DBS (Figure 4.6A), suggesting 

that contact location was an important determinant for both signals. 130 Hz DBS 

decreased beta power compared to the DBS-OFF condition, but the beta suppression did 

not vary meaningfully with time—in contrast to the time-dependent changes in the 

DLEPs (Figure 4.6B). DBS frequencies differentially suppressed beta band power 

(F=6.00, p=0.004), and 130 Hz DBS significantly suppressed beta band power relative to 5 

Hz, 20 Hz, and 45 Hz DBS (p<0.05, Figure 4.6C).  
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Figure 4.5: Power spectra of local field potentials for each subject.  

Notice the different y-axes across rows. Subject 6 had 24 Hz noise of unknown origin. 

Subject 8-9 had a noticeable lack of power in the beta range, and these two subjects 

also lacked DLEPs. 
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Figure 4.6: Quantification of beta band power.  

(A) Power in the beta frequency range (10-35 Hz, beta power) was correlated with 130 

Hz DLEP power. (B) Beta power was suppressed by 130 Hz DBS and did not vary with 

time like the DLEP responses (representative data from subject 3 shown).  (C) Beta 

power was normalized within subjects by dividing by the DBS OFF beta power. 130 

Hz DBS significantly reduced normalized beta power compared to 5 Hz, 20 Hz, and 45 

Hz DBS (p<0.05). 

 

4.3.7 Phase-amplitude coupling  

Cross-frequency coupling is observed in the STN of patients with PD wherein 

the amplitude of high frequency oscillations (HFO, 250-350 Hz) is modulated by the 

phase of the beta frequency oscillatory activity (de Hemptinne et al., 2013, López-

Azcárate et al., 2010, Yang et al., 2014). Given the similarity of the frequencies of the 

DLEP oscillations and the HFOs coupled to the beta rhythm, we investigated whether 

phase-amplitude coupling (PAC) was present in our recordings. We observed PAC in 

three subjects (Figure 4.7). These subjects (1, 3, & 4) were a subset of those with distinct 

P1 phases in the DLEP, suggesting that robust DLEPs may be necessary, but not 

sufficient for cross-frequency coupling. We examined the preferred phase of the HFOs 

on the modulating beta rhythm in the three subjects with significant PAC. HFOs in 
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subjects 1 and 3 occurred preferentially near the β peaks, but in subject 4 occurred 

preferentially near the β troughs (Figure 4.8). Note that recorded signals for subject 4 

were not inverted before performing PAC analysis as they were for the DLEP analysis. 

HFO preference for both β peaks and troughs are reported (Yang et al., 2014, López-

Azcárate et al., 2010), and our data indicate that the preference is dependent on the 

bipolar recording configuration and the location of the recording contacts relative to the 

borders of the STN. Further, these data support that some subjects had DLEPs that were 

inverted versions of DLEPs in other subjects, and because of our bipolar recording, 

contact location is an important determinant for DLEP and LFP polarity.  
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Figure 4.7: Phase-amplitude coupling analysis.  

Significant coupling between the phase of beta oscillatory activity and the amplitude 

of high frequency oscillatory activity was observed in 3 subjects (1, 3, & 4). The co-

modulograms illustrate z-scored modulation indices (MI) across subjects, and 

significant coupling is highlighted with a white contour. The three subjects with 

significant phase-amplitude coupling also exhibited more robust beta band peaks in 

their LFP power spectra. 
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Figure 4.8: Anti-phase coupling between the beta rhythm and HFO amplitude 

in subjects with opposite DLEP polarities.  

Normalized HFO amplitude was time-averaged across windows centered on beta 

rhythm peaks. (A) Subject 3 showed increased HFO oscillation amplitude near the 

beta rhythm peak. (B) However, subject 4 showed increase HFO amplitude near beta 

rhythm troughs.  (C) The mean preferred phase of HFOs across subjects confirmed 

that subject 4 was the only subject with significant PAC that had HFOs that 

preferentially occurred during the beta rhythm trough. This observation is consistent 

with the inverted DLEPs observed in subject 4. 
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4.3.8 Contact lead locations  

Collectively, the DLEP, computational modeling, power spectra, and PAC data 

suggest that contact location may determine the character of the DLEPs. To investigate 

the relationship between DLEPs and contact location, we compiled a set of predictions 

about contact locations based on the recorded DLEPs and compared these predictions to 

contact locations based on post-operative imaging analysis. We assumed that the 

stimulating contact was within STN for all subjects with DLEP signals. We predicted 

that subjects with non-inverted DLEP signals had the negative recording contact within 

the STN, while subjects with an inverted DLEP signals (4, 7, 8) had the positive 

recording contact within the STN. Our predictions were also informed by single unit 

recordings showing inhibition of STN neurons approximately 6-7 ms after a DBS pulse 

(Carlson et al., 2010), which corresponded to the N1 phase observed in our DLEP signal. 

Inhibitory currents would be seen as current sources by an extracellular recording 

electrode, and therefore observed as positive deflections when recorded from a positive 

recording contact or negative deflections when recorded from a negative recording 

contact. Two investigators blinded to the DLEP-based predictions performed the post hoc 

imaging analysis. Since the STN cannot be visualized via computed tomography (CT), 

pre-operative magnetic resonance (MR) and post-operative CT images were merged to 

estimate contact locations relative to the boundaries of the STN. Contact locations 

predicted from the DLEP analysis matched the imaging-based contact locations for 11/16 
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contacts (~70%) predicted to be within STN (Table 4.2). We were unable to make 

predictions regarding contact locations for subject 9 due to lack of DLEP signal.  

Table 4.2: Comparison between contact locations predicted from the DLEP 

signal and imaging analysis.  

Subject Modality Contact 

0 1 2 3 

1 
DLEP     
Imaging     

2 
DLEP     
Imaging     

3 
DLEP     
Imaging     

4 
DLEP     
Imaging     

5 
DLEP     
Imaging     

6 
DLEP     
Imaging     

7 
DLEP     
Imaging     

8 
DLEP     
Imaging     

9 
DLEP     
Imaging     

gray–no prediction 
green–within STN 
red–outside STN 

4.4 Discussion 

STN DLEPs exhibit a distinctive, multiphasic signature that reflects functional 

connectivity between STN and GPe. DLEPs exhibited frequency- and time-dependent 

characteristics and were related–through contact location–to beta frequency oscillations 

and exaggerated coupling between the beta rhythm and the amplitude of HFOs. 
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Therefore, DLEPs reveal important insights into the mechanisms of DBS and may serve 

as a tool for augmenting DBS lead implant and investigating basal ganglia subcircuits.  

4.4.1 Origin of the DLEP signal and functional connectivity of the 
STN 

It is well established that STN receives afferent input from the pallidum and 

from the cortex via the hyperdirect pathway (Hamani et al., 2004), and DLEPs reflect the 

interaction of these two inputs following local stimulation. The computational model 

revealed that the early positive phase of the DLEP resulted from direct and short latency 

antidromic excitation of STN neurons, and the early negative phase reflected strong 

proximal inhibition of STN neurons evoked by activation of the pallidal terminals. 

Axons presynaptic to excitatory synapses were also directly activated by DBS, but their 

effects on STN firing were observed later in the interpulse interval due to their distal 

distribution on the STN neuron. High frequency oscillations that began a few 

milliseconds after the DBS pulse were the most distinctive feature of the DLEPs. These 

oscillations were caused by quasi-periodic pallidal inhibition of STN with an interval of 

approximately 3-4 ms. This origin of the DLEP signal is consistent with single-unit 

recordings in parkinsonian primates and humans. Pallidal neurons fire periodically with 

3-4 ms intervals in response to STN DBS (Hashimoto et al., 2003). Further, STN single 

unit recordings reveal action potentials in the interpulse interval with latencies that 

match the positive deflections of the DLEP signal, and inhibition at a latency of 

approximately 6 ms for effective stimulation amplitudes and contact locations (Carlson 
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et al., 2010). Thus, the late DLEP oscillations reflect excitatory synaptic currents and the 

resulting action potentials interrupted by brief period of inhibition via pallidal afferents. 

Further, we hypothesize that subjects lacking the late positive DLEP phase experienced 

less cortical afferent excitation–possibly due to the spatial distribution of these afferents 

within STN–and therefore the late negative phases dominated the DLEP signal. 

Although there are other possible neural origins of the DLEP signal, none of 

them match available experimental evidence or fit the range of recorded potentials as 

well as the proffered explanation. DLEPs could reflect membrane currents in afferent 

axons from the pallidum. However, this explanation does not account for the variable 

presence of the late positive phases of the DLEP, and total transmembrane currents for 

axons–especially myelinated axons–are very small relative to transmembrane currents 

through dendrites and somata due to large differences in surface area. Alternately, the 

multiphasic DLEP signal could reflect time-locked bursting of STN neurons after a DBS 

pulse. Indeed, STN neurons exhibit more burst firing activity in patients with PD and 

parkinsonian primates (Bergman et al., 1994, Steigerwald et al., 2008). However, 

intraburst firing rates of STN neurons appear too low (<250 Hz) and variable to account 

for the oscillations (Gale et al., 2009, Sharott et al., 2014), and this explanation does not 

account for the variable presence of the late positive phases of the DLEP.   

It is unknown whether the DLEP signal is different between healthy and 

parkinsonian subjects. There is evidence that STN-GPe coupling and intrapallidal 
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inhibition are exaggerated in PD (Brown and Williams, 2005, Holgado et al., 2010, 

Miguelez et al., 2012, Baufreton and Bevan, 2008, Fan et al., 2012). This suggests that the 

DLEP signal may be more robust in subjects with PD and could possibly be used as an 

indicator of disease severity or medication status.  

4.4.2 Time course of DLEP evolution  

Changes in DLEP signals during high frequency stimulation reflect physiological 

changes that may be important for DBS efficacy. The increase in magnitude of the P1 

peak over the first 100 ms likely reflected temporal summation of excitatory synaptic 

currents resulting in increased excitation in the STN. The amplitude of the P1 peak then 

decreased substantially during the course of stimulation, which may reflect synaptic 

depletion of afferent excitatory synapses in the STN. Similar reductions in synaptic 

strength have been observed during high frequency thalamic DBS in rat brain slices 

(Anderson et al., 2006). The P1 and N1 latencies gradually increased in synchrony with 

one another during stimulation, suggesting that both latencies are determined by a 

single underlying mechanism–the latency of the pallidal inhibition that is evoked by 

excitation of the STN efferents with each DBS pulse. This would imply that the latency 

of orthodromically driven action potentials in the pallidum increases over time during 

high frequency STN DBS. Indeed, this has been observed in parkinsonian primates, and 

the time course of the increase in latency matched exquisitely the increase in P1 and N1 
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latency observed here (Moran et al., 2011). Therefore, changes in P1 and N1 latency 

likely reflect changes in pallidal excitation latency and not local changes within STN.  

4.4.3 Relationship to HFOs  

Previous recordings revealed the presence of HFOs (250-350 Hz) and significant 

PAC in the STN (Yang et al., 2014, López-Azcárate et al., 2010, Foffani et al., 2003, Kane 

et al., 2009a). The observed PAC occurs when HFO amplitude is modulated by the phase 

of beta frequency oscillations. The late deflections in the DLEP responses observed here 

(see Figure 2) occur in the same frequency range as the HFOs observed in spectral and 

PAC analyses, and significant PAC was only observed in the subset of subjects with 

robust DLEP responses, suggesting that these signals may be mechanistically related. 

Yang and colleagues (2014) demonstrated that HFOs and STN single-unit spikes 

are anti-phase coupled to the beta modulating rhythm. This implies that HFOs are 

preferentially expressed during the phase of the beta rhythm reflecting inhibition of the 

STN. The STN receives strong inhibition from the GPe, suggesting that GPe afferents 

could be the driver for HFOs observed in the STN, and our results strongly support this 

hypothesis. We propose that synchronous STN to GPe excitation during the exaggerated 

beta rhythm causes strong firing in the GPe, which is synchronized at high frequencies 

by intrapallidal inhibition. This high frequency synchronous pallidal firing is then 

reflected in the inhibitory phase of the STN beta rhythm.   
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4.4.4 Model limitations  

There are several model limitations to consider. First, we did not include slower 

synapses, such as NMDA or metabotropic receptors, because the observed evoked 

responses were fast and unlikely to be influenced greatly by slower synaptic dynamics. 

Second, our model did not include plasticity and did not capture the changes in DLEPs 

that occurred over the course of minutes of stimulation. Third, we did not include both 

cell types observed in the GPe (Mallet et al., 2012), and model pallidal neurons were 

based on the more numerous type I pallidal neurons (Johnson and McIntyre, 2008). 

Finally, finite element modeling and 3-dimensional DBS lead representations could 

further enhance the model’s accuracy, but are unlikely to change the qualitative 

description of the DLEP signal (Kent and Grill, 2014).  

4.4.5 Imaging analysis limitations  

The DLEPs, LFPs, and modeling analysis all suggested that contact location was 

an important determinant for the presence and characteristics of DLEP signals. DLEP 

power was correlated with beta band power, and beta band oscillations are prominent 

within STN (Zaidel et al., 2010). Computational modeling revealed the subthalamic 

neural origin of the DLEP signal and showed that non-inverted DLEPs were consistent 

with placement of the negative recording contact within the STN. These analyses were 

consistent with single-unit activity in non-human primates and humans (Carlson et al., 

2010, Hashimoto et al., 2003). We developed predictions regarding contact locations 
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based on the recorded signals and compared these predictions to contact locations based 

on an imaging analysis. Imaging analysis was performed by merging post-operative CT 

and pre-operative MR images since the STN cannot be visualized on CT scans. While 

this is currently the preferred method for assessing contact locations post-operatively, 

there are drawbacks to this approach. The brain can shift between scans, which reduces 

the accuracy of the contact location estimates relative to STN (Miyagi et al., 2007, 

Winkler et al., 2005). This problem is exacerbated and perhaps caused by subdural air 

invasion and CSF outflow after craniotomy and subsequent dural breach. Further, the 

resolution of the CT and MR images—and therefore the variance of the estimate—is on 

the same order of magnitude as the distance between contacts on the DBS lead. Given 

these limitations, it is not surprising that there were some discrepancies between 

imaging- and DLEP-based contact location predictions.  

4.4.6 Implications for DBS therapy  

DLEPS are a novel and potentially important tool for assessing DBS contact 

location within STN. Accurate and easily accessible contact location data would greatly 

assist with DBS parameter programming and intra-operative STN localization. This 

could reduce time and costs associated with surgery and follow-up programming visits, 

and it could positively affect patients with PD since lead misplacement is the leading 

cause of suboptimal outcome after DBS implant (Ellis et al., 2008, Okun et al., 2005). 
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Further, DLEPs contribute three important elements to our understanding of the 

mechanisms of DBS. First, they strongly support that STN efferents are excited by DBS, 

and that STN somata and axons can be functionally decoupled during stimulation 

(McIntyre et al., 2004a). Second, the effects of stimulating the efferent STN axons can be 

observed via the returning inhibition from GPe after several minutes of DBS, indicating 

that STN is not effectively silenced by DBS (i.e. its axons are influencing GPe and 

afferent axons are still affecting STN). Third, the decrease in amplitude of the P1 peaks 

with a time course similar to the amelioration of some of the axial symptoms of PD by 

DBS suggests that synaptic depletion, particularly for excitatory synapses, should be 

further investigated (Anderson et al., 2006).  

Further, local field potential recordings during low and high frequency DBS also 

increase our understanding of the mechanisms of DBS. LFP recordings during low 

frequency DBS are rarely reported because previous recording methods relied on low 

pass filters and the separation in the frequency domain between the physiological signal 

and high frequency stimulation artifact (Whitmer et al., 2012a, Rossi et al., 2007, Rossi et 

al., 2008). When DBS is delivered at low frequencies, this separation is lost and 

alternative methods are needed to record field potentials during stimulation. Further, as 

demonstrated here, LFPs may be corrupted by short latency evoked activity in the STN. 

We used a combination of amplifier blanking, linear interpolation, and template 

subtraction to overcome these challenges and demonstrate stimulation frequency-
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dependent suppression of beta oscillatory activity. This DBS frequency-dependence 

paralleled suppression of symptoms (Rizzone et al., 2001), and, indeed, suppression of 

abnormal synchronous oscillations is a proposed mechanism of effective DBS (Bronte-

Stewart et al., 2009, Kühn et al., 2008, Whitmer et al., 2012a). However, beta band activity 

was not present in all subjects, possibly due to differences in electrode position, which 

challenges the notion the beta band activity alone can serve as a feedback signal for 

closed-loop DBS. 

There is some disagreement whether stimulation at high frequencies is exclusive 

in its ability to produce time-locked responses in the basal ganglia. In rat STN slices, 

high frequency but not low frequency stimulation was capable of producing only 

stimulation-locked responses (Garcia et al., 2003), and in awake, freely moving rats 

stimulation-locked effects were more potent at downstream nuclei for high frequency 

stimulation (McConnell et al., 2012). However, pallidal single-unit recordings during 

pallidal microstimulation produced time-locked responses at both low and high 

stimulation frequencies (Bar-Gad et al., 2004). Our results provide further evidence that 

low frequency stimulation can produce a complex and long-lasting time-locked response 

in STN. Therefore, the therapeutic mechanism of DBS seems unlikely to hinge on 

stimulation's ability to produce time-locked responses in the STN. These DLEPs also 

provide evidence against chaotic desynchronization as a mechanism of DBS (Wilson et 

al., 2011). In the chaotic desynchronization model, high frequency subthalamic 
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stimulation desynchronizes firing of pallidal neurons. However, our current results–and 

previous single unit recordings in the pallidum (Hashimoto et al., 2003) –suggest that 

pallidal neuron firing is likely highly synchronized to DBS pulses across stimulation 

frequencies. 

Finally, DLEPs are a candidate biomarker for closed-loop DBS, yet have rarely 

been recognized as such (Little and Brown, 2012). Closed-loop DBS systems have been 

proposed based on single-unit recordings in the cortex (Rosin et al., 2011) and beta band 

oscillations in the STN (Little et al., 2013). DLEPs are a new biomarker that not only can 

probe the local neural circuits, but can also inform electrode placement and the selection 

of stimulation contacts and parameters. This is supported by the observation that 

effective stimulation parameters were exclusively able to produce inhibition in the STN 

with a latency of ~6 ms after the DBS pulse (Carlson et al., 2010).  

4.5 Methods 

4.5.1 Intraoperative protocol  

The intraoperative research protocol began after completion of microelectrode 

recordings, DBS lead placement, and clinical assessment of therapeutic benefit. A sterile 

connection was made between the DBS lead and the stimulation and recording 

equipment (described below), and a stimulation return electrode (StimCare Carbon 

Foam Electrode, Empi) was placed on the chest ipsilateral to stimulation to simulate 

monopolar stimulation with the DBS implantable pulse generator case as the counter 
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electrode. DBS was presented in alternation with the DBS-OFF condition, each lasting 60 

s or 300 s. Stimulation pulses were symmetric and biphasic with a 90 μs per phase pulse 

width.  

Bipolar differential recordings were made between the two contacts surrounding 

the stimulating contact, and the lead implant cannula or the burr hole retractor (subject 

5) served as the reference for the recorded signal. The recording instrumentation was 

developed to record evoked potentials in the presence of DBS and has been described in 

detail elsewhere (Kent and Grill, 2012). Briefly, the signal was passed through three 

series biopotential amplifiers (Stanford SR560) with diode clamps between each 

amplification stage to clip stimulation artifact. The second- and third-stage amplifiers 

were blanked 20 μs before (start delay) and 20-500 μs after (end delay) each stimulation 

pulse to enable greater signal amplification. The original recording instrumentation 

(Kent and Grill, 2012) was modified slightly by removing the relay at the stimulator that 

disconnected the stimulating contact in-between pulses. Signals were digitized at 100 

kHz (NI USB-6216) and saved for post hoc data processing and analysis. 

In subjects with 60 s trials (n=4), we tested four different DBS frequencies in a 

randomized block design with 3 blocks (5 Hz, 20 Hz, 45 Hz, and 130 Hz). Only one 

subject competed all three blocks, and we did not observe any differences in DLEPs 

between blocks in subjects that completed more than one block. Therefore, only one 

block from each subject was analyzed. Subjects were included in the short trial group if 
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we observed parkinsonian tremor in preoperative care because the time course of the 

response of tremor to effective DBS is short—on the order of seconds (Benabid et al., 

1996). We recorded tremor with an accelerometer in a subset of these subjects, but due to 

the small sample size and variable presence of tremor in the DBS-OFF condition, tremor 

measurements were not revealing. 

In subjects with 300 s trials (n=5), only two DBS frequencies were tested (45 and 

130 Hz), and DBS frequencies were presented in a single block with order randomized 

across subjects. Due to early withdrawal from the study protocol, subject 2 only received 

a short 15 s 130 Hz trial, and subject 9 did not receive 45 Hz stimulation. Subjects 

included in the long trial group did not show prominent tremor, and the trials were 

appropriate for the longer time course of akinetic symptom response to DBS—on the 

order of minutes (Temperli et al., 2003, Waldau et al., 2011). We attempted to measure 

bradykinesia with an alternating finger tapping task on a computer mouse, but only 

three subjects had complete data sets and the data were not revealing.  

4.5.2 DLEP signal processing  

Recorded signals were pre-processed by high-pass filtering (3rd order 

Butterworth, 2 Hz cutoff) to remove offset and slow signal components. For consistency, 

signals were blanked digitally for 500 μs after each DBS pulse—the longest blanking 

period used experimentally. Evoked potentials were time aligned and averaged across 

DBS pulses, and potentials for three subjects (4, 7, & 8) were inverted before plotting and 
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quantification of signal characteristics unless otherwise noted. We quantified the 

amplitudes and latencies of the late positive and negative DLEP deflections (P1 and N1), 

and paired t-tests were used to assess significant changes in DLEP parameters at 

different time epochs. We also quantified the l2-norm of the difference vector between 

individual and average evoked potentials to observe whether evoked potentials changed 

during the course of stimulation. We calculated the DLEP signal power in the interpulse 

interval during 130 Hz DBS by squaring the signal and integrating across time.  

4.5.3 Power spectral estimates  

LFP data were collected during DBS-OFF epochs. LFPs were high-pass filtered (2 

Hz cutoff; 3rd order Butterworth) to remove any non-zero signal offset. Next, signals 

were band-pass filtered from 2-100 Hz and down-sampled to 400 Hz before spectral 

estimation. Spectral estimates were performed on the first 20 s or 90 s of data in each 

subject using multi-taper spectral estimate methods (chronux.org). Beta band power was 

calculated by integrating the spectral power between 10-35 Hz. Correlation between beta 

band power and DLEP signal power was assessed using Pearson’s correlation 

coefficient, but subject 6 was excluded from this analysis because of prominent 24 Hz 

noise evident in the LFP spectrum. To examine the time course of beta rhythm 

suppression by 130 Hz DBS, we band-pass filtered from 2-55 Hz to remove residual 

stimulation-related artifact and DLEPs and down-sampled to 400 Hz. Multi-taper 
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spectral estimates were then made for each 5 s interval during stimulation and the 

power in the beta frequency range was plotted across time.  

We calculated the beta band power suppression across all stimulation conditions. 

The final 20 s or 90 s of data for 60 s and 300 s trials, respectively, were selected for 

analysis across subjects and stimulation conditions to allow for the complete evolution 

of the effects of DBS during the stimulation epoch. First, the LFP data were high-pass 

filtered as described above to remove offset. Next, linear interpolation was used in the -

0.1-1.5 ms window around the beginning of the amplifier-blanking period to smooth the 

blanking period and the early DLEP response. Average DLEPs were calculated and 

subtracted from each individual DLEP. Signals were then band-pass filtered (2-100 Hz) 

and down-sampled to 400 Hz. These methods effectively removed spectral power at the 

stimulation frequency and allowed us to quantify the beta band power across 

stimulation conditions as a percentage of the total power in the 0-90 Hz range. Percent 

beta band power was normalized by the DBS-OFF percent beta band power across 

subjects, and a one-way ANOVA was used to test for a significant effect of stimulation 

frequency on normalized beta band power. Fisher's protected least significant difference 

test was used for post hoc comparisons between stimulation frequencies.  

4.5.4 Phase-amplitude coupling analysis 

Phase-amplitude coupling (PAC) was assessed by calculating the modulation 

index (Canolty et al., 2006). Phase amplitude coupling reveals cross-frequency 
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interactions wherein the amplitude of a high frequency signal component is modulated 

by the phase of a low frequency signal component. Recent experiments have 

demonstrated significant coupling between beta frequency phase and high frequency 

oscillation (HFO, >100 Hz) amplitude in patients with Parkinson’s disease (de 

Hemptinne et al., 2013, López-Azcárate et al., 2010, Yang et al., 2014). In our analysis, ten 

seconds of LFP data from a DBS-OFF epoch were band-pass filtered (1-500 Hz, 3 pole 

Butterworth filters), notch filtered at 60 Hz, and down-sampled to 2000 Hz. The 

conditioned signal was convolved with complex Morlet wavelets (wavelet number 7) 

with center frequencies ranging from 10-40 Hz (2 Hz interval) and 150-500 Hz (10 Hz 

interval). Phase, ϕ(t), and amplitude, A(t), were extracted from the low and high 

frequency convolved data, respectively, and a composite signal z(t) = A(t)eiϕ(t) was 

constructed for each frequency combination. The modulation index (MI) was quantified 

from these time series by calculating the mean vector length, MI = |z̅|. A larger mean 

indicates stronger PAC. Significance was determined by creating a surrogate data set 

and transforming MI values into z-scores. A set of 200 surrogate composite signals was 

created by combining A(t) and ϕ(t) with random circular time shifts (> 1 s) relative to 

one another. The mean and standard deviation for the surrogate MI distribution were 

used to determine the MI z-score for each frequency combination. Significance was 

defined at α = 0.05 corrected for multiple comparisons by dividing by the number of 

frequency combinations.  
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The preferred phase for the HFO coupling was visualized by plotting the time-

averaged HFO amplitude in 200 ms windows centered at beta rhythm peaks. The 

conditioned LFP data were bandpass filtered in the beta frequency range (10-30 Hz); 

then the Hilbert transform was applied and the instantaneous phase of the resulting 

complex signal was extracted. Beta peaks were identified as instances when the beta 

phase crossed zero. 200 ms time-series segments centered at the beta peaks were aligned 

and averaged to get an average beta rhythm time-locked to the beta peak. Instantaneous 

HFO amplitude was extracted from the LFP data as described above. HFO amplitude 

data were also windowed and aligned around the beta peaks and averaged across 

windows. The mean amplitude was finally normalized within each frequency band by 

subtracting the mean and dividing by the standard deviation of the amplitude 

distribution across all time.  

To calculate the preferred phase of HFO amplitude coupling to the beta rhythm, 

the conditioned LFP data were bandpass filtered in the beta and HFO ranges and 

instantaneous phase and amplitude information was extracted from the complex Hilbert 

transform of the filtered signal. A composite signal was constructed from the HFO 

amplitude and beta phase time-series as described above. The phase angle of the 

complex mean of the composite signal indicates the preferred phase of the beta-coupled 

HFOs (Yang et al., 2014). All data analyses were performed using Matlab software.  
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4.5.5 Imaging analysis  

Post hoc imaging analysis was performed by two investigators blinded to contact 

location predictions based on the DLEP and field potential recordings. T1-weighted MR 

images were obtained with a 3D fast spoiled-gradient-recalled (FSPGR) pulse sequence 

with an echo time (TE) of 2.5 ms, a repetition time (TR) of 6.5 ms, and flip angle of 12°, at 

1 mm isotropic resolution. T2 FLAIR images were acquired with an inversion-prepared 

gradient echo pulse sequence with a TE of 148 ms, an inversion time (TI) of 2,250 ms, 

and a TR of 10,000 ms at 1 x 1 mm in-plane resolution with 1 mm slice thickness and 1 

mm spacing between slices. 

CT images in the Leksell frame were acquired on a Siemens SOMATOM 

Definition Flash scanner with a spiral scan using a 512 x 512 matrix over a 250 x 250 mm 

field of view (FOV) for an in-plane resolution of 0.484 mm. Approximately 300 

contiguous, non-overlapping slices were acquired covering the entire neurocranium, 

and slice thicknesses were either 0.6 mm (subjects 1, 2, 6), 1 mm (subject 9), or 5 mm 

(subjects 3, 4, 5, 7, 8). The tube current and voltage were 250 mA and 120 kVp, 

respectively. The standard reconstruction algorithm was used. 

 MR and CT images were merged on a Stealth Framelink workstation, using the 

CT with the Leksell frame as the “regular” series and the two MR imaging sequences as 

the alternative series for fusion.  The fusion was checked with direct calculation of brain 

landmarks in Leksell coordinates, to be less than 1.0 mm precision.  
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4.5.6 Computational modeling  

Modeling experiments were carried out in the NEURON (7.2) simulation 

environment with a time step of 0.025 ms. The model contained subthalamic and globus 

pallidus neurons and afferent cortical axons representing the hyperdirect pathway to 

STN. Each simulation unit contained ten of each cell type to allow for divergent and 

convergent projections and intrapallidal inhibition. Model subthalamic and globus 

pallidus neurons were retrieved from ModelDB 

(https://senselab.med.yale.edu/modeldb/). These models contain realistic geometry, ion 

channels, and membrane properties that were derived from experimental studies 

(Johnson and McIntyre, 2008, Miocinovic et al., 2006). Axons from both cell types were 

modified to be straight and have lengths corresponding to the center-to-center-distance 

between STN and GPe in humans (~1.2 cm). Axon diameters were also increased to 

increase the conduction velocity to match experimental conduction times (~1-1.2 ms) 

(Hursh, 1939, Hashimoto et al., 2003). Cortical axons were identical to the STN and GPe 

axons. Action potentials at axon terminals triggered synaptic currents in the 

postsynaptic target. 50 simulation units yielded 500 STN and GPe neurons, and the STN 

neurons were distributed randomly and uniformly in a 6 x 2 x 8 mm prism representing 

the relevant physical extent of the human STN. Modeling was performed on the Duke 

Shared Cluster Resource, which allowed parallel computing, thereby saving thousands 

of hours of time and enabling rapid model development.  
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4.5.7 Model synapses  

All synapses were single exponential synapses triggered by presynaptic action 

potentials with a synaptic delay of 0.5 ms and other parameters selected to match 

experimental data. Subthalamic neurons receive excitatory, AMPA receptor-mediated 

synapses from cortex (Bevan et al., 1995). Ten model AMPA receptor synapses were 

randomly distributed on subthalamic neuron dendrites, both proximal and distal 

dendrites with a relative probability of placement of approximately 1:2 (Bevan et al., 

1995). Proximal dendrites were defined as dendritic segments within five segments of 

the soma. AMPA receptor-mediated synapses had a reversal potential of 0 mV and a 

maximum conductance of 1 pS that decayed with a time constant of 2.5 ms (Farries et al., 

2010).  

The GABAa-mediated inhibitory synapses from GPe to STN are well 

characterized (Atherton et al., 2013, Baufreton et al., 2009, Bevan et al., 2002, Bevan et al., 

2007, Bevan et al., 2000), and we used these experimental data to guide our selection of 

synaptic properties. One hundred synapses were distributed on the STN soma (30%), 

proximal dendrites (40%), and distal dendrites (30%) in accordance with experimental 

measurements (Baufreton et al., 2009, Smith et al., 1998). The reversal potential of the 

inhibitory synapses was -84 mV and the maximum conductance per synapse was 1 pS 

(Atherton et al., 2013, Baufreton et al., 2009). The exponential decay time constant (0.7 
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ms) was tuned to match the fast component of GPe IPSCs in rat brain slices (Atherton et 

al., 2013).  

The excitatory and inhibitory synapses within GPe were very similar to those 

described above. One hundred excitatory synapses from STN to GPe were randomly 

distributed on distal dendrites (Hanson et al., 2004). The properties of these synapses 

were the same as the cortico-subthalamic synapses, except that the decay time constant 

was 5 ms (Song et al., 2000). Intra-pallidal inhibition on proximal neuronal components 

is also a key feature in the GPe (Sims et al., 2008), and one hundred inhibitory synapses 

were randomly distributed on pallidal somatic segments.  

4.5.8 Model stimulation and recording contacts 

Point electrodes were used to represent the stimulating and recording contacts 

on the DBS lead (Kent and Grill, 2014, Zhang and Grill, 2010). Consistent with the 

Medtronic 3387 lead used experimentally, the stimulating point source electrode was 

flanked by the recording electrodes with 3 mm spacing. The ventral recording electrode 

was placed below the subthalamic nucleus, and the stimulating and dorsal recording 

electrodes were placed within the STN. This is consistent with the targeted locations of 

contacts 0-2 during STN lead implant at Duke University Medical Center.  

Stimulation was delivered via the point electrode representing contact 1. 

Symmetric, biphasic current pulses with pulse widths of 100 μs/phase and amplitudes of 

3 mA were delivered assuming an infinite, homogenous, isotropic, quasistatic medium 
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with conductivity of 0.3 S/m (Ranck, 1963). Potentials at all the neural elements were 

calculated using the equation for the potential at a distance (r) away from a point source: 

( )
r

I
r

⋅⋅
=

σπ
φ

4
 

where I is the current delivered through the point source, σ is the tissue 

conductivity, and r is the distance from the current source. 

Differential recordings were made from the point electrodes representing 

contacts 0 and 2 in order to mimic experimental conditions. Neurons that contained a 

neural element less than 500 μm from any of the point electrode contacts were discarded 

to mimic the exclusion arising from the DBS lead leaving 311/500 STN neurons 

contributing to stimulation evoked potentials. Potentials observed at the recording 

electrodes were calculated as: 
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where ik and rk are the transmembrane current and distance from electrode for each STN 

neural element k; and σ is the tissue conductivity (0.3 S/m). Potentials observed at 

contact 2 were subtracted from those observed at contact 0 to simulate the desired 

differential recording (Vrec = Φ0-Φ2). We also simulated recording with the positive 

recording contact in STN and the negative recording contact outside of STN by 

switching the polarity of the recording inputs; this simply yielded an inverted version of 

the DLEP.  
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Chapter 5 : Conclusions  

5.1 Summary of Work 

DBS is an effective therapy for motor symptoms in PD. Here, we demonstrated 

increased efficacy and efficiency of DBS for PD using novel non-regular temporal 

patterns of stimulation. Temporal pattern is a relatively unexplored parameter of DBS, 

and neural stimulation, in general, but it has great potential to lead to new paradigms 

that improve DBS therapy for patients with PD. 

5.1.1 Temporal patterning increases efficacy of high frequency DBS 

In Chapter 2, we demonstrated increased efficacy of non-regular temporal 

patterns of stimulation compared to regular high frequency stimulation. These results 

suggest that improved efficacy could be achieved using high frequency non-regular 

temporal patterns of stimulation in patients with PD. We also demonstrated a possible 

mechanism of action for the improved suppression of bradykinetic symptoms: 

disruption of exaggerated, synchronous beta band activity in the basal ganglia. The 

clinical efficacy across patterns was correlated with suppression of beta band power in a 

computational model of the parkinsonian basal ganglia.  

5.1.1.1 Role of beta band oscillations in PD pathophysiology 

Oscillations and synchrony are important for brain function because they can 

coordinate neuronal firing within and across brain structures (Buzsáki and Draguhn, 

2004, Engel et al., 2001). Oscillations in several frequency bands—including the beta 
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frequency band—are observed in healthy human subjects (Buzsáki and Draguhn, 2004), 

indicating that synchronous oscillations are a component of normal brain function. Beta 

band oscillations are probably the least well understood (Engel and Fries, 2010), and 

there is intense interest in beta band oscillations due in part to their possible relationship 

to PD. In the healthy brain, beta band oscillations may signal an idling state, but the 

brain is still flexible and can modulate in and out of the beta rhythm when appropriate 

(Engel and Fries, 2010, Eusebio and Brown, 2009). This is clearly observed in studies of 

movement-related synchronization, in which beta oscillations desynchronized during 

movement and immediately resynchronized following movement cessation, and gamma 

band oscillations were inversely related to beta band oscillations and synchronized 

during movement (Ball et al., 2008, Cheyne et al., 2008, Kühn et al., 2004, Toro et al., 

2000, Tsang et al., 2012c, Wingeier et al., 2006). Therefore beta band oscillations are often 

considered anti-kinetic, and gamma band oscillations are considered pro-kinetic (Tsang 

et al., 2012c).  

PD is characterized by exaggerated beta band activity in the basal ganglia and 

cortex (Bronte-Stewart et al., 2009, Brown, 2003, Brown, 2007, Crowell et al., 2012, 

Eusebio et al., 2011, Silberstein et al., 2003, Weinberger et al., 2012, Kühn et al., 2008). The 

beta band activity emerges after chronic, but not acute, dopamine loss and is most easily 

observed in field potential recordings from surface or depth macroelectrodes, but it can 

also be observed in a small proportion of single units (Mallet et al., 2008). Most neural 
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recordings support the hypothesis that beta band oscillations are anti-kinetic and could 

cause akinetic motor symptoms in PD. Beta band oscillations are suppressed by 

movement, dopamine, and DBS (Kühn et al., 2008, Wingeier et al., 2006), and 

suppression of beta band oscillations by levodopa and DBS is correlated with 

improvement of motor symptoms in PD (Ray et al., 2008). Beta band oscillations are 

particularly related to bradykinesia and the akinetic motor symptoms in PD (Little et al., 

2012, Ray et al., 2008), which is consistent with the present results where an alternating 

finger tapping task was used as a proxy for bradykinesia (Taylor Tavares et al., 2005).  

It is currently unclear how the loss of dopamine in PD leads to exaggerated beta 

band oscillations, and, conversely, how exogenous dopamine provided by levodopa 

therapy reduces beta band oscillations. Striatal dopamine loss is prominent in PD, and 

the striatum sends strong projections to the external segment of the globus pallidus via 

the indirect pathway. The GPe-STN subcircuit is a potential pacemaker for neural 

oscillations, and given its unique position downstream from the dopamine-deficient 

striatum, it may be responsible for generating beta band oscillation in PD. Therefore we 

hypothesize that levodopa therapy abolishes beta band oscillations by restoring normal 

striatal output to the STN-GPe subcircuit.  

There are several lines of support for this hypothesis. Evidence suggests that net 

dopamine levels are a key determinant for beta oscillations in PD (Jenkinson and Brown, 

2011). Therefore D2 receptors—with their higher affinity and purported importance in 
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extrasynaptic dopaminergic transmission (Rice and Cragg, 2008)—may have a dominant 

influence over beta oscillations (Jenkinson and Brown, 2011). This is supported by the 

fact the predominant D2 receptor agonist apomorphine is able to suppress beta activity 

in patients with PD and rodent models of PD (Berardelli et al., 2001, Berke, 2009, Schultz, 

2002). Consequently, the indirect pathway, which projects to the GPe, may strongly 

influence beta oscillations in PD, and dopamine replacement therapy may suppress beta 

activity by restoring normal activity in the indirect pathway. 

If the suppression of beta band oscillations is carried out via dopamine’s effects 

through the indirect pathway, single-unit recordings from the GPe should strongly 

reflect changes in net dopamine levels provided by dopamine replacement therapy. 

Indeed, apomorphine increased the firing rate and reduced the number of bursting 

neurons in the GPe in PD patients (Boraud et al., 2001, Hutchison et al., 1997). Further, 

D2/D3 receptor agonist, piribedil, caused nearly all GPe neurons to fire with an irregular 

pattern, which is a firing pattern classification unlikely to promote oscillatory activity 

(Boraud et al., 1998). The D2/D3 receptor agonist also caused predominantly irregular 

firing downstream in the internal globus pallidus (Boraud et al., 2001). Therefore single-

unit recordings in the globus pallidus after modulation of dopaminergic receptors, 

especially of the indirect pathway, are consistent with the proposed hypothesis. 

The above hypothesis regarding basal ganglia beta activity generation and the 

beneficial effects of dopamine via the indirect pathway is also consistent with the 
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computational model presented in Chapter 2. The model was shifted from the “healthy” 

to the “parkinsonian” state by decreasing the applied current to the GPe. This change 

represented the increased inhibition from the striatum along the indirect pathway that 

results from loss of dopamine at D2 receptors in the striatum. In the model, this caused 

the GPe to adopt a bursty firing pattern, and the STN-GPe subcircuit fell into resonant 

oscillations in the beta frequency range. 

Despite correlative evidence, it is still unclear whether beta band oscillations and 

motor symptoms of PD are causally linked. Non-linear causality analyses have provided 

evidence that tremor frequency oscillations cause parkinsonian tremor (Tass et al., 2010), 

but the same analyses are unlikely to demonstrate a similar link between beta band 

oscillations and akinesia because of the time course and difficulty measuring the akinetic 

symptoms. Further, there is some evidence that exaggerated beta band activity is 

epiphenomenal in PD. For example, rats rendered parkinsonian via pharmacological 

interruption of dopamine transmission displayed akinesia before the emergence of 

exaggerated beta band activity, possible indicating that exaggerated beta band activity is 

a delayed sequela not related to the manifestation of the motor symptoms of PD (Degos 

et al., 2009). A progressive MPTP model of PD in non-human primates also showed 

delayed emergence of pathologically synchronized activity in the basal ganglia relative 

to clinical signs of PD (Leblois et al., 2007). These results should be interpreted carefully, 

however, because of the artificial nature of the dopamine loss and the poorly 
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characterized effects of step-wise degradation of the dopaminergic system. Another 

possibility is that beta band oscillations are a marker of disease state or symptom 

severity, but not causally related to symptoms. If this were the case, suppression of beta 

band oscillations could still indicate effective patterns of stimulation. Nonetheless, there 

are efforts to improve DBS therapy by targeting synchronous oscillations. For example, 

phase-delayed multi-site stimulation has been delivered in STN to disrupt beta band 

activity in PD (Adamchic et al., 2014), and beta band oscillations in local field potentials 

have been used as an effective control signal for experimental closed loop DBS systems 

(Little et al., 2013, Little et al., 2014). Both of these stimulation paradigms demonstrated 

effective motor symptoms control and suppression of beta band oscillation. Also, DBS 

has been used to promote gamma band oscillations—which are inversely related to beta 

band oscillations—by delivering high amplitude DBS pulses at patient-specific gamma 

oscillation frequencies (Tsang et al., 2012b). This gamma band DBS suppressed motor 

symptoms in humans with PD to a similar extent as regular high frequency stimulation 

(Tsang et al., 2012b). These efforts to advance DBS therapy are discussed in greater detail 

below. Our data presented in Chapter 2 (and Chapter 3) used non-regular temporal 

patterns of DBS to provide further correlative evidence for a link between beta band 

oscillations and akinetic motor symptoms in PD. 
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5.1.1.2 Importance of temporal pattern in other neurostimulation applications 

Our results are consistent with other data demonstrating the importance of the 

temporal pattern of stimulation. For example, different temporal patterns of stimulation 

in the brain stem caused different taste sensations in rats (Di Lorenzo et al., 2009). The 

electrical stimulation patterns were based on spike trains recorded in rats in response to 

a bitter taste stimulus. The patterned electrical stimulation mimicked the effects of the 

bitter taste sensation, but when the sequence of the stimulation pattern was randomized, 

the rats no longer responded to a bitter taste sensation. These data concur with previous 

findings in anesthetized rats that showed that taste qualities are encoded in the firing 

pattern of individual neurons (Di Lorenzo and Victor, 2003). Therefore, there is strong 

evidence that temporal pattern plays an important role in coding taste quality, and that 

the precise temporal pattern of electrical stimulation determines the perceptual effect.  

Temporal patterning may also have applications in brain-machine interfaces that 

provide sensory feedback to amputees. Changes in thalamic stimulation pattern 

produced different sensory percepts in humans, and some of the stimulation patterns 

felt more “natural” than others (Heming et al., 2010). Importantly, the somatotopic 

representation of the stimulation did not vary across patterns, indicating that the 

perceptual differences reflected changes in the actual quality of the percepts, rather than 

the spatial coverage. Again, these data illustrate the importance of temporal pattern for 
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neural coding in the sensory system and have implications for implementation of brain-

machine interfaces with sensory feedback. 

5.1.1.3 DBS temporal patterning 

Non-regular temporal patterns of DBS have produced both improved and 

reduced efficacy relative to regular stimulation. Non-regular temporal patterns of 

hippocampal and thalamic DBS produced greater arousal system activation than regular 

stimulation at 50 Hz in mice (Quinkert et al., 2010). These temporal patterns were 

created using the logistic equation, and two segments from the chaotic output were 

selected that had mean pulse rates of 50 Hz. There were differences between the two 

non-regular patterns tested, indicating that irregularity, per se, was not sufficient for the 

increased arousal. The patterns of stimulation also differentially modulated EEG power 

across frequency bands. Therefore, non-regular temporal patterns of DBS may 

differentially modulate brain rhythms important for arousal in the same way that they 

modulated the beta rhythm in PD in the present work. It is difficult to draw further 

conclusions from this study because DBS is an experimental and rarely used therapy for 

minimally conscious patients; and while it has showed promise for improving arousal in 

mice, there is a paucity of studies available for comparison and a lack of understanding 

of mechanisms of DBS in the arousal system. It also remains unclear whether the 

outcomes were dependent on the methods used to create the non-regular patterns—the 
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logistic equation—or if a large set of randomly generated patterns could improve 

arousal system activation. 

Patterned stimulation, similar to the Absence and Presence patterns in Chapter 2, 

effectively suppressed motor symptoms in a hemi-parkinsonian non-human primate 

(Baker et al., 2011). Several patterns and frequencies of GPi DBS were evaluated in the 

non-human primate, and regular high frequency (135 Hz) stimulation improved 

movement times relative to regular low frequency stimulation (50 Hz) and the DBS off 

condition. Surprisingly, a burst pattern with 20 bursts/s and a mean pulse rate of 80 Hz 

improved bradykinesia relative to regular 80 Hz stimulation and the DBS off condition, 

yielding results comparable to 135 Hz regular stimulation. This pattern was qualitatively 

similar to the Absence and Presence patterns in Chapter 2, both of which improved finger 

tapping, suggesting that bursting patterns at relatively high mean pulse rates may be an 

effective stimulation paradigm. Other non-regular patterns created using a Gaussian 

distribution of interpulse intervals yielded results similar or slightly worse than 

frequency matched regular stimulation. Again, these data concur with results from 

Dorvel et al., (2010) that suggested that random stimulation patterns created using 

Gaussian interpulse interval distributions tend to produce poorer motor symptom 

control.  

Non-regular patterns of stimulation often reduced efficacy of stimulation relative 

to regular stimulation in studies of DBS for essential tremor and PD (Birdno et al., 2008, 
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Birdno et al., 2012, Dorval et al., 2010). As described above, random temporal patterns of 

stimulation decreased efficacy of DBS for PD relative to high frequency regular 

stimulation (Dorval et al., 2010), and increasing the randomness of the stimulation 

pattern by increasing the coefficient of variation of the interpulse intervals resulted in 

poorer performance of an alternating finger tapping task. When these random patterns 

of stimulation were applied in the computational model described in Chapter 2, beta 

band activity matched performance in the finger tapping task across patterns. This 

indicated that random patterns of stimulation may not effectively suppress beta band 

oscillations in the parkinsonian basal ganglia and are therefore ineffective for 

suppressing motor symptoms in PD. 

Patterned stimulation was generally less effective than regular stimulation for 

suppressing tremor in patients with essential tremor (Birdno et al., 2008, Birdno et al., 

2012). Random stimulation patterns were constructed from Gaussian distributions of 

interpulse intervals with varying coefficient of variations (CV), and tremor suppression 

decreased as CV increased when results were averaged across all four human subjects 

(Birdno et al., 2008). Interestingly, one subject had slightly more effective tremor control 

relative to regular stimulation with slightly irregular stimulation (CV = 0.1), perhaps 

hinting that non-regular patterns of stimulation may have utility in patients with 

essentials tremor. In another study in subjects with essential tremor, non-regular 

patterns of DBS were evaluated to determine important pattern features for tremor 
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suppression (Birdno et al., 2012). Results showed that long pauses in the stimulus train 

caused the decreased efficacy of temporally non-regular DBS. Further, a computational 

model suggested that, in essential tremor, thalamic DBS acts to mask pathological input 

coming from the cerebellum. Therefore long pauses in the stimulation train allow 

pathological activity to propagate through the thalamus, while regular high frequency 

stimulation does not. Stimulation is not situated properly to disrupt pathological 

oscillation generation, only to mask them and prevent them from influencing the 

thalamocortical circuit. This difference in proposed mechanisms may be the cause for 

the different effects of non-regular DBS in essential tremor and PD. 

Our results further support the importance of temporal pattern as a determinant 

of stimulation efficacy, and revealed patterns of stimulation that were more effective 

than regular high frequency stimulation in human subjects with PD. In contrast with 

previous studies, we also demonstrated a possible mechanism of action for the 

improved suppression of bradykinetic symptoms by the non-regular patterns of 

stimulation. 

5.1.2 Optimal pattern of brain stimulation designed using 
computational evolution 

In Chapter 3, we designed a non-regular temporal pattern of stimulation 

optimized to reduce error index in a computational model of the parkinsonian basal 

ganglia using computational evolution. The optimized pattern was evaluated in hemi-

parkinsonian rats and human subjects with PD, and it suppressed motor symptoms 
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more effectively than frequency-matched regular stimulation and to a similar extent as 

regular high frequency stimulation. The mechanism of action across stimulation patterns 

was investigated by recording the effect of stimulation on abnormal, exaggerated 

oscillations in both rat and human. The optimized temporal pattern of stimulation and 

high frequency regular stimulation suppressed low frequency oscillations, but 45 Hz 

regular stimulation did not. Therefore, suppression of pathological oscillations is a likely 

mechanism of action for patterns of DBS that reduce bradykinesia in patients with PD. 

5.1.2.1 Efforts to advance DBS therapy  

There have been several efforts to advance DBS therapy through the use of new 

temporal patterns of stimulation. Investigators previously chose temporal patterns of 

stimulation arbitrarily or incorporated pattern features of interest, and they did not 

strongly consider possible mechanisms of the patterns (Baker et al., 2011, Birdno et al., 

2008, Birdno et al., 2012, Brocker et al., 2013, Dorval et al., 2010, Quinkert et al., 2010). For 

example, several groups evaluated randomly generated patterns of stimulation hoping 

that differences between regular and non-regular DBS would be revealed (Baker et al., 

2011, Birdno et al., 2008, Dorval et al., 2010, Quinkert et al., 2010).  These studies were 

sufficient to demonstrate that temporal pattern is an important parameter of stimulation 

and even yielded some promising results for future investigation (Quinkert et al., 2010). 

The next step in evaluating non-regular DBS was to better understand what features of 

stimulation pattern determined efficacy (Brocker et al., 2013, Birdno et al., 2012). This 
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was an important step toward ultimately understanding the mechanisms of DBS. In 

essential tremor, long pauses in the stimulation train were detrimental to DBS efficacy, 

and ability to mask pathological input was paramount (Birdno et al., 2012). In PD, 

pattern efficacy was independent of specific pattern features, but instead was correlated 

with the pattern’s ability to suppress beta band oscillations in a computational model of 

the basal ganglia. Armed with a proposed mechanism of DBS in PD, purposeful design 

of effective stimulation patterns was within our reach.  

Model-based pattern design was attempted once before (Feng et al., 2007), but 

the resulting patterns were never evaluated experimentally, and several advancements 

were made in the model to better replicate experimentally observed neuronal dynamics 

(So et al., 2012). Computational modeling was also instrumental in developing the multi-

site coordinated reset stimulation paradigm described below (Tass, 2003). Model-based 

pattern design became attractive after our demonstration of differential efficacy that 

correlated with a model-based outcome measure (Brocker et al., 2013, Dorval et al., 

2010), and we successfully implemented model-based design of an optimized temporal 

pattern of DBS for PD. The optimized pattern not only effectively suppressed motor 

symptoms in hemi-parkinsonian rats and human subjects with PD, but it also disrupted 

pathological low frequency oscillations in both species. 

Two related technologies also used non-regular temporal patterns of stimulation 

to improve DBS therapy. First, multi-site stimulation with asynchronous, episodic high 
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frequency stimulation was developed in order to disrupt abnormal oscillatory activity 

(Tass, 2003). The multi-site stimulation effectively divided the population of neurons 

into distinct sub-populations that are “reset” by stimulation sequentially, and therefore 

desynchronized from each other (Tass, 2003). It also may down-regulate pathological 

synaptic connectively and provide long-lasting aftereffects on motor function (Adamchic 

et al., 2014, Tass et al., 2012). This technology has recently been evaluated in 

parkinsonian primates and human subjects with PD and yielded promising results 

(Adamchic et al., 2014, Tass et al., 2012). In six human subjects with PD, the novel 

stimulation paradigm—termed coordinated reset—was delivered two times a day for up 

to two hours per session on three consecutive days, and multi-site stimulation was 

delivered using the three ventral DBS lead contacts. 130 Hz pulse trains were cycled at 3-

20 Hz at each stimulating contact with 3-5 pulses per train. Therefore, the temporal 

pattern delivered at a given stimulating contact shared qualities with the Absence and 

Presence patterns reported in Chapter 2 and the burst stimulation pattern reported by 

Baker et al., (2011). Coordinated reset DBS reduced UPDRS motor scores and beta band 

power in the STN after stimulation, and clinical outcome was correlated with 

suppression of beta band activity. The performance of coordinated reset stimulation 

relative to traditional high frequency stimulation was not evaluated. However, in non-

human primates, coordinated reset stimulation and traditional high frequency STN DBS 

were both evaluated, and the beneficial aftereffects of stimulation lasted longer for 
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coordinated reset stimulation (Tass et al., 2012). These data further support the 

importance of beta band oscillations in PD. It is unclear how much electrical energy the 

multi-site coordinated reset stimulation paradigm would deliver, but it would likely be 

greater than the energy required for the optimized pattern presented in Chapter 3. 

Another challenge is the reliability with which neurosurgeons can position multiple 

contacts within the STN. Given the small target brain structure, variances, and difficulty 

involved, it would be surprising if neurosurgeons could reliably position multiple 

contacts in the immediate vicinity of the STN for multi-site stimulation, and the 

stimulation paradigm may require new segmented DBS leads (Buhlmann et al., 2011). 

 Second, closed loop DBS systems ultimately deliver non-regular patterns of 

stimulation because stimulation is triggered by a control signal. Two different closed 

loop DBS systems have been designed and evaluated. First, a system was developed that 

used single unit recording in the motor cortex to trigger pallidal DBS trains in non-

human primates (Rosin et al., 2011). GPi single units were not an effective control signal, 

and DBS trains, not single DBS pulses, were required for the beneficial effects. The 

closed loop DBS system increased movements and reduced oscillatory activity in the 4-7 

Hz and 9-15 Hz bands. Further, the effects of DBS on motor symptoms were dissociated 

from pallidal firing rates, and, instead, congruent with DBS effects on oscillatory 

activity. It remains unclear why action potentials in a single neuron in the motor cortex 

were an effective trigger for short stimulation trains, but the cortex’s position as an input 
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to the basal ganglia makes it an intriguing control signal. A potential drawback for 

implementation of this closed loop DBS system is the fact that long-term single unit 

recordings are extremely difficult to maintain. Further, this paradigm would increase 

surgical risk by introducing another electrode to record the single units. 

Another closed loop DBS system has been designed that triggers stimulation 

based on field potential recordings in the STN (Little et al., 2013, Little et al., 2014). This 

closed loop DBS system has greater potential for long-term implementation relative to 

the system based on cortical single unit recordings, because field potentials are more 

reliably recorded than single units. When band-pass filtered beta band field potentials 

increased in amplitude above a user-defined threshold, 130 Hz stimulation was 

delivered until beta amplitude decreased below the threshold. The mean change in beta 

amplitude that triggered stimulation was only ~4% of the beta amplitude baseline, and 

this is concerning because it indicated that field potentials must be very stable over time 

for this system to work reliably. In eight patients with idiopathic PD, closed loop DBS 

yielded greater motor symptom improvement than convention stimulation, no 

stimulation, and random intermittent stimulation, while also requiring less energy than 

conventional stimulation (Little et al., 2013). However, the energy savings gained by 

using demand-controlled stimulation would be mitigated by the energy required to 

continuously monitor the field potentials. This closed loop DBS system is an exciting 

advancement in the field, and it engages with the results in Chapter 3 in several ways. 
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First, it reinforces the idea that effective stimulation patterns suppress beta band activity, 

whether using non-regular temporal patterns of DBS or demand-controlled DBS. 

Second, it highlights the opportunity to save battery life using new stimulation 

paradigms. Finally, it emphasizes that temporal pattern of stimulation is an important 

parameter of DBS for PD. 

The coordinated reset and closed loop DBS technologies both used rudimentary 

temporal patterning, because traditional high frequency stimulation was delivered 

intermittently. The optimized pattern of stimulation presented in Chapter 3 is an 

interesting, and possibly superior, alterative to these technologies because it does not 

require multi-site stimulation or recording a control signal for closed loop DBS. 

5.1.2.2 Evolutionary algorithms in other neurostimulation applications 

Evolutionary optimization algorithms have aided stimulation parameter 

selection in other neural prostheses. Optimal frequencies and amplitudes of carotid 

sinus nerve stimulation were revealed by application of the evolution strategy in human 

subjects with angina (Peters et al., 1989). Mutations and selection processes inspired by 

biological evolution were used to vary stimulation parameters, and blood pressure and 

heart rate were evaluated experimentally to access stimulation parameter quality. This 

strategy led to stimulation parameters individually optimized to produce beneficial 

clinical responses in subjects with angina. In another example, genetic algorithms 

showed promise for increasing cochlear implant performance (Başkent et al., 2007). In 
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this proof-of-concept study, a genetic algorithm optimized several parameters in an 

artificial listening environment and improved speech recognition for nine normal-

hearing subject. Our results in Chapter 3 also demonstrated the utility of computational 

evolution for stimulation parameter selection in DBS and further highlighted the 

opportunity for applications of evolutionary optimization algorithms to assist 

stimulation paradigm development across neural stimulation applications.  

5.1.3 DBS local evoked potentials 

In Chapter 4, we characterized DBS local evoked potentials (DLEPs) and found 

stereotyped signals across subjects that exhibited a distinct signature when electrodes 

were positioned within the STN. A three dimensional biophysical model of the STN-GPe 

subcircuit revealed the neural origin of the DLEP signal. Each DBS pulse caused short-

latency excitation in some STN neurons followed by inhibition caused by direct 

activation of pallidal terminals in STN. Excitatory cortical terminals were also directly 

excited by stimulation and were responsible for the late positive DLEP phases, while 

periodic pallidal firing in response to evoked activity in STN axons interrupted the 

excitatory input with latencies of 3-4 ms. DBS frequency- and time-dependent effects 

were observed that may be related to the efficacy of high frequency stimulation and the 

delayed time-course of clinical symptom relief for some of the akinetic and axial 

symptoms of PD (Blahak et al., 2009, Levin et al., 2009, Temperli et al., 2003, Waldau et 

al., 2011). Further, DLEP power was correlated with beta band power in the DBS-OFF 
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LFP recordings, and significant phase-amplitude coupling was only observed in a subset 

of the subjects with robust DLEPs. Together, these results suggested that contact location 

relative to the borders of the STN is a key determinant for the presence and 

characteristics of the DLEP signal, and intraoperative DLEP recordings could help guide 

optimal DBS lead placement in the future. Suboptimal DBS lead placement is the 

primary cause of poor clinical response to DBS, and this tool could significantly mitigate 

this risk. The DLEP signal also provides a unique opportunity to probe the 

characteristics of the basal ganglia in different disease states. For example, the DLEP 

response after levodopa administration could yield information regarding the actions of 

dopamine in the parkinsonian basal ganglia and the resulting changes in circuit 

dynamics. The frequency of the DLEP oscillations following a DBS pulse was of 

particular interest because it matched high frequency oscillations observed in the STN of 

subjects with PD (Foffani et al., 2003). These high frequency oscillations were associated 

with the ON levodopa condition and were modulated by movements and therefore 

were proposed to be pro-kinetic (Foffani et al., 2003). However, oscillations in this 

frequency range are also phase-coupled to the beta rhythm, and this phase amplitude 

coupling is a proposed pathological biomarker for PD (de Hemptinne et al., 2013, López-

Azcárate et al., 2010, Yang et al., 2014). Given the shared frequency range of these three 

signals, it is possible that they share a common generation mechanism. 
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5.2 Future Directions 

Future directions for Chapter 2 and Chapter 3 include the design of non-regular 

patterns of DBS for all symptoms of PD and across other disorders treated by DBS that 

are characterized by pathological synchronous oscillations. 

5.2.1 Symptom-specific DBS patterns in PD 

In the present work, we tested an optimized pattern that effectively suppressed 

akinetic/bradykinetic symptoms and beta frequency oscillations in subjects with PD, but 

efficacy for PD tremor–while greater than 45 Hz regular DBS–was not as great as regular 

high frequency stimulation. This presents an opportunity to design symptom-specific 

temporal patterns of DBS. Parkinsonian tremor is common in patients with PD, but 

design of non-regular patterns of stimulation specifically for the treatment of tremor is 

currently limited by the lack of a suitable model of STN-DBS in the basal ganglia that 

demonstrates prominent tremor related activity. The problem is compounded when one 

considers that tremor band oscillations are inconsistently observed in field potentials, 

and are instead more easily observed in "tremor cells" (Levy et al., 2000, Magnin et al., 

2000). Further, the mechanisms of tremor generation in patients with Parkinson's disease 

seems to be a product of complex interactions between basal ganglia and cerebellar 

subcircuits (Helmich et al., 2012), which suggests that a computational model capturing 

the relevant tremorogenic brain activity may need to include a wide range of brain 

structures including the basal ganglia, cerebellum, and cortex. 
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The original version of the computational model used in Chapters 2 and 3, 

developed by Rubin and Terman (2004), exhibited oscillations at tremor frequencies (~4-

5 Hz), but this model was modified to better match electrophysiological data from 

neurons in the basal ganglia, and tremor frequency oscillations were lost (Brocker et al., 

2013; So et al., 2012). Tremor frequency oscillations in the model were generated within 

the basal ganglia, which is not consistent with the proposed dual mechanism of 

parkinsonian tremor generation also involving the cerebellum (Helmich et al., 2012). 

However, pallidal dopamine depletion is correlated with clinical tremor severity, 

indicating that basal ganglia circuits are important for parkinsonian tremor generation 

(Helmich et al., 2011). Therefore, the original basal ganglia model may still be useful for 

developing non-regular patterns of DBS to treat parkinsonian tremor, especially if 

disrupting the tremor band oscillations in the basal ganglia is more important than 

capturing all the tremorogenic mechanisms across brain structures. The model could be 

developed further to capture the important effects of pallidal dopamine depletion, and 

subsequent work could be directed toward pairing the tremorogenic basal ganglia 

model with cortical and cerebellar model components. Importantly, if cortical and 

cerebellar circuits are incorporated into the model, stimulation patterns could be 

optimized for thalamic DBS, since the thalamus would be an important point of 

convergence between the basal ganglia and cerebellum. 
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There are also other types of models that could be used to explore suppression of 

tremor-related oscillations in the parkinsonian brain. For example, mean-field models 

are a popular choice because they are parameterized by a relatively small set of 

parameters, which can be chosen by optimization algorithms such as the genetic 

algorithm presented in Chapter 3. Non-linear dynamics models are another option that 

captures the pertinent physiological behaviors with a set of non-linear equations. 

Importantly, the root cause of the physiological behavior must be know or strongly 

suspected for these models to be useful, and root cause of parkinsonian tremor is not yet 

clear. There are several tools in non-linear dynamics that make analysis of these models 

highly effective (see Rubin and Terman, 2004), but given the number of nuclei and 

connections that are likely necessary for tremor generation, these types of analyses 

would probably become unmanageable. However, it is difficult to represent stimulation 

in both mean field models and non-linear dynamics models, as both require drastic 

simplifications or assumptions. Therefore, biophysical models are generally preferred 

when investigating neurostimulation therapies and will likely continue to be most 

effective for investigating temporal patterns of stimulation to treat other symptoms of 

PD. 

Tremor-specific temporal patterns of stimulation could also be pursued by 

abandoning the model-based pattern design, and, instead optimizing non-regular 

patterns of stimulation in real-time in human subjects. Similar approaches have been 
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used for carotid sinus nerve stimulators and cochlear implant research (Başkent et al., 

2007; Peters et al., 1989). Tremor symptoms respond to DBS within a few seconds after 

stimulation is turned on, and this short response time constant could allow a search 

heuristic to find an optimal pattern of stimulation in subjects with parkinsonian tremor 

using an accelerometer to provide real-time feedback regarding symptom suppression.  

5.2.2 Optimized temporal patterns of stimulation in other movement 
disorders 

The optimized pattern of stimulation in Chapter 3 evidently suppressed 

bradykinetic motor symptoms by suppressing exaggerated beta band activity in the 

subthalamic nucleus. Other movement disorders treated by DBS–such as essential 

tremor and dystonia–are also characterized by exaggerated, synchronous oscillations, 

and in Appendix C, we explore oscillations in these disorders in the context of 

highlighting the opportunity for developing optimized temporal patterns of stimulation 

to disrupt the oscillations. 

In order to implement model-based design of temporal patterns in other 

neurological disorders, suitable computational models need to be developed that 

capture the pathological oscillations. Unfortunately, suitable models are currently 

lacking for essential tremor and dystonia. For essential tremor, the Birdno et al., (2012) 

model of thalamic DBS included oscillatory input from the cerebellum, but these 

oscillations were artificially input into the cerebellar axons instead of intrinsically 

generated. This distinction would make it difficult to optimize temporal patterns to 
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suppress the oscillations, because stimulation cannot influence the artificial oscillation 

generator. GABAergic dysfunction in the deep cerebellar nuclei is under investigation as 

a potential generator of tremulous activity in the cerebellothalamocortical circuit 

(Helmich et al., 2013), and biophysical models of cerebellar nucleus neurons, such as the 

one developed by Luthman et al., (2011), could be used to investigate the effects of 

GABAergic dysfunction and ultimately coupled with models of the thalamocortical 

circuits in order to investigate and optimize temporal pattern of DBS for essential 

tremor.  

Incomplete understanding of the pathophysiology similarly frustrates 

computational modeling efforts in dystonia, and there are few models, if any, that 

would be conducive for pattern optimization in dystonia (for example, see Guo et al., 

2013). A potential alternative is to modify the computational model from the present 

work so that it displays oscillation in the theta and alpha bands consistent with 

recordings from patients with dystonia; and then optimize temporal patterns of GPi DBS 

to suppress these oscillations. 

5.2.3 STN evoked potentials 

There are also several promising research avenues resulting from the work 

presented in Chapter 4. First, STN evoked potentials could be developed into an 

important intraoperative tool for STN localization during DBS lead implant. 

Neurosurgeons currently target the desired brain structure with imaging and single-unit 
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recordings before passing the DBS lead into the brain and verifying placement by 

accessing therapeutic benefit. Evoked potentials recorded from the DBS lead contacts 

could provide real-time electrophysiological data regarding locations of the stimulating 

and recording contacts and improve DBS lead placement accuracy. This tool has 

potential to improve DBS lead localization across different target brain structures and 

may have applications in other neurosurgical interventions that would benefit from 

electrophysiological confirmation of electrode or probe location. Further research should 

be directed toward investigating DLEPs as a localization tool in other target brain 

structures and developing the technology into a form that is easily used by the 

neurosurgeon. 

Second, the evoked potentials could be used to further probe the mechanisms of 

DBS. As discussed in Chapter 4, there are several competing hypotheses regarding the 

mechanisms of DBS for PD, and DLEPs provided insights and support for select 

hypotheses. For example, STN DLEPs revealed that efferent and afferent axons are 

excited by DBS, which concurs with previous modeling results (McIntyre et al., 2004a). 

Further, time-dependent changes in DLEPs were consistent with synaptic depletion in 

the STN (Anderson et al., 2006). However, we were unable to link DLEPs and symptoms 

of PD and had to rely on classical differences in symptom suppression across DBS 

frequencies reported in previous literature (Rizzone et al., 2001). Future research should 

examine the link between the DLEP signal and clinical symptoms of PD, focusing on the 
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relationship between time-dependent DLEP modulation and time-dependent symptom 

suppression. If the time courses of these changes match, this would suggest a 

mechanistic link between synaptic depletion in the STN and symptom suppression. 

Temporal patterns with low average frequencies, but designed to produce synaptic 

depletion, could also be tested to determine the relative importance of synaptic 

depletion and average DBS frequency.  

Third, DLEPs could be used to increase our understanding of brain circuits 

across a variety of conditions and disease states. DLEPs should be recorded from 

relevant brain structures in subjects with DBS for PD, essential tremor, dystonia, and 

other neurological disorders that are currently being investigated for treatment with 

DBS. DLEPs from these different brain structures and disease states should reveal 

important information regarding local circuits around the stimulating and recording 

contacts. Afferent synaptic input, in particular, is prominent in the DLEP signal, and 

changes in synaptic input during stimulation could increase our understanding of the 

effects of DBS on local brain circuits. DLEPs should also be recorded before and after 

administering drugs to treat the neurological disorder, as this could reveal important 

effects of the drug and possibly indicate whether DBS and drug therapy share 

mechanisms of action. 

Fourth, DLEPs could serve as a feedback signal for closed loop DBS systems. 

There are several biosignals under investigation as feedback signals for closed loop DBS 
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in PD (Little et al., 2012), but DLEPs may have significant advantages compared to these 

other signals, especially if the link between DLEPs and clinical symptoms can be more 

fully characterized. For example, single-unit recordings in the cortex and beta band 

oscillations in the STN are two proposed control signals for closed loop DBS (Little et al., 

2013; Rosin et al., 2011), and both suffer from poor signal stability, variable signal 

presence across patients, and unclear relations to PD symptoms. DLEPs, in contrast, are 

robust signals that are consistently present and modulated differently between effective 

and ineffective stimulation. 

Finally, there is an opportunity to couple evoked potential and single unit 

recordings to further elucidate the mechanisms by which the evoked potentials are 

generated. Current implant technology allows single unit recordings approximately 2 

mm from the implanted DBS lead (Carlson et al., 2010), and future work should confirm 

that single unit recordings in the STN are consistent with the origins of the DLEP signal 

as revealed by the computational model.  
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Appendix A: Supplementary material for Chapter 2 

Motor performance measures were calculated from the index finger taps during 

the late data collection epoch because of finger-specific differences in the data. During 

the experimental protocol some subjects experienced difficulty consistently performing 

the finger tapping task with their middle finger. Intraoperative experimental notes 

recorded that the middle finger was more likely to miss the computer mouse button or 

inadvertently hold the button down for extended periods of time. There were several 

trials in different subjects where no middle finger clicks were registered. In fact, if 

middle finger log CV Duration was used as the measure of motor performance, one of 

the subjects would have fallen out of the repeated measures ANOVA for lack of middle 

finger clicks during the data collection epochs. The middle finger is generally less 

dexterous, and subjects were likely more familiar and comfortable using the index finger 

with the computer mouse. We evaluated whether these perceived finger-specific tap 

differences affected the statistical measures of motor performance using an ANOVA 

with log CV Duration across stimulus conditions as the dependent variable. There was a 

significant subject by finger interaction term (p < 0.001), indicating that the mean log CV 

Duration differences between fingers were significant if subjects are analyzed 

individually (Figure A.1A). Click durations were often different between the index and 

middle fingers. Representative click duration data from subject 10 shows that the index 
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and middle finger click duration distributions are different (Figure A.1B). The middle 

finger click durations are longer, and their distribution is skewed right, presumable 

because of difficulty performing the task with the middle finger. This is concerning 

because calculating the coefficient of variation (CV) of the click durations involves 

assuming the click duration data are normally distributed. Based on visual inspection of 

the click duration distributions (as shown in Figure A.1B), the index finger click 

duration data were more appropriate for the log CV Duration calculations. Lastly, we 

confirmed that there was still a strong correlation between index finger log CV Duration 

and UPDRS motor scores (Figure A.1C) by reevaluating the data used to validate this 

measure (Taylor Tavares et al., 2005). 
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Figure A.1: Index finger tapping data.  

(A) Mean ± s.e.m. log CV Duration across patterns by subject and finger. When 

subject data is evaluated individually, there exist significant differences in mean log 

CV Duration between fingers (ANOVA, subject by finger interaction, p < 0.001). (B) 

Histogram of click durations from subject 10 broken down by finger. (C) Correlation 

between index finger log CV Duration and modified UPDRS motor scores data (r = 

0.58, p = 0.0004) from Taylor Tavares et al., (2005). 
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Appendix B: Supplementary material for Chapter 3 

 

 

Figure B.1: Rastergrams from the computational model of the basal ganglia. 

The rastergrams reveal that the optimized pattern of stimulation and 130 Hz DBS 

regularize GPi firing, but 45 Hz DBS and DBS-OFF do not regularize GPi firing. 
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Figure B.2: Effect of stimulation pattern on total distance traveled during the 

methamphetamine-induced circling task.  

The total distance traveled was not significantly different between stimulation 

conditions. 
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Figure B.3: Effects stimulation patterns on finger tapping rates in persons with 

PD and STN DBS.  

All stimulation conditions significantly increased the number of clicks compared to 

baseline (DBS off), but significant differences among DBS patterns were not 

observed. 
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Figure B.4: Estimated battery longevity by subject with GA DBS compared to 

their clinical parameters.  

Battery longevity estimates were calculated using the Medtronic System Eligibility, 

Battery Longevity Reference Manual. We made several assumptions to enable 

estimation of battery life: that all patients had the Activa PC neurostimulator; that 

clinical stimulation parameters on the side contralateral to the experimental side were 

the same as those on the experimental side; that impedance values were 1000 Ω; and 

that stimulation was on continuously without cycling. Energy use values were 

extracted from the Medtronic Reference Manual, interpolating when necessary, and 

corresponding battery life estimates were found using the Longevity Estimate versus 

Adjusted Energy Use Figure for the Activa PC neurostimulator. Estimated battery 

longevities were approximately four years greater with the GA DBS compared to the 

subject’s high frequency clinical stimulation parameters. 
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Figure B.5: Finger Tapping Log CV Duration for all three finger tapping trials 

in each 5 minute epoch. 

We decided a priori to include in the analysis only the second and third finger 

tapping trials in each 5 minute epoch. However, the results would have been very 

similar had all three finger tapping trials been included in the analysis. GA and 185 

Hz DBS would still have reduced finger tap duration variability the most, with GA 

slightly outperforming 185 Hz. 
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Figure B.6: Example from a subject that did not exhibit a beta peak in the 

spectrum of field potentials recorded in STN.  

The data processing methods introduced small artifacts in the spectrum. 
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Figure B.7: Histograms of tap duration for each subject in the finger tapping 

task.  

Raw data were debounced by discarding extremely short artifacts of tapping 

apparatus with durations less than 0.01 s (vertical dashed line). 
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Appendix C: Other movement disorders characterized 
by synchronous brain oscillations 

Non-regular temporal patterns of stimulation provide an avenue to increase the 

efficacy and/or efficacy of DBS, likely by providing increased or more efficient 

suppression of pathological oscillations. In this appendix, we will explore synchronous 

oscillations in essential tremor and dystonia--two movement disorders treated with DBS 

that may benefit from non-regular temporal patterns of stimulation. 

C.1 Introduction 

Essential tremor (ET) and dystonia are two movement disorders, in addition to 

PD, characterized by exaggerated neural oscillations in motor circuitry in the brain. We 

explore this oscillatory activity and whether it could be mechanistically linked to 

symptoms or serve as a marker of the disorder. Although there are relatively few studies 

of the direct effects of DBS on oscillations in these disorders compared to PD, we discuss 

existing data and highlight opportunities and challenges for further studies.  

C.2  Essential Tremor 

Essential tremor is the most common adult-onset movement disorder and is 

considered among the most common neurological disorders (Louis and Ferreira, 2010). 

It is characterized by postural and action tremor at 4-7 Hz. The clinical diagnostic criteria 

for ET proposed by the Movement Disorder Society require postural tremor, with or 

without kinetic tremor, involving the hands and forearms and possibly including the 
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head (Deuschl et al., 1998). Other diagnostic criteria exist, but across criteria the main 

clinical feature of ET is postural tremor of the hands, and the diagnosis is excluded when 

clear pharmacological or neurological damage explanatory factors are present (Benito-

León and Louis, 2006). ET is more commonly observed in advanced age, and prevalence 

in persons greater than 65 years of age is near 5% (Louis and Ferreira, 2010). Tremor can 

be treated with drugs such as propranolol and primidone (Benito-León and Louis, 2006), 

but even these standard pharmacological therapies are often contraindicated, associated 

with troublesome side effects, and unsuccessful in 30-50% of patients (Benito-León and 

Louis, 2006, Koller and Vetere-Overfield, 1989, Lyons and Pahwa, 2004, Zesiewicz et al., 

2005). Thalamotomy and thalamic DBS are both well-established surgical alternatives, 

and DBS has replaced the thalamotomy as the surgical treatment of choice (Schuurman 

et al., 2008). The unknown etiology and pathology of ET make it difficult to define, 

investigate, and treat. There are pathological changes associated with ET at both the 

molecular and cellular level. Molecular changes include GABA dysfunction, particularly 

in the cerebellum (CB) (Boecker et al., 2010, Gironell et al., 2012, Paris-Robidas et al., 

2012). Cellular changes include reduced numbers of Purkinje cells, axonal torpedoes in 

the cerebellothalamic tracts, and lewy bodies in the locus coeruleus (Louis et al., 2007, 

Louis et al., 2009, Louis et al., 2005, Louis et al., 2006a, Louis et al., 2006b). The links 

between these proposed pathological changes, tremor-related neural oscillations, and 

tremor genesis are currently unknown.  
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C.2.1  Neural activity in ET 

ET is characterized by tremor-related oscillations in the cerebello-thalamic-

cortical network. These oscillations can be observed across many different recording 

modalities and element scales and generally occur at the tremor frequency or the 

double-tremor frequency. There is considerable evidence that ET originates from the 

central nervous system (reviewed by (Elble, 1996)), and it is hypothesized that ET is 

caused by these network oscillations (Schnitzler et al., 2009). 

C.2.1.1 Single-unit recordings 

Oscillatory spike trains have been recorded from the thalamus in patients with 

ET. Recordings from ventral intermediate (Vim) nucleus of the thalamus obtained 

during mapping for thalamic lesioning in patients with ET revealed that about one-third 

to one-half of recorded neurons showed tremor-related activity (Hua et al., 1998, Hua 

and Lenz, 2005) . Oscillatory activity in thalamic neurons can occur in the form of bursts 

or continuous modulations without bursts at the tremor frequency (Hua and Lenz, 

2005). The frequency of spike train oscillations matched the frequency of tremor, as 

measured by wrist flexor and extensor EMG, and the tremor-related spike trains 

generally phase-led tremor EMG signals (Hua et al., 1998, Hua and Lenz, 2005). 

However, all oscillatory tremor-related activity was abolished at rest (Hua and Lenz, 

2005). These data suggest that oscillatory spike patterns in the thalamus play an 

important role in the mechanisms of essential tremor. 
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While the pattern of neuronal firing in ET has received much attention due to the 

oscillatory nature of tremor, changes in firing rates in the cerebellar-receiving thalamus 

also exist. Mean spontaneous firing rates of kinesthetic neurons, presumably in Vim 

thalamus, were significantly higher in ET patients compared to patients with PD and 

pain at rest (25.8 Hz compared to 14.3 Hz and 16.1 Hz, respectively) (Molnar et al., 2005). 

This contrasts with recordings in patients with intention tremor (associated with CB 

damage), where Vim neurons had lower spontaneous firing rates (Lenz et al., 2002). 

Thalamic afferents from CB are excitatory, and it is proposed that ET is associated with 

increased cerebellar outflow to thalamus (Boecker et al., 2010). Oscillations at the tremor 

frequency have been observed in the globus pallidus and thalamus of PD patients with 

tremor (Hutchison et al., 1997, Lenz et al., 1994). ET, PD, and intention tremor are all 

associated with tremor, but consistent trends in thalamic firing rates are not observed. 

Instead, single-unit oscillations coherent with tremor are a common characteristic across 

disorders suggesting that these oscillations are related to tremor. It is currently unclear 

whether these oscillations cause tremor or are a consequence of tremor. A causal link in 

ET is suggested by the phase relationship between single-unit recordings and tremor 

EMG: tremor-frequency neuronal oscillations usually phase-lead tremulous EMG. Also 

suggestive of a causal link is the fact that the presence of tremor cells predicts an 

effective site to lesion or implant a DBS electrode (Anderson et al., 2006). 
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The absence of a good animal model of ET has limited investigations of single-

unit activity in brain areas other than the ventral thalamus. Ventral thalamus is 

accessible for microelectrode recordings during mapping for thalamotomy of DBS. 

Single-unit recordings from cortex, CB, and related brain-stem nuclei would be 

extremely valuable to identify the mechanisms of tremor-related oscillations in ET.  

C.2.1.2 LFP recordings 

LFPs are thought to reflect aggregate synchronized activity across local 

populations of neurons (Creutzfeldt et al., 1966, Frost, 1968). LFPs capture supra- and 

sub-threshold activity, but are thought to most strongly represent summation of 

dendritic currents (i.e., the input to the local network, near the electrode) (Logothetis, 

2002, Mitzdorf, 1987). LFPs are a useful measure to investigate synchronized activity and 

oscillations in local neuronal populations (Brown and Williams, 2005). 

Three studies have recorded LFPs from the thalamus of subjects with ET 

undergoing anatomical mapping for thalamotomy or DBS lead placement. In the first 

study, LFPs recorded from DBS macroelectrodes in one ET patient during tremor and 

EMG recorded from the wrist were significantly coherent at the tremor frequency 

(Marsden et al., 2000). Two additional subjects with ET were included in the study, but 

coherence between thalamic LFPs and wrist EMG could not be demonstrated because 

the microlesion effect of implanting the electrode abolished the tremor. As well, there 

was significant coherence between the LFPs and bipolar EEG recorded over 
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sensorimotor cortex, both at rest and during tremor (Marsden et al., 2000). In the second 

study, dual microelectrode LFP recordings from different thalamic nuclei were acquired 

from six subjects with ET at rest in the absence of tremor. Autospectra from LFP 

recordings in Vim and ventralis oralis posterior (Vop) did not show tremor-related 

oscillations, but the LFPs were significantly coherent at theta frequencies (Kane et al., 

2009b). This contrasts with the relative lack of coherence in the theta band in patients 

with pain and MS (Kane et al., 2009b). In addition, the LFP recordings and accelerometer 

data were coherent over frequencies associated with essential tremor. Inter-frequency 

coherence analysis (Llinás et al., 1999) revealed that theta oscillations were correlated 

with oscillations in the beta and gamma range (Kane et al., 2009b). More recently, 

Pedrosa et al. recorded LFPs from ventral lateral posterior nucleus of the thalamus (VLp; 

partially corresponds to Vim) and EMG from extensor and flexor muscles of 

contralateral forearm in nine subjects during postural tremor. They observed tremor-

related power in the LFP and EMG power spectra and tremor-related coherence 

between the LFP and EMG signals. LFP-EMG coherence occurred in three patterns: at 

the tremor frequency only, at double-tremor frequency only, and at both the tremor and 

double-tremor frequencies. EMG-LFP coherence was not distributed uniformly within 

the VLp, but occurred in distinct clusters with locations partially determined by which 

muscle (forearm flexor vs. extensor) was being used (Pedrosa et al., 2012).  
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These three studies show that LFPs recorded from the ventral lateral thalamus 

exhibit peaks in their power spectra at tremor or double-tremor frequency, but only 

during tremor (Marsden et al., 2000, Pedrosa et al., 2012). Activity at frequencies 

corresponding to typical tremor frequencies could only be observed at rest via coherence 

analyses between nearby thalamic LFPs (Kane et al., 2009b) or thalamic LFPs and bipolar 

EEG over sensorimotor cortex (Marsden et al., 2000). Unfortunately, phase relationships 

between LFPs and EMG at tremor-related frequencies, which provide information about 

the relationship between neuronal oscillations and tremor, were not reported.  

Opportunities exist to investigate the extent to which LFPs cause tremor in ET. In 

PD, LFPs recorded in STN and Vim were found to be causally related to tremor 

production in patients with PD using two non-linear techniques for determining 

coupling directionality (Tass et al., 2010). Another study used a different method to 

determine causality called partial directed coherence and found that this causal 

relationship was only present in bradykinesia-dominant subjects with tremor, and in 

tremor-dominant PD subjects EMG signals were causal for recorded thalamic LFPs 

(Florin et al., 2012). This relationship is still subject to some debate in PD and future 

studies are warranted in ET. 

C.2.1.3  Cortical recordings 

Cortical activity has been recorded in ET using EEG, ECoG, and MEG modalities. 

Consistent across experiments and recording modalities is the observation that cortical 
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activity does not show peaks in the power spectrum at tremor frequencies at rest or 

during tremor (Air et al., 2012, Crowell et al., 2012, Halliday et al., 2000, Hellwig et al., 

2001, Hellwig et al., 2003, Raethjen et al., 2007, Schnitzler et al., 2009). In fact, power 

across theta, alpha, and beta bands is generally decreased during tremor compared to 

rest in the ECoG signal over primary motor cortex (Air et al., 2012). However, significant 

peaks in coherence between the EMG recordings and cortex recordings are present 

during postural tremor (Hellwig et al., 2001, Hellwig et al., 2003, Raethjen et al., 2007). 

This result was not consistent across or even within experiments (Air et al., 2012, 

Halliday et al., 2000, Hellwig et al., 2001). Differences in EMG recording methods were 

likely partially to blame for this inconsistency because tremor-related EMG activity 

needed to meet an apparent signal-to-noise threshold before coherence analysis revealed 

significant coherence with cortical areas (Hellwig et al., 2001, Raethjen et al., 2007). 

When significant coherence was observed, it occurred at the tremor frequency or 

double-tremor frequency and the cortex lead muscle activity with a delay consistent 

with corticomuscular conduction times (Raethjen et al., 2007, Schnitzler et al., 2009). 

Coherent activity at the tremor frequency was localized primarily to the contralateral 

primary sensorimotor cortex (Raethjen et al., 2007, Schnitzler et al., 2009). Schnitzler and 

colleagues took this analysis one step further and used MEG and a localization 

technique called dynamic imaging of coherent sources (Gross et al., 2001) to reveal a 

tremor-related oscillatory network that included the primary motor cortex, premotor 
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cortex, thalamus, brainstem, and CB (Schnitzler et al., 2009). Although these brain areas 

are often implicated in essential tremor pathology, this was the first report of oscillatory 

coupling at tremor frequency between these distinct brain areas. 

C.2.2  Effects of DBS in ET 

DBS of the Vim is an effective treatment for ET (Benabid et al., 1996). It has been 

shown to decrease tremor amplitude and improve quality of life in patients with ET 

(Hariz et al., 2008, Pahwa et al., 2006). Similar to DBS for PD, stimulation parameters are 

important for clinical efficacy in ET. Cathodic stimulation is more effective than anodic 

stimulation and only high-frequency (> 100 Hz) stimulation effectively suppresses 

tremor (Benabid et al., 1996). 

The mechanisms of action of DBS in ET are unclear, but the time course of DBS-

induced tremor reduction is an important clue. DBS ameliorates tremor in patients with 

ET almost immediately (on the order of a few seconds), suggesting that effective DBS for 

ET does not rely on long-term plastic changes in the neural circuitry. Benabid and 

colleagues originally proposed an inhibition or "jamming" of loops as a mechanism 

based on the frequency dependent effectiveness (Benabid et al., 1996). Since then, results 

from animal models have generally supported this idea. High-frequency (>100 Hz) 

thalamic stimulation in rat coronal slices resulted in one of two response types after an 

initial depolarization and rapid firing: either the neuron returned to the quiescent state 

or remained depolarized, with or without spike firing (Anderson et al., 2004). Using this 
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same paradigm, high-frequency thalamic stimulation effectively disrupted or abolished 

rhythmic activity introduced via intracellular current pulses to mimic tremor activity, 

but low-frequency thalamic stimulation did not (Kiss et al., 2002). These results suggest 

that DBS may mask or block the rhythmic firing of thalamic tremor cells, possibly via 

attenuation of afferent synaptic input (Anderson et al., 2006), to suppress tremor. 

Given the observations of tremor-related oscillations described above, it is 

reasonable to hypothesize that DBS may enact its therapeutic effects by disrupting the 

oscillatory network. The effects of DBS on oscillations in humans with ET have been 

explored in one study (Air et al., 2012). LFPs were recorded over primary sensorimotor 

cortex via electrocorticography strip electrodes in ten subjects with ET. DBS reduced 

power in the alpha frequency band over the primary motor cortex and reduced theta 

band power in the primary sensory cortex compared to the pre-lead insertion states. 

However, power in the theta, alpha and beta frequency bands over primary motor 

cortex was also reduced during postural tremor compared to rest (without tremor). 

Further, power in these same three frequency bands generally increased in primary 

motor cortex following thalamotomy. Therefore, DBS may suppress power in the theta 

and alpha bands over cortex, but together, these results do not support DBS-induced 

oscillation suppression in the cortex as a mechanism of DBS or that cortical LFP 

oscillations are even associated with tremor.  
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C.2.3  Future opportunities in ET 

Given that tremor-related oscillation are more apparent in LFPs recorded from 

thalamus than from cortex, we propose that the neuronal effects of DBS be explored 

using this recording modality. Although technically challenging, the feasibility of LFP 

recordings during DBS from the same DBS macroelectrode array has been demonstrated 

in subjects with PD (Whitmer et al., 2012a) and should be pursued in ET. The effects of 

DBS on tremor cells could also be investigated in human subjects using a microelectrode 

array to simultaneously deliver stimulation and record single-units in the Vim thalamus. 

This would increase our understanding of the effects of DBS on the single-unit 

oscillations. This type of experiment has been performed in rat brain slices, but in the 

absence of any ET-related pathology or tremor cells (Anderson et al., 2004, Anderson et 

al., 2006, Kiss et al., 2002). Thalamic microstimulation during brain mapping for DBS 

electrode placement is most effective at suppressing tremor when applied near recorded 

tremor cells (Anderson et al., 2006), but the direct effects of DBS on these neurons 

remains enigmatic. 

There is an opportunity for better animal models of essential tremor. No animal 

model exactly recreates all the features of essential tremor (Wilms et al., 1999). The best 

animal model of ET is currently the harmaline-induced tremor model, which induces 

postural and kinetic tremor in animals similar to ET in many aspects (Wilms et al., 1999). 

However, the tremor frequency is often higher in the harmaline animal model than in 
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humans with essential tremor, and it is unclear whether the methods of tremor genesis 

are the same. Better animal models of ET, preferably which do not rely on 

pharmacological intervention, would be useful for examining the effects of DBS on 

oscillations in ET. 

C.3 Dystonia 

Dystonia is characterized by abnormal and sustained muscle contractions 

producing twisting or repetitive movements and abnormal postures often resulting from 

simultaneous contraction of both agonist and antagonist muscles. Dystonia is the third 

most common movement disorder after ET and PD (Breakefield et al., 2008), and there 

are at least two etiological classifications: primary and secondary (Tarsy and Simon, 

2006). Primary or idiopathic dystonia occurs without other neurologic signs or brain 

abnormalities. Secondary dystonia occurs in association with a lesion, which can be 

caused by stroke, cerebral palsy, or other neurodegenerative diseases. These lesions 

often involve the putamen or GPe. Dystonia can also be classified based on 

topographical distribution. For example, focal dystonia only affects a single region, 

while generalized dystonia encompasses the trunk, leg(s), and at least one other region 

(Tarsy and Simon, 2006).  

The pathophysiology of dystonia is currently unclear. The BG seems to be a key 

player in the abnormal modulation of cortical motor pathways (Tisch et al., 2007) and 

the CB may also be involved (Argyelan et al., 2009). There is evidence for abnormalities 
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in neuronal inhibition, cerebral blood flow, sensorimotor integration, neuroplasticity, 

and BG neural activity (Tisch et al., 2007). Changes in neuronal activity are often 

observed during functional neurosurgery within the BG, and are highlighted below. 

Treatment of dystonia is a challenge because there is not a specific 

pharmacological treatment for most forms of the disease (Tarsy and Simon, 2006). 

Symptoms can be responsive to L-dopa therapy in dopa-responsive dystonia (Tarsy and 

Simon, 2006), and high dose anticholinergic therapy can be partially effective in some 

patients (Greene et al., 1988). Most other pharmacological therapies have not 

demonstrated consistent benefit. For this reason, several alternative therapies exist. 

Dystonic muscle contractions can be blocked via injection of botulinum toxin, and this is 

the treatment of choice in many subtypes of dystonia (Tarsy and Simon, 2006). As well, 

pallidal DBS reduces effectively symptoms in medically-refractory dystonia and has 

replaced thalamotomies and pallidotomies as the preferred functional neurosurgical 

approach. 

C.3.1  Neural activity in dystonia 

Abnormal oscillatory neural activity is observed in dystonia in many locations 

and across recording modalities. Oscillations usually occur at relatively low frequencies 

(<12 Hz) and can be associated with the dystonic involuntary muscle activity. However, 

given the variety of pathological changes and the diverse range of etiologies and disease 
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presentations, it is unlikely that abnormal neural oscillations, per se, are solely 

responsible for motor symptoms in dystonia. 

C.3.1.1 Single-unit recordings 

Oscillatory single-unit neuronal activity may play a role in the mechanisms of 

dystonia. During mapping for ablative surgery or DBS electrode implantation, single-

units have been recorded from a variety of subcortical structures in patients with 

dystonia. These areas include the pallidum (internal and external segments), STN, and 

ventral lateral thalamus (Vop/Vim). Recordings were often obtained simultaneously 

with EMG of affected dystonic muscles, and these EMG recordings showed abnormally 

high amounts of peak power in very low-frequency bands (Lenz et al., 1999, Tijssen et 

al., 2000). In the dystonia literature, these low-frequency bands (<0.8 Hz) are often 

termed “dystonia frequencies”. Thalamic neurons in the Vop, in particular, showed 

activity at dystonia frequencies that was coherent with and led dystonic EMG activity 

(Lenz et al., 1999).  About one-third of neurons in each of GPi, STN, and Vop/Vim 

displayed dystonia-related neuronal activity at the same frequency as EMG (0.12-0.84 

Hz) (Zhuang et al., 2004).  

Oscillatory single-unit activity has also been observed in the BG. In GPi and GPe 

there was increased oscillatory activity in the 2-10 Hz range in dystonia patients 

compared to normal non-human primates (Starr et al., 2005). This activity was more 

common in the GPi, and the mean frequency of oscillations was 5.8 Hz in GPi and 10.2 
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Hz in GPe for patients with primary dystonia (Starr et al., 2005). A relatively high 

percentage of neurons in the STN in dystonia show oscillatory activity (32%) (Schrock et 

al., 2009). This percentage was comparable to the proportion of oscillatory neurons in PD 

(40%), but the oscillations between these two diseases differ in the frequencies in which 

they occur (e.g., beta oscillations were seen in the STN in PD but not in dystonia) 

(Schrock et al., 2009). 

In addition to changes in neuronal oscillations, there are also changes in mean 

firing rates and firing pattern characteristics in dystonia. In particular, mean GPi firing 

rates were decreased in dystonia (~40-55 Hz) compared to patients with PD (~95 Hz) and 

non-human primates (~80 Hz) (Merello et al., 2004, Starr et al., 2005, Vitek et al., 1999, 

Weinberger et al., 2012, Zhuang et al., 2004). Reduced GPi firing rates were not observed 

in all studies (Hutchison et al., 2003), but this disparity may reflect differences in disease 

etiology. Mean firing rates in the GPe (~35-60 Hz) were reduced relative to non-human 

primates (~70 Hz) (Starr et al., 2005), and similar to, if not slightly lower than average 

GPe firing rates in PD (~55 Hz) (Merello et al., 2004, Starr et al., 2005, Vitek et al., 1999, 

Zhuang et al., 2004). Mean STN firing rates are lower in dystonia (~25-30 Hz) compared 

to PD (~35 Hz) (Schrock et al., 2009, Zhuang et al., 2004), but slightly higher than average 

firing rates observed in normal non-human primates and human subjects with ET (~20 

Hz) (Bergman et al., 1994, Steigerwald et al., 2008, Wichmann and Soares, 2006). 

Patterning is also abnormal in dystonia. The pattern of firing in the STN and both 
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pallidal segments was characterized by irregularly grouped discharges with intermittent 

pauses (Vitek et al., 1999, Zhuang et al., 2004). In the STN, the grouped discharges 

occurred around 3 Hz on average (Zhuang et al., 2004). 

C.3.1.2 LFP recordings 

Several LFP studies have reported oscillatory and synchronous activity in 

dystonia. Opportunities for recording LFPs exist during functional neurosurgery, either 

intraoperatively or in the post-operative period up to a week after electrode 

implantation (Chen et al., 2006a, Liu et al., 2006, Silberstein et al., 2003). Signals can be 

recorded with either the high-impedance (typically >1 MΩ) microelectrodes used for 

intraoperative mapping (Chen et al., 2006a), or the low-impedance DBS macroelectrode 

array (typically <10 kΩ). It is important that researchers report how and when signals 

were recorded, and to fully describe the patient population and conditions under which 

the recordings were taken. 

Several studies report that low-frequency (<12 Hz) oscillatory activity is 

prominent in patients with dystonia. Silberstein and colleagues compared LFPs recorded 

from the pallidum of patients with dystonia and PD (treated and untreated) and 

observed that power in the 4-10 Hz band was significantly higher and power in the 11-

30 Hz (beta) band was significantly lower in dystonia (Silberstein et al., 2003). It is 

important to note that spectra in dystonia patients generally did not show a distinct 

peak in the 4-10 Hz range, but instead showed power that steadily increased as 
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frequency decreased toward 4 Hz (Silberstein et al., 2003). There may have been a peak 

at frequencies below 4 Hz since this spectral content was not examined. In another 

report, Chen and colleagues showed increased 3-12 Hz power in microelectrode LFPs 

recorded from the GPi relative to GPe (Chen et al., 2006a). About a quarter of spike 

triggered averages at sites within GPi also showed evidence of synchronization between 

multi-unit activity and LFP within the 3-12 Hz band (Chen et al., 2006a). Episodes of 

spontaneous myoclonic episodes (mobile symptoms) in a single patient were associated 

with a peak in the power spectrum of the GPi LFP at 4 Hz (Liu et al., 2002). Finally, 

application of a sensory trick to relieve cervical dystonia was associated with reduced 4-

8 Hz oscillatory power when successfully applied and increased 4-8 Hz power when the 

trick was only mimicked, which worsened dystonia (Tang et al., 2007). Together, these 

data suggest that low-frequency oscillations may play an important role in dystonia. 

There is some controversy concerning whether or not there is a topographic 

distribution of low-frequency power in the pallidum. LFP data recorded from DBS 

macroelectrodes yielded different amounts of 4-10 Hz power recorded from the most 

caudal and rostral contact pairs. The most rostral contact pairs, which were likely in the 

GPe, showed slightly elevated 4-10 Hz power compared to the most caudal contacts in 

the GPi (Silberstein et al., 2003). No topographic distribution of low-frequency LFP 

power was observed in another study when recording from DBS macroelectrodes (Chen 

et al., 2006b). However, when microelectrodes were used to explore the topographic 
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distribution, 3-12 Hz power was significantly increased in GPi relative to GPe (Chen et 

al., 2006a). Differences between these data may be due to differences in recording 

techniques. Microelectrode recordings record neuronal activity from a smaller tissue 

volume compared to DBS macroelectrodes, which suggests that low-frequency power is 

concentrated within GPi. Increased low-frequency power within GPi may suggest that 

these low-frequency oscillations are pathological because GPi is the surgical target in 

effective DBS for dystonia. 

Other reports have focused on oscillatory activity in higher frequency bands. For 

example, Weinberger et al., showed that 89% of simultaneous microelectrode LFP 

recording pairs in the GPi had significant coherence in the 8-20 Hz range (Weinberger et 

al., 2012). In contrast to PD, only a small percentage of GPi neurons (10.6%) showed 

significant coherence with simultaneously recorded LFP. One caveat to the study was 

that the high-pass filter had a cutoff frequency of 10 Hz, thereby attenuating power in 

the low-frequency ranges associated with increased power in studies discussed above 

(Chen et al., 2006a, Liu et al., 2002, Silberstein et al., 2003, Tang et al., 2007). In a case 

study of a patient with dystonia secondary to stroke in the putamen and GPe, Tsang et 

al. demonstrated strong resting coherence between GPi and thalamus in the 5-18 Hz 

range that may have been related to the dystonia (Tsang et al., 2012a).  

  LFPs recorded from patients with dystonia during movement tasks have been 

used to investigate movement-related synchronization and desynchronization in the BG 
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(Brücke et al., 2012, Brücke et al., 2008, Tsang et al., 2012a, Tsang et al., 2012c). Broadly, 

data from these studies highlight high-frequency (gamma band) synchronization and 

low-frequency (primarily beta band) desynchronization in the GPi that occurs in 

preparation for movements and during movements. While extremely valuable in their 

own right, these studies aim to illuminate normal movement-related brain activity and, 

therefore, have done relatively little to increase our understanding of dystonia-related 

oscillations in the brain (Brücke et al., 2012, Tsang et al., 2012a). 

The question of whether or not LFP oscillations are related to the symptoms and 

muscle activity in dystonia still remains. Analogous to the single-unit recordings data, 

there is evidence linking LFPs to dystonic muscle activity. In a DBS macroelectrode 

study during the postoperative period, there were statistically significant correlations 

between pallidal LFP power and dystonia EMG activity in the 4-10 Hz, 11-30 Hz, and 65-

85 Hz bands in dystonic patients with neck involvement (Chen et al., 2006a). The 

number of statistically significant positive correlations in all three frequency bands was 

greater than that expected by chance, as was the proportion of negative correlations in 

the 11-30 Hz band (Chen et al., 2006a). Further, Liu et al. showed that EMG recorded 

from the affected neck muscle in a patient with myoclonic dystonia also showed a peak 

at 4 Hz, and the medial pallidal LFPs and neck EMG were significantly coherent at 4 Hz 

with LFP oscillations leading EMG activity (Liu et al., 2002). In two different patients 

with myoclonic dystonia, Foncke et al. showed increased 3-15 Hz power in the EMG and 
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GPi LFPs and significant coherence in this frequency range (Foncke et al., 2007). The 

time lags between the signals also suggested that GPi leads the muscle activity (Foncke 

et al., 2007). Lastly, dystonic involuntary muscle spasms in patients with primary 

dystonia were associated with increased 3-20 Hz power (concentrated in theta and alpha 

bands) in the GPi signal that was correlated with the strength of the contraction and 

preceded the abnormal muscle activity by around 320 ms (Liu et al., 2008). Together, 

these data suggest that oscillatory brain activity in low-frequency bands are correlated 

with and are antecedent to dystonic muscle contractions. 

The relationship between GPi LFPs and muscle activity differs based on the 

specific type of dystonic muscle activity. Patients with dystonia can exhibit prolonged 

spasms associated with abnormal posturing or repetitive, rhythmic involuntary 

movements. EMG recorded from the most affected muscle in patients with these 

rhythmic dystonia symptoms showed significant coherence with GPi LFPs at the burst 

frequency (3-6 Hz) (Liu et al., 2006). Interestingly, tonic EMG activity and the 

simultaneously recorded GPi LFPs both showed power at low frequencies (<1 Hz), but 

significant coherence was not found in this frequency range (Liu et al., 2006). This 

suggests that synchronized pallidal activity may be directly related to rhythmic 

involuntary movements, but less synchronized activity in the pallidum may be 

responsible for the hypertonic muscle activity in dystonia (Liu et al., 2006). 
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C.3.1.3 Cortical recordings 

Cortical recordings in dystonia are relatively sparse and have yielded few results 

concerning oscillations. The most strongly supported findings are abnormalities in 

movement-related synchronization observed in patients with dystonia using both EEG 

and ECoG recording modalities. Patients with writer's cramp (a focal dystonia) had 

significantly less movement-related beta band desynchronization in EEG recordings 

over motor cortex compared to normal controls (Kristeva et al., 2005, Toro et al., 2000). 

As well, primary dystonia patients had impaired movement-related beta band 

desynchronization in ECoG recordings over primary motor and sensory cortices 

(Crowell et al., 2012). A mutual information analysis in EEG suggested that this 

abnormal beta band desynchronization may be due to a deficient brain connectivity in 

patients with dystonia (Jin et al., 2011). Diffusion tensor imaging has shown decreased 

integrity of cerebellothalamocortical fiber tracts in carriers of genetic mutations for 

dystonia (Argyelan et al., 2009). There is also evidence that the peak frequency of 

alpha/beta ECoG activity is slightly different across movement disorders. The median 

frequency of peak power over primary motor (M1) cortex in patients with dystonia at 

rest was 14.6 Hz, which was in between the median peak frequencies in PD (22.5 Hz) 

and ET (12.7 Hz) (Crowell et al., 2012). 
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C.3.2 Effects of DBS in dystonia 

Pallidal DBS is an effective treatment for patients with primary segmental or 

generalized dystonia (Kupsch et al., 2006, Vidailhet et al., 2005). Bilateral GPi DBS is 

generally effective in other subtypes of dystonia too, but most of these results come from 

case studies or small case series (Ostrem and Starr, 2008). While GPi is the most common 

target for stimulation, the STN is also an approved target and a small body of literature 

on STN and thalamic stimulation for dystonia exists (Kupsch et al., 2003b, Ostrem and 

Starr, 2008). High-frequency stimulation is most common and effective (Kupsch et al., 

2003a), but there are reports of low-frequency stimulation being successful in some 

patients (Alterman et al., 2007a, Alterman et al., 2007b, Kumar et al., 1999). The 

mechanisms of DBS in dystonia are not well understood.  

Abnormal neural activity has been observed in the GPi of patients with dystonia 

(see above), and DBS may override or disrupt these abnormalities. Direct support for 

this hypothesis is from a study showing that in a DYT3+ dystonia patient, a form of 

primary dystonia, high-frequency GPi DBS attenuated alpha and beta oscillations in the 

GPe and GPi (Whitmer et al., 2012b). This suppression of oscillatory activity correlated 

with an immediate and significant improvement in dystonia. In contrast, another patient 

with secondary dystonia showed no improvement with DBS and alpha and beta did not 

change during DBS, further supporting a correlation between low-frequency oscillatory 

activity and therapeutically-effective DBS in dystonia (Whitmer et al., 2012b). As well, 
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there is indirect evidence that DBS disrupts oscillations. For example, high-frequency 

pallidal DBS abolished dystonic myoclonus movements and low-frequency (4 Hz) EMG 

power. This EMG activity was coherent with and phase-lagged GPi LFPs in the off-

stimulation state suggesting that stimulation likely suppressed the oscillations in GPi 

and that this suppression of low-frequency oscillations led to symptom suppression in 

this patient (Liu et al., 2002). 

The physiological effects of pallidal DBS in dystonia have been measured using 

TMS and functional neuroimaging. Unfortunately, these methods do not reveal 

information about neural oscillations, but they have revealed, for example, that GPi DBS 

corrects hyperactivity in the supplemental motor area (SMA) and putamen while at rest 

and during movements with dystonic hand (Detante et al., 2004). These changes are 

reviewed in detail elsewhere and are not discussed here (Krauss et al., 2004, Kupsch et 

al., 2003b, Tisch et al., 2007). 

The time course of DBS symptom suppression in dystonia provides insight into 

its mechanisms. Mobile (phasic rhythmic or jerky involuntary movement) and non-

mobile (substained spasms and hypertonic muscle activity) symptoms respond to 

stimulation with different time courses. Mobile symptoms respond relatively quickly 

(minutes to hours) (Kupsch et al., 2003b), while the beneficial effects of DBS for non-

mobile symptoms evolve over weeks to months (Kupsch et al., 2003b, Tisch et al., 2007). 

The beneficial effects of DBS can continue for a relatively long period of time after 
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stimulation is ceased (Cheung et al., 2013, Liu et al., 2002), and interestingly, once 

stimulation is resumed the beneficial effects return very quickly (Cheung et al., 2013). It 

is worth noting that the mobile symptoms recur more quickly when DBS is turned off 

(Grips et al., 2007). The time course of DBS benefit on dystonia symptoms suggests that 

stimulation induces plastic changes in the brain network in order to impart the benefits 

to the non-mobile symptoms, whereas suppression of mobile symptoms may result in 

part from abolishing abnormal oscillations in the brain (Tisch et al., 2007). Supporting 

this hypothesis is the fact that oscillations in the GPi are more pronounced in patients 

with mobile symptoms (Liu et al., 2006). It is also possible that suppressing abnormal 

oscillation via DBS leads to plastic network changes because oscillations can have an 

effect on plasticity and how networks are coupled together in the brain (Buzsáki and 

Draguhn, 2004). Regardless, it is probable that suppression of abnormal oscillations 

plays a role, but is not the only factor for clinical efficacy of DBS in dystonia. 

C.3.3 Future opportunities in dystonia 

Given the evidence, studies investigating the direct effects of DBS on oscillations 

in dystonia are warranted. Care should be taken to differentiate between effects on the 

different types of symptoms (i.e., mobile vs. non-mobile). When possible, the time course 

of DBS effects should be considered and utilized. Indeed, the time course of effects 

presents a challenge because LFP recording opportunities only exist during or 

immediately following implantation, or during the implanted pulse generator (IPG) 
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replacement surgery. We propose that the latter could be the best opportunity to explore 

the direct effect of DBS on oscillations, because symptoms reoccur rapidly following 

discontinuation of long-term continuous stimulation. 
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Appendix D: Genetic algorithm design of temporal 
patterns of stimulation to suppress beta frequency 
oscillations in a computational model 

D.1 Introduction 

Our successful efforts to design an optimal pattern of stimulation in Chapter 3 

inspired us to use similar methods to design and evaluate a temporal pattern of 

stimulation to suppress beta band oscillations in the computational model of the basal 

ganglia. The optimal pattern in Chapter 3 effectively reduced error index in the 

computational model, and upon further analysis we discovered that the model also 

displays prominent beta band activity. This beta band activity is differentially 

suppressed by stimulation patterns, and beta oscillation suppression is correlated with 

clinical efficacy in Chapter 2. Importantly, beta band oscillations were correlated with 

error index in the model, suggesting that exaggerated beta frequency oscillations 

reduced the fidelity of thalamic neurons' responses to excitatory inputs (Figure D.1).  

Exaggerated beta band oscillations are a proposed causal determinant for the cardinal 

motor symptoms of Parkinson's disease, especially the akinetic symptoms, and are a 

pathologically relevant biosignal for pattern optimization. Therefore, we set out to 

improve the stimulation pattern optimization described in Chapter 3  by optimizing a 

pattern of stimulation for beta oscillation suppression in the model and evaluating the 

resulting pattern in subjects with Parkinson's disease. 
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D.2 Methods 

The computational model of the basal ganglia described in Chapter 2 was 

coupled with a genetic algorithm similar to that described in Chapter 3. The genetic 

algorithm had 200 generations of 100 patterns. The first generation of patterns were 

generated randomly but with mean pulse rates constrained between 10 Hz and 100 Hz. 

Patterns were 450 ms segments that were represented as bit strings with 300 elements. A 

one in the string indicated a stimulation pulse in that 1.5 ms time interval. The repeating 

patterns were applied in the computational model for 20 s. Mean Peak Beta was 

calculated by estimating the multitaper spectrogram of the GPi action potentials 

averaged across all neurons, and then extracting the maximum power (arbitrary units) 

in the beta range (13-35 Hz) at each time point and averaging across time. Pattern 

performance was evaluated by calculating the percent change in Mean Peak Beta between 

the non-regular stimulation pattern and regular frequency-matched stimulation. 

Low/negative percent changes–indicating that the patterned stimulation suppressed 

beta power better than frequency-matched regular stimulation–were incentivized. In the 

biological sense, patterns with high performance were considered more fit to reproduce 

and were given higher probabilities to mate and pass on their pattern characteristics to 

subsequent generations. Patterns were mated using uniform crossover, wherein each 

element of the binary sequence in a child pattern was randomly selected from the 

corresponding element of one of the two parent patterns (Figure D.2). Eighty-four of the 
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patterns for the next generation were "children" generated by mating parent patterns; 

fifteen patterns were randomly generated (invaders); and the best pattern from the 

previous generation survived so that optimal patterns would not be lost (true elitism). 

Elements of the child patterns were randomly mutated at a rate of 0.001.  

Effects of the optimized pattern of stimulation were evaluated in human subjects 

with Parkinson's disease with an alternating finger tapping task or an accelerator taped 

to the dorsum of the hand as described in Chapter 3. Briefly, the log-transformed 

coefficient of variation of index finger tap durations (Log CV Duration) was used a proxy 

for bradykinesia, and power in the 2-20 Hz range of the accelerometer signal (Tremor 

Power) was used to quantify parkinsonian tremor. 

D.3 Results 

The genetic algorithm successfully designed patterns of stimulation that reduced 

Mean Peak Beta in the computational model (Figure D.2). The optimal pattern had an 

average pulse rate of 71.1 Hz and reduced Mean Peak Beta by over 90% relative to regular 

71.1 Hz stimulation.  

The optimized pattern was evaluated in 6 subjects with Parkinson's disease. 

Three subjects were evaluated using the alternating finger tapping task, and three 

subjects were evaluated for parkinsonian tremor using the accelerometer. Alternating 

finger tapping data across the three subjects were inconclusive. All subjects had 

relatively good performance of the task, and there was not a significant effect of pattern 



 

215 

on Log CV Duration (p = 0.41; Figure D.3). Parkinsonian tremor was not significantly 

affected by stimulation pattern either (p = 0.22; Figure D.4).  

D.4 Discussion 

The clinical evaluation of the optimized pattern was discontinued because of 

inconclusive results and our desire to test the mechanisms of the optimized pattern from 

Chapter 3. Further work could be performed with this optimized stimulation pattern 

given the promising results and mechanism of action of the pattern in Chapter 3. 

Interestingly, the optimized pattern of stimulation shared some of the same short motifs 

observed in the optimized pattern in Chapter 3. One of the drawbacks for this pattern 

was that it has a relatively high mean pulse rate, which may make it more difficult to 

demonstrate significant improvements in finger tapping task performance compare to 

regular 71 Hz stimulation. The shape of the frequency-tuning curve for Mean Peak Beta 

determined the average pulse rate of the current pattern. Mean Peak Beta has a distinct 

maximum at ~70 Hz, and there was ample opportunity to improve with patterned 

stimulation relative to regular stimulation at this frequency. 
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Figure D.1: Error index and beta band oscillations in the computational model 

of the basal ganglia are strongly correlated, suggesting that they are mechanistically 

linked.  

Thalamic error index was evaluated for 120 randomly generated patterns of 

subthalamic stimulation with frequencies ranging from 0-110 Hz. Beta band power 

(a.u.) was concurrently estimated from the action potentials of the internal segment of 

the globus pallidus. Error index and beta band oscillation power were strongly 

correlated across the randomly generated stimulation patterns. 
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Figure D.2: Genetic algorithm design of a deep brain stimulation (DBS) 

pattern that suppressed beta band oscillations in a computational model of the 

parkinsonian basal ganglia.  

(A) Parent patterns were mated using a uniform crossover mating paradigm that 

randomly selected each bit in the child pattern's bit string from one of the 

corresponding bits from the two parents. (B) The optimized pattern of stimulation 

after 200 generations of the genetic algorithm had a mean pulse rate of 71.1 Hz. (C) 

The optimized pattern reduced Mean Peak Beta power (arbitrary units) relative to 

regular 71.1 Hz stimulation in the model. 
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Figure D.3: Finger tapping performance across stimulation patterns. 

 

 

Figure D.4: Change in log- transformed Tremor Power across stimulation 

patterns. 
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Appendix E: Genetic algorithm design of optimal 
stimulation patterns across three different beta 
oscillatory frequencies 

The optimized pattern of stimulation presented in Chapter 3 evidently works by 

suppressing beta frequency oscillations in the parkinsonian basal ganglia. Therefore, it is 

important to understand how changes in the beta oscillation frequency could affect the 

ability of genetic algorithm designed patterns to suppress these oscillations. Here, we 

design patterns to suppress 15 Hz, 20 Hz, and 25 Hz beta band oscillations in a 

computational model of the parkinsonian basal ganglia. Then, these three patterns are 

evaluated across all three versions of the model with different beta oscillation 

frequencies to access if patterns effectively suppress only the beta oscillations they were 

designed for. 

A genetic algorithm was used to optimize patterns of stimulation in three 

different versions of the computational model of the basal ganglia with different beta 

oscillation frequencies. The computational model was very similar to the one described 

in Chapter 2, except that there were 20 neurons in each model nucleus, 10 s of simulated 

time, and Ornstein-Uhlenbeck noise added to applied currents in the basal ganglia 

nuclei. Also the average applied current to the external segment of the globus pallidus 

was set to either 5, 8, or 13 μA/cm2, and this resulted in beta oscillations of either 15 Hz, 

20 Hz, or 25 Hz.  
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The genetic algorithm had 300 patterns in each of the 100 generations. The best 

pattern from each generation survived to the next generation and 45 randomly 

generated invaders were added to each generation to avoid local minima. The remaining 

254 patterns were created by mating parent patterns from the previous generation using 

the uniform crossover mating paradigm described in Appendix D. The first generation 

of patterns was randomly generated and had mean pulse rates between 10 and 100 Hz. 

Patterns were represented with bit strings that were 200 elements long as 

described in Chapter 3. Fitness for mating was determined by a cost function that 

incentivized low beta band power (BetaPower, 13-35 Hz) in the action potentials of the 

globus pallidus pars internus (GPi) and a mean pulse rate (FP) of 60 Hz. 

( ) 






 −×+= 2
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The three optimized patterns of stimulation were reevaluated in 10 iterations of 

the three model versions. Frequency tuning curves were constructed showing GPi beta 

band power as a function of DBS frequency across regular and optimized DBS patterns.  

All three optimized patterns of stimulation suppressed beta band power more 

effectively than regular stimulation with the same mean pulse rate for the versions of the 

model with 15 Hz and 20 Hz beta band oscillations (Figure E.1). Patterns optimized in 

the 15 Hz and 20 Hz beta oscillation versions of the model were similar in performance 

and suppressed beta band oscillations more effectively than the other optimized pattern 

in these model versions. In the 25 Hz beta oscillation version of the model, the pattern 
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optimized to suppress 25 Hz oscillations was more effective than the other optimized 

patterns, but suppressed beta band power to a similar extent as regular 60 Hz 

stimulation. 

It appears that optimizing to suppress low frequency beta oscillations is most 

beneficial because these patterns retain their ability to suppress beta as beta's frequency 

increases. This is good because the GA pattern in Chapter 3 was optimized in a model 

that exhibited 15 Hz beta oscillations. The 25 Hz beta oscillation version of the model is 

an interesting case because beta band power is suppressed at relatively low frequencies. 

This was due, in part, to stimulation raising the oscillation frequency out of the beta 

range at relatively low frequencies. Therefore, the 25 Hz beta oscillations model is not 

ideal for pattern optimization. 
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Figure E.1: Performance of optimized patterns of stimulation in three versions 

of the computational model of the basal ganglia with different beta oscillation 

frequencies.  

(A) GPi beta band power (mean ± s.e.m.) was differentially suppressed by optimized 

patterns of stimulation in the 15 Hz beta band oscillations version of the model. The 

pattern optimized in the 15 Hz beta version of the model (black) suppressed beta 
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band power slightly better that the 20 Hz beta optimized pattern (red) and the 25 Hz 

beta optimized pattern (green). (B) Beta band power for the 15 Hz and 20 Hz 

optimized patterns were similar in the 20 Hz beta oscillations version of the model. 

(C) In the 25 Hz beta oscillations version of the model, the pattern optimized to 

suppress 25 Hz oscillation were more effective than the other optimized patterns of 

stimulation, but beta band power was very similar to regular 60 Hz stimulation. 
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Appendix F: Beta oscillations in hemi-parkinsonian rats: 
time course and effects of stimulation 

Exaggerated oscillations in the beta band (13-35 Hz) have been described in 

hemi-parkinsonian rats (Avila et al., 2010, Degos et al., 2009, Lehmkuhle et al., 2009, 

Mallet et al., 2008), and we wanted to explore potential mechanisms of patterned 

stimulation by assessing suppression of beta band oscillations in rats. However, these 

effort were ultimately unsuccessful and abandoned. In this appendix, we will show the 

emergence of the "beta band" oscillations in hemi-parkinsonian rats, and the effects of 

high frequency subthalamic stimulation on these oscillations. 

Field potentials were recorded from 1 mm diameter stainless steel screws over 

the ipsilateral motor cortex as described in Chapter 3. Recordings were performed in 

one rat before 6-hydroxydopamine lesion and at intervals after lesion, and 100-200 s of 

data free from 9 Hz oscillations were selected for analysis from each recording epoch. 

The sum of the power in the 13-35 Hz band was normalized by the pre-lesion power in 

this band and plotted across recording days. In the same rat, we evaluated the effect of 

high frequency stimulation (130 Hz) on the 13-35 Hz power.  

Power in the 13-35 Hz band increased after 6-hydroxydopamine lesion (Figure 

F.1). However, high frequency subthalamic stimulation did not suppress the 13-35 

oscillations. These results were consistent in two more rats. This is in contrast to results 

in Chapter 3 and Chapter 4 from human subjects that showed suppression of beta 
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power with high stimulation frequencies. Beta power in the rats tended to increase with 

movement of the rat. The rat often was moving during high frequency stimulation and 

stimulation did not suppress beta band power. This idea that movement in Long Evans 

rats up regulates these oscillations is supported by results from other laboratories. One 

group investigated these "high beta" oscillations by using a circular treadmill to prompt 

the Long Evans rats to walk continuously during recording (Avila et al., 2010). The 

frequency of the oscillations observed in the Long Evans rats is relatively high, with 

peaks often above 30 Hz. It is possible that these oscillation are "low gamma" oscillations 

that are pro-kinetic, and not akinetic "high beta" oscillations. 

There may be differences between rat strains that account for differences in beta 

band oscillations observed in the literature. The work presented above was performed in 

Long Evans rats and is consistent with other work performed in this strain (Avila et al., 

2010). However, others groups have reported beta band oscillations in Sprague Dawley 

rats that are more consistent with the beta band oscillations observed in non-human 

primates and humans with Parkinson's disease (Degos et al., 2009, Lehmkuhle et al., 

2009, Mallet et al., 2008). Therefore, differences in rat strains may be responsible for 

differential presence and characteristics of beta band oscillations in rats. 
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Figure F.1: Beta band power emerges in the motor cortex after 6-

hydroxydopamine ipsilateral lesion in rats but is not suppressed by high frequency 

stimulation.  
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(A) Power spectra before and after 6-hydroxydopamine lesion in a rat reveal increased 

power in the beta frequency range (13-35 Hz). (B) The sum of the power in the beta 

band was normalized by the pre-lesion beta band power, which revealed a ~60% 

increase in beta band power over the first 23 days after lesion. (C) Unexpectedly, high 

frequency (130 Hz) subthalamic stimulation did not suppress beta band power. 
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Appendix G: Evoked potentials during the optimized 
stimulation pattern 

 DBS local evoked potentials (DLEPs) are reported and analyzed in Chapter 4 for 

regular DBS at several frequencies, but we also had the opportunity to collect DLEPs 

during the optimized pattern of stimulation developed in Chapter 3. This appendix will 

show an example DLEP for the optimized pattern and briefly discuss implications and 

future directions for this work. 

 DLEPs associated with optimized pattern were recorded using the methods 

described in Chapter 4. However, the evoked potentials could not be averaged across all 

interpulse intervals due to variable interpulse intervals contained within the non-regular 

pattern of stimulation. Therefore, DLEPs were averaged across pattern repeats to reduce 

variance. 

 DLEPs for subject 1 from Chapter 4 are shown in Figure G.1. DLEPs for the 

optimized pattern of stimulation were very similar to DLEPs reported in Chapter 4. One 

notable exception is that the short interpulse interval doublets in the optimized pattern 

only elicited a single DLEP response. The late quasi-periodic oscillations of DLEPs 

evoked by the pulse doublets had higher amplitudes than the DLEPs evoked by singlet 

pulses in the pattern. The magnitude of the first late positive deflection was very similar 

to the corresponding amplitude in the 130 Hz DLEPs in this subject. This is consistent 

with the proposed mechanism of DLEP potentiation in response to high frequency DBS 
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pulses in Chapter 4—facilitation of afferent synapses due to accumulation of 

presynaptic calcium. Since DLEPs for the optimized pattern of stimulation and high 

frequency stimulation both were capable of potentiating DLEPs, it is possible that 

synapse facilitation is an important mechanism of effective DBS.  

 Future work should be directed toward characterizing DLEPs for the optimized 

pattern of stimulation and other non-regular patterns of stimulation. For example, 

DLEPs could be recorded for the patterns from Chapter 2, and DLEPs for the optimized 

pattern of stimulation could be compared to DLEPs from non-optimized patterns of 

stimulation. Further, if a link between suppression of clinical motor symptoms and 

DLEP characteristics can be demonstrated, effective non-regular patterns of stimulation 

could be designed and optimized rapidly in vivo. 
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Figure G.1:  DLEPs from the genetic algorithm optimized pattern of 

stimulation. 
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