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Abstract  29 

 The central thalamus (CT) is a key component of the brain-wide network underlying 30 

arousal regulation and sensory-motor integration during wakefulness in the mammalian brain. 31 

Dysfunction of the CT, typically a result of severe brain injury (SBI), leads to long-lasting 32 

impairments in arousal regulation and subsequent deficits in cognition. Central thalamic deep 33 

brain stimulation (CT-DBS) is proposed as a therapy to reestablish and maintain arousal 34 
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regulation to improve cognition in select SBI patients. However a mechanistic understanding of 35 

CT-DBS and an optimal method of implementing this promising therapy are unknown. Here we 36 

demonstrate in two healthy non-human primates (NHP), Macaca mulatta, that location specific 37 

CT-DBS improves performance in visuomotor tasks and is associated with physiological effects 38 

consistent with enhancement of endogenous arousal. Specifically, CT-DBS within the lateral 39 

wing of the central lateral nucleus and the surrounding medial dorsal thalamic tegmental tract 40 

(DTTm) produces a rapid and robust modulation of performance and arousal, as measured by 41 

neuronal activity in the frontal cortex and striatum. Notably, the most robust and reliable 42 

behavioral and physiological responses resulted when we implemented a novel method of CT-43 

DBS that orients and shapes the electric field within the DTTm using spatially separated DBS 44 

leads. Collectively, our results demonstrate that selective activation within the DTTm of the CT 45 

robustly regulates endogenous arousal and enhances cognitive performance in the intact NHP; 46 

these findings provide insights into the mechanism of CT-DBS and further support the 47 

development of CT-DBS as a therapy for reestablishing arousal regulation to support cognition 48 

in SBI patients.  49 

 50 

New & Noteworthy 51 

 Severe brain injuries (SBI) annually encumber an estimated 125,000 individuals in the 52 

US with life-long cognitive disabilities and no effective therapies exist. Central thalamic deep 53 

brain stimulation (CT-DBS) is proposed as an effective therapy to reestablish arousal regulation 54 

to support cognition and here we demonstrate that CT-DBS robustly modulates cognition when 55 

stimulating a specific central thalamic target using a novel method. These results support our 56 

ongoing clinical studies to provide effective therapies for SBI patients.   57 
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Introduction  63 

 The central thalamus (CT) has long been considered an essential component of a larger 64 

arousal regulation network within the mammalian brain that maintains wakefulness and 65 

organizes resources in the anterior forebrain to support cognition and goal-directed behaviors 66 

(Schiff 2008; Mair et al. 2010). Humans with damage to the CT, as a result of severe brain 67 

injuries (SBI) of varying etiologies (Castaigne et al. 1981; Stuss et al. 1989, 1994; Adams et al. 68 
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2000; Van Der Werf et al. 2000, 2003; Maxwell et al. 2006; Little et al. 2010), persistently suffer 69 

from a variety of long-lasting cognitive impairments, including deficits in attention, episodic and 70 

working memory, information-processing speed, arousal regulation, executive functions (such 71 

as planning, initiating and directing actions, monitoring actions, problem solving, and inhibitory 72 

control), which significantly impact daily activities and their quality of life. (Dikmen et al. 2003; 73 

2009; Levine et al. 2005; Ziino and Ponsford 2006; Ponsford 2013; Corrigan et al., 2014). These 74 

cognitive deficits lack robust therapeutic options (Talsky et al. 2010; Fridman and Schiff 2014) 75 

and deep brain stimulation within the central thalamus (CT-DBS) has been proposed (Schiff and 76 

Purpura 2002; Schiff 2012) as a therapeutic method for restoring arousal regulation and frontal-77 

striatal-thalamic integration in SBI patients to facilitate and support rehabilitation. It fact, it has 78 

been demonstrated that CT-DBS can effectively restored multiple behavioral capacities, 79 

including functional recovery of speech and partial recovery of executive functions in an SBI 80 

patient who had remained in the minimally conscious state for over six years (Schiff et al. 2007). 81 

 Few studies, however have examined the basic mechanisms underlying CT-DBS and a 82 

precise clinical target for DBS in the central thalamus is unknown (Schiff 2012). To date, the 83 

rodent model has provided the best evidence supporting the use of CT-DBS for modulating 84 

arousal and global brain activity and studies conducted in intact rodents have demonstrated that 85 

modulation of innate or trained behaviors (Shirvalkar et al. 2006; Mair and Hembrook 2008) and 86 

shifts in arousal (Quinkert and Pfaff 2012; Gummadavelli et al. 2015) can be achieved with CT-87 

DBS. In addition, recent studies have demonstrated that CT-DBS increases arousal and motor 88 

activity following repeated incidences of traumatic brain injury (TBI) in mice (Tabansky et al. 89 

2014) and there exists a frequency dependence in the recruitment of frontostriatal populations 90 

during selective optogenetic activation of central lateral (CL) neurons (opto-CT-DBS) in the rat 91 

(Liu et al., 2015). While these rodent studies provide important data and insight, the future 92 

development of a human CT-DBS therapy necessitates a more precise characterization of CT-93 

DBS in the larger brain of the intact NHP. NHPs are a well-established DBS research animal 94 

model that is closely linked phylogenetically with humans, share a prominent expansion of the 95 

anterior forebrain, and demonstrate the capacity to work over extended periods of time while 96 

performing complex goal-directed behaviors requiring sustained attention, working memory, 97 

speed, accuracy and motivation, all aspects of cognition not well characterized in rodent 98 

models. 99 

 Therefore in this study, for the first time, behavioral and physiological effects of CT-DBS 100 

were systematically explored in two healthy NHPs using custom designed CT-DBS systems 101 

scaled for the NHP and employing large-scale recording devices to broadly sample neuronal 102 
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activity from frontal and striatal areas of the anterior forebrain. The animals were trained to 103 

perform several visuomotor vigilance tasks, similar to tasks used to study vigilance or sustained 104 

mental effort in humans (Posner 1978; Davies and Parasuraman 1982; Luce 1984; Kinomura et 105 

al. 1996; Steinborn and Langner 2012), and when repeated over long time periods, produce 106 

significant demands on attentional resources. Performance variations and/or decrements on 107 

vigilance tasks in humans are attributed to fluctuations in arousal, motivation, distraction and 108 

boredom (Davies and Parasuraman 1982; Sarter et al. 2006; Langner et al. 2010) which can 109 

naturally lead to ‘cognitive fatigue’, a sequelae persistently experienced by many SBI patients 110 

(Dikmen et al. 2003; 2009; Levine et al. 2005; Ziino and Ponsford 2006; Ponsford 2013).  111 

 We show here that CT-DBS in the intact NHP facilitates behavioral performance and link 112 

these changes to endogenous arousal, as measured in the power spectra of local field potential 113 

(LFP) activity recorded within frontal and striatal cell populations of the anterior forebrain. 114 

Critically, we discovered that a maximal behavioral and physiological effect is achieved when 115 

the electric field is shaped and elongated within a specific region of the CT through the use of 116 

adjacent pairs of DBS leads separated by several millimeters along the anterior-posterior axis, 117 

here termed ‘field-shaping CT-DBS’. In this study, the impact of CT-DBS on behavioral 118 

performance and frontostriatal activity as demonstrated in intact NHPs is aimed at translating 119 

these novel results into new therapeutic options for persons suffering from the chronic cognitive 120 

sequelae following SBI (Schiff 2012). 121 

 122 

Methods 123 

Study design 124 

 All work was performed in strict done in accordance with the National Institutes of Health 125 

Guidelines for Use of Animals in Research and under an approved protocol from the Weill 126 

Cornell Medical College Institutional Animal Care and Use Committee (IACUC). A detailed 127 

description of the surgical techniques, behavioral control and data acquisition systems can be 128 

found elsewhere (Purpura et al. 2003; Schiff et al. 2013). 129 

 In this study, behavioral and physiological data were collected over a 30-month period in 130 

NHP1 and over an 18-month period in NHP2. Experimental sessions were conducted in a block 131 

design, where each animal was provided several 2, 4 and/or 6-month breaks between blocks of 132 

experimental sessions to maintain their health and to facilitate data management and analysis. 133 

The animals were euthanized to reconstruct all recording and stimulation sites once an 134 

adequate amount of behavioral and physiological data were collected. For this study, 218 135 

experimental sessions in NHP1 and 68 in NHP2 were analyzed. In NHP2, 234 DBS periods 136 
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were excluded because stimulation was conducted within the fasciculus retroflexus, (i.e. 137 

habenula-peduncular tract), a robust bundle of fibers that traverse the center of the Pf nucleus, 138 

a component of the caudal central thalamus (Sutherland 1982; Jones 2007), and results from 139 

fasciculus retroflexus DBS (fr-DBS) are not the focus in this study. Numerous CT-DBS 140 

experimental sessions in both animals were excluded if the animals’ starting performance was 141 

low (<20%) or they refused to work for water rewards. These sessions are presumed to reflect 142 

days of low motivation as a result of factors beyond the control of the investigators related to 143 

facility operations, group housing, and animal care. Additional experimental sessions, including 144 

electroanatomy and behavioral data were collected during the monopolar, bipolar and multipolar 145 

field-shaping reviews of the DBS contacts in both animals but are not included in this study. 146 

  147 

Behavioral experiments  148 

 Here we modeled ‘cognitive fatigue’ using simple vigilance tasks that produce significant 149 

demands on cognitive resources in the intact NHP by requiring sustained ‘mental effort’ (Sarter 150 

et al. 2006) over extended periods of time. Performance decrements in these tasks are 151 

identified as an increased rate of incorrect and/or incomplete trial performance accompanied by 152 

a slowing and increased variance of reaction times, and a greater prevalence of eye closure, 153 

drowsiness and putative ‘sleep’ episodes near the latter half of experimental sessions (Fig. 154 

1B,C; Smith et al. 2009; Shah et al. 2009). Motivation influences performance throughout the 155 

tasks, however this aspect of performance was not systematically investigated, as has been 156 

done in other NHP studies (Bouret and Richmond 2015; Varazzani et al., 2015). Additional 157 

experimental sessions were conducted where reward schedule was randomized or significantly 158 

decreased and/or increased over blocks of trials to assess motivation, however these data are 159 

not included in this study. We found that the animals continued to monitor reward value prior to, 160 

during and after CT-DBS (data not shown) throughout a day’s experimental session and would 161 

predictably shift performance depending on reward size, as demonstrated in other NHP studies 162 

(Bouret and Richmond 2015; Varazzani et al., 2015).    163 

 Behavioral experiments were programmed and implemented using a real-time computer 164 

control system (TEMPO, Reflective Computing, St. Louis, MO, running under DOS 6.0; 165 

Microsoft, Redmond, WA). The video display monitor (SONY) was controlled by a VSG2/3 166 

graphic processor (Cambridge Research Systems, Kent, UK) with a refresh rate of 100Hz and 167 

positioned 114cm from the bridge of the nose of the head fixed animals. Control signals 168 

between the TEMPO and VSG2/3 computers used standard DIO protocols. Eye position was 169 

measured and tracked using horizontal and vertical analog voltage signals from an E5000 170 
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infrared video eye tracking system fitted with a telephoto lens (ASL, Bedford, MA). The animal’s 171 

gaze position was calibrated each day prior to experiment sessions and then modified whenever 172 

necessary to ensure the accuracy of the calibration. Horizontal and vertical eye position signals 173 

were recorded and processed to determine the occurrence of saccades, their amplitude, 174 

velocity, direction, and the positions and durations of fixation periods. Fixation during the task 175 

was considered to be broken if the eye position left a 2.5–3.5° window around the fixation 176 

targets. The eye tracker has a resolution of 1.3° of visual angle. 177 

 The animals performed a modification of a standard variable delay period reaction time 178 

task “S1–S2,” or “phasic alerting” paradigm used in humans and in prior NHP studies (Posner 179 

1978; Kinomura et al. 1996; Smith et al. 2009; Shah et al. 2009; Schiff et al. 2013). Briefly, the 180 

structure of this task is initiated by the appearance of a target (a black/red checkerboard or 181 

dartboard 5 degree x 5 degree of visual angle) at one of 9 locations (chosen at random on each 182 

trial) on a CRT monitor positioned in front of the animal. After a 1 second period of stable 183 

fixation of the target, the target underwent contrast reversal at 10 Hz for a variable delay period 184 

until changing to a black/green checkerboard or dartboard (Fig. 1A). The transition to 185 

black/green from black/red was the ‘GO’ signal for contacting the infrared touch switch located 186 

within the primate chair (Crist Instrument Co. Inc., Hagerstown, MD). The variable delay period 187 

was randomly drawn from a normal distribution with mean of 2500ms and standard deviation of 188 

250ms. A trial was considered to be incorrect if the NHP broke fixation prior to the ‘GO’ cue or 189 

touched the IR switch before or within 250ms after the ‘GO’ cue (early touch) or failed to 190 

respond within 800ms after the green target (late touch).  191 

 In addition to the vigilance task, NHP1 was trained to perform a memory guided saccade 192 

task (Hikosaka and Wurtz 1983). Briefly, the animal was required to fixate a central green 193 

fixation square for 500ms and a white square (‘target’) would briefly appear (80ms) randomly in 194 

1 of 8 positions located in the periphery, each equidistant from the central fixation square. The 195 

animal was required to maintain fixation for a variable delay period randomly drawn from a 196 

normal distribution with mean of 2500ms and standard deviation of 250ms, until the central 197 

fixation spot extinguished. The animal then had to make a saccade to the remembered location 198 

of the target. If the saccade was performed correctly, the target reappeared 300ms after the end 199 

of saccade and the NHP was only rewarded if fixation was held at the target position for 500ms. 200 

A trial was considered to be incorrect if the NHP broke fixation or the saccade to the target was 201 

not within a 2.5 to 3.5 degree window within 500ms of the fixation spot offset. 202 

 203 

Electrophysiological recording methods 204 
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 Following successful behavioral training, the two adult male NHPs (Macaca mulatta), 205 

NHP1 (11kg) and NHP2 (10kg) were imaged using standard high resolution MR and CT series 206 

to construct a surgical plan for targeting the central thalami with DBS leads and frontal and 207 

striatal locations with microelectrodes. Several recording chambers (Gray Matter Research, 208 

Bozeman, MT) and a head fixation post (Crist Instruments Co. Inc., MD) were then implanted 209 

using standard sterile surgical technique under deep Isoflurane anesthesia (as described in 210 

detail in Purpura et al. 2003). A high-density 32-microelectrode microdrive (Model SC32, Gray 211 

Matter Research LLC, Bozeman, MT) was positioned over the right frontal cortex of both 212 

animals to chronically record broadband signals from frontal eye fields (FEF), dorsal lateral 213 

prefrontal (DLPF), dorsal premotor (PMd) and dorsal caudate and putamen. Each 214 

microelectrode (Alpha Omega LTD, Nazareth, Israel) was attached to a lead-screw and shuttle 215 

and had a maximum linear travel depth of ~20mm. The ~6 x 6 electrode grid spanned 7.5mm 216 

with an inter-electrode spacing of 1.5mm. To isolate unit activity, the position of each 217 

microelectrode was adjusted prior to each recording session with a custom screwdriver (1 218 

rotation ~125um) and precise recording depths were cataloged and adjusted relative to the 219 

cortical surface following the histology. Gray to white matter boundaries during the experiments 220 

were judged based on recording depth, lack of unit activity, and high impedance characteristics 221 

of white matter and were used to exclude LFP recordings from microelectrodes presumed to be 222 

outside of gray matter. In NHP1 3295 independent microelectrode recording sites and 206 in 223 

NHP2 were included in this study. The lower number collected in NHP2 resulted from a 224 

mechanical disruption of the microdrive requiring its early removal and cessation of 225 

microelectrode recordings from the frontal cortex. In addition to the microdrives, custom 10-226 

channel ECoG arrays were chronically implanted to record from the animal’s cerebral cortices. 227 

The ECoG arrays consisted of radiotranslucent 4mm Ag-AgCl electrodes (BioPac Systems Inc., 228 

Goleta, CA) bonded to 2x6mm titanium bone screws (Salvin Dental Specialties, Charlotte, NC) 229 

that penetrated the skull and touched the dural surface.  230 

 All neurophysiological signals were recorded with the RZ2 data acquisition system 231 

(Tucker Davis Technologies, Alachua, FL) at a maximum rate of ~25KHz. Task relevant signals, 232 

horizontal and vertical eye signals (High speed stationary Optics, ASL, Bedford, MA) were 233 

synchronized and recorded with the RZ2 system. For all DBS experimental sessions, high-234 

resolution video (Panasonic HDC-HS900K, 1080p at 30fps) of the animals performing the tasks 235 

was synchronized with the data acquisition system and stimulator.    236 

 237 

Central thalamic deep brain stimulation rationale and methods 238 
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 We chronically implanted multiple DBS leads scaled for the NHP (Elder et al. 2005), 239 

based on human DBS leads (Model 3387, Medtronic, Minneapolis, MN), into the thalami of two 240 

NHPs to systematically stimulate multiple CT targets using various standard and novel 241 

configurations of DBS. Intralaminar thalamic neurons of the CT send diffuse projections to large 242 

expanses of cortex and striatum (Macchi and Bentivoglio 1986; Jones 2007) and exhibit unique 243 

firing properties (Glen and Steriade 1982; Steriade et al. 1993) that shift markedly during 244 

periods of arousal. Cellular groups of the CT that represent promising DBS targets for restoring 245 

arousal regulation in SBI humans (Schiff 2008) include the rostral central lateral (CL), the 246 

paracentral (PC) nuclei, and the caudal centromedian-parafascicular complex (CM-Pf), which 247 

are all accessible to DBS lead penetrations through the overlying somatosensory and parietal 248 

cortices. Modulations in the firing rates of these neuronal populations are linked to cognitive 249 

function and grade with task performance in NHPs (Schlag and Schlag-Rey 1971, 1984; 250 

Schlag-Rey and Schlag 1984; Matsumoto et al. 2001; Wyder et al. 2003, 2004; Minamimoto et 251 

al. 2009; Schiff et al. 2013). These same regions exhibit graded activation in humans performing 252 

similar visual attention tasks (Kinomura et al. 1996; Paus et al. 1997; Portas et al. 1998) hence 253 

their proposed role in arousal regulation (Schiff and Purpura, 2002; Schiff 2008) and as potential 254 

DBS targets in select SBI patients (Schiff 2012).  255 

 DBS is known to produce a mixture of effects in neural tissue (McIntyre et al. 2004; Vitek 256 

et al. 2008; Montgomery and Gale 2008). Therefore we used a DBS waveform that mirrors the 257 

output of the Medtronic Inc. clinical system (as described in Butson et al., 2011), which is 258 

designed to safely and optimally stimulate large myelinated axons (Nowak and Bullier 1998; 259 

Merrill et al. 2005). The DBS waveform consisted of an 80µs square cathodal pulse followed by 260 

an isoelectric period of 60µs and ended with a 400µs square anodal pulse to balance the total 261 

charge injected. Each pulse lasted a total of 540us. During the experimental sessions 262 

stimulation was delivered in standard monopolar, bipolar and novel multipolar, field-shaping 263 

configurations, at various frequencies (20, 40, 150, 175, 200 and 225Hz) and amplitudes (0.25-264 

3.0mA) under current control, in order to maintain pulse shape over time-varying impedances 265 

for each contact (Lempka et al. 2010). In this study, periodic DBS was used to activate 266 

(Hashimoto et al. 2003; Garcia et al. 2003, 2005) CT cellular populations and the DTTm (Edlow 267 

et al., 2012), which is composed of thalamic efferents and en passant fibers within the internal 268 

medullary lamina that encase the CT nuclei (Macchi and Bentivoglio 1986; Jones 2007). Our 269 

goal was to artificially enhance the afferent drive into various anterior forebrain targets (Macchi 270 

and Bentivoglio 1986; Steriade 2000; Minamimoto and Kimura 2002; Jones 2007) thereby 271 
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‘activating’ the anterior forebrain (Steriade et al, 1991; Steriade 2000) to robustly modulate 272 

behavioral performance.    273 

 Based on the successful demonstration of behavioral facilitation utilizing bilateral 274 

monopolar and bipolar CT-DBS in a single SBI subject (Schiff et al. 2007), we conducted a 275 

review of standard intra-lead monopolar and bipolar stimulation configurations of all viable 276 

contacts to thoroughly evaluate behavioral and physiological effects was performed in both 277 

animals. The reviews consisted of a linear 0.25mA ramp of current, from 0.25 to 3.0mA, using 278 

150Hz stimulation frequency. Behavioral responses, including eye, pinnae and body 279 

movements, vocalizations and generalized changes in normal activity in the form of hyperkinetic 280 

movements, abrupt shifts in posture or localized touching suggestive of paresthesias were 281 

noted. Consistent behavioral responses during these reviews were noted and the current level 282 

for each termed ‘threshold’. The monopolar configurations used the titanium bone screws and 283 

titanium bone plate located within the diploë of the occipital calvarium for current return. The 284 

standard intra-lead bipolar configurations placed anode(s) and cathode(s) contacts on the same 285 

DBS lead. We suspended use of monopolar CT-DBS during the experimental sessions due a 286 

combination of electrical artifact issues and nonspecific motor, visuomotor and somatosensory 287 

effects produced in the first animal that consistently interrupted task performance at lower than 288 

anticipated current levels. Standard bipolar CT-DBS with one or two leads was then pursued 289 

more systematically and during this process we discovered that inter-lead bipolar CT-DBS 290 

(where anode(s) and cathode(s) are placed separately on the contacts of the two spatially 291 

separated DBS leads), here termed field-shaping CT-DBS (fsCT-DBS), was more effective in 292 

facilitating behavioral performance and frontostriatal activity in both animals. Here, fsCT-DBS is 293 

produced by any configuration that assigns the anode(s) and cathode(s) to separate DBS leads 294 

displaced by several millimeters within the central thalamus.  295 

 Custom deep brain recording and stimulation (DBRS) devices with a 13-position radial 296 

grid were developed to guide multiple DBS leads (0.75mm OD) into the thalami. Each DBS lead 297 

has six platinum/iridium annular contacts (impedances 1.0-10kΩ), each 0.5mm in height, with 298 

an intra-lead spacing of 0.5mm and insulated by polyurethane (NuMED, Inc., Hopkins, NY). A 299 

maximum current density of 2.6mA/mm2 and maximum charge density of 20.4uC/cm2/phase 300 

was delivered during 3.0mA stimulation during this study. The surface of each contact was 301 

coated with BT DOT (Biotectix, Ann Arbor, MI) prior to implantation to reduce and stabilize the 302 

impedance levels of each contact. Impedance levels were measured on a weekly basis with a 303 

metal electrode impedance tester model IMP-1 (Bak Electronics Inc., Sanford, FL) using a 1KHz 304 

signal. Contacts with impedances above 10KΩ were not used in order to limit waveform 305 
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distortions delivered to the tissue. Waveforms were passed through a custom-built current 306 

sensing circuit and visualized on a digital oscilloscope (TBS1000, Tektronix, Inc. Beaverton, 307 

Oregon) to confirm the presence and/or absence of waveform distortions. From the distal 308 

contact of the DBS lead, individual contacts were numbered 0 to 5. The free ends of the DBS 309 

contacts were connected to a low profile 6-pin Nano Circular Connector (Omnetics Connector 310 

Corp. Minneapolis, MN) and rigidly secured within the DBRS system.  311 

 In NHP1, two DBS leads were implanted into the right thalamus with an inter-lead 312 

separation of 2.4mm. In NHP2, two DBS leads were implanted into the right thalamus with an 313 

inter-lead separation of 1.8mm and two DBS leads were implanted into the left thalamus with an 314 

inter-lead separation of 2.7mm. In NHP1 DBS lead locations and inter-lead spacing were set to 315 

optimize targeting of the ‘wing’ of the central lateral (CL) nucleus (Glen and Steriade 1982), 316 

principle CT fibers and en passant fibers (Scheibel and Scheibel 1967; Jones 2007) of the 317 

DTTm based on post-operative reconstruction of fiducial guidetube markers relative to the 318 

modeled CT nuclei (Paxinos et al. 1999). We estimated a spatial uncertainty of about 1mm or 319 

less in electrode positions based on the MR image resolution and histological confirmation of 320 

the DBS lead locations. Based on preliminary behavioral and physiological results obtained in 321 

NHP1, DBS leads in NHP2 were positioned to target the caudal CM-Pf component of the CT 322 

and more medial portions of medial dorsalis (MD). Model reconstruction of the DBS leads and 323 

individual contact locations relative to the CT targets are noted below in the modeling and 324 

results sections, respectively. Conformation of lead locations was determined through standard 325 

Myelin and nissl histology (FD Neurotechnologies, Inc. Colombia, MD), light microscopy and 326 

comparison with neuroanatomical atlases of the NHP (Paxinos et al. 1999, 327 

scalablebrainatlas.incf.org). 328 

 A four-channel Multi Channel Systems GmbH (MCS) stimulator (STG4004-3.2mA) with 329 

a compliance of 120 volts was connected to the DBS leads to deliver stimulation. Each of the 330 

four channels of the MCS stimulator is optically isolated to ensure reliable current delivery when 331 

multiple channels are used simultaneously. Timing of the MCS stimulator was controlled with 332 

TTL pulses generated by the TDT RZ2 system and synchronized with the behavioral control 333 

computer. All DBS pulse times and voltage waveforms were collected with a TDT RP2.1 334 

Enhanced Real-Time Processor at a sampling rate ~100KHz to visual and identify waveform 335 

distortions.  336 

 337 

Modeling DBS activation in the central thalamus 338 
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 Computational models were used to predict the effects of DBS in each NHP. These 339 

predictions have been validated in prior human and NHP studies (Butson et al, 2007; Miocinovic 340 

et al, 2009), and methodological details can be found in previous publications (Butson et al, 341 

2011; Butson and McIntyre 2008). Briefly, pre- and post-operative CT and MR imaging enabled 342 

surgical planning and model reconstruction relative to the targeted central thalamic nuclei. The 343 

computational model of CT-DBS consists of four main components: 1) an animal-specific 3D 344 

anatomical model of major thalamic nuclei constructed from the Paxinos atlas ((Paxinos et al. 345 

1999), scalablebrainatlas.incf.org) that was registered to each NHP’s pre- and post-operative 346 

CT and MR imaging data; 2) a finite element model of the 6-contact DBS leads and electric 347 

fields generated in a physiological medium (Butson et al. 2007); 3) multi-compartmental 5.7μm 348 

cable model neurons distributed around the leads and 4) probabilistic fiber orientations of 349 

neurons based on a diffusion tensor (DTI) brain template for rhesus macaques (Adluru et al. 350 

2012). The model served two main purposes: 1) to provide stereotaxic coordinates of the CT 351 

nuclear targets to accurately guide the placement of multiple DBS leads; 2) to visualize the 352 

predicted axon activation during DBS under the various stimulation parameters conducted in 353 

this study.   354 

 A 3T Siemens MAGNETROM TRIO was used to collect high-resolution MR images 355 

(0.5mm3 voxel) with enhanced contrast (Ablavar, Lantheus Medical Imaging Inc., North 356 

Bellerica, MA) and a General Electric Medical Systems Discovery LS Model was used to collect 357 

CT images with a voxel depth of 1.25mm. Analyze 9.0 software (Mayo Clinic, Rochester MN) 358 

was used to outline the individual thalamic nuclei across atlas slices, and SCIRun 4.5 software 359 

(Scientific Computing & Imaging Institute, University of Utah, Salt Lake City, UT) was used to 360 

co-register the 3D thalamic nuclei with all MR and CT imaging using a previously published 361 

algorithm (Viola and Wells, 1997). Following the initial implantation surgery lead contact 362 

locations were estimated through isosurface processing of post-operative CT images.  363 

 A finite element model (COMSOL 3.5) was created to estimate the electric field 364 

produced during DBS. This model accounted for the encapsulation layer around the electrode 365 

and in vivo impedance measurements (Butson et al. 2007). Extracellular potentials were applied 366 

to multi-compartment cable models of myelinated axons (McIntyre et al. 2002) distributed 367 

around the DBS leads and the diffusion tensor template of the NHP (Adluru et al. 2012) was 368 

used to select axon directions and locations that met stimulation criterion set during the 369 

behavioral experiments. Axon activation maps were generated as point clouds presenting the 370 

nodes of action potential initiation that met stimulation threshold criterion. The same charge-371 

balanced asymmetrical biphasic square pulses used during the experiments were applied in the 372 



Central thalamic stimulation robustly modulates performance 
 

model and the time-dependent transmembrane potentials induced by the stimulation pulses 373 

were calculated in NEURON 7.1 (Hines and Carnevale 1997). 374 

 375 

Histology 376 

 Histology staining was performed by FD Neurotechnologies Inc. (Columbia, MD). 377 

Following standard transcardial perfusion, formaldehyde-fixed (4%) tissue blocks containing the 378 

tracts of the DBS leads were dehydrated through graded ethanol and xylenes, and then 379 

embedded in paraffin. Serial sections (10 µm in thickness) were cut through the whole tissue 380 

block with a rotary microtome. The 1st section of every group of 4 (or 10) sections following the 381 

discovery of the DBS lead tract was mounted on 25x75 mm Superfrost Plus microscope slides. 382 

All sections were stained with FD Luxol fast blue solution™ and counterstained with FD cresyl 383 

violet solution™ to mark mylienated fibers and cell bodies, respectively. Sections were cleared 384 

in xylene and then coverslipped in Permount (Fisher Scientific, Fair Lawn, NJ). Slides containing 385 

the DBS lead tracts were digitized with a microscope using a 2X objective and compared with a 386 

standard histology atlas of the NHP (Paxinos et al. 1999, scalablebrainatlas.incf.org) to identify 387 

thalamic nuclei and major fiber tracts. Cortical and striatal recording sites were identified from 388 

Nissl stained sections and electrode recording depths were adjusted based on the histology.  389 

 390 

Behavioral data analysis 391 

 When motivated to work for liquid rewards the animals performance was typically high at 392 

the start of each experimental session and then gradually diminished as total time on task 393 

increased (Fig. 1B,C, Smith et al. 2009; Shah et al. 2009, Schiff et al. 2013). Correctly 394 

performed trials included reaction times relative to the ‘GO’ cue occurring between 250 and 395 

800ms in the vigilance task and between 150 and 500ms in the memory guided saccade task. 396 

Incorrect trials are categorized as ‘incomplete’ trials (broken fixation, early and late touch of the 397 

IR switch) and ‘incorrect’ trials (failure to acquire the target, failure to respond after the ‘GO’ 398 

cue). The second type of ‘incorrect’ trial occurred rarely. An estimate of behavioral performance 399 

is computed from the time series of correct, ‘1’ and incomplete and/or incorrect, ‘0’ trials, using a 400 

state space modeling approach (Smith et al. 2009). This smooth estimate of performance rate 401 

was used to visualize performance as a function of trial number in relation to the CT-DBS ON 402 

and OFF periods (Fig. 1B,C, 2A,C).  403 

 The odds ratio was used to quantify the effect size of DBS relative to baseline 404 

performance by calculating the ratio of the odds of getting a correct trial during CT-DBS ON 405 

periods to the odds of getting a correct trial during CT-DBS OFF periods. Odds ratios for all 406 
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DBS periods were computed and subjected to a 95% confidence based on the standard error 407 

and the total number of trials in both the ON and OFF periods. A minimum of 20 trials prior to 408 

the onset and 20 trials during DBS were required for a DBS period to be included in this study. 409 

Reaction time distributions of correctly performed trials during ON and OFF DBS periods were 410 

compared using a ranksum test with a significance of p<0.05. The coefficient of variation (CV), 411 

the standard deviation divided by the mean reaction times, was used to quantify the variance of 412 

reaction times within a set period.  413 

 414 

Electrophysiological data analysis 415 

 Broadband activity (0.1-10KHz) was collected from custom high impedance (0.5-1.5MΩ) 416 

microelectrodes (Alpha Omega LTD, Nazareth, Israel) positioned within a 32-microelectrode 417 

microdrive (SC32, Gray Matter Research LLC, Bozeman, MT). The power spectra of the LFP 418 

signals were calculated using the multitaper method (Mitra and Pesaran 1999; Thomson 2002; 419 

Mitra and Bokil, 2008) implemented in the Chronux toolbox (http://www.chronux.org) to control 420 

the bias and variance in the spectral estimates of neurophysiological signals using the 421 

mtspectrumc.m function. The log-transformed power spectra were subjected to a bias-corrected 422 

two-group test to adjust for the unequal sample sizes that often arise when comparing across 423 

treatment conditions (Bokil et al. 2007). At each frequency, the difference between the power 424 

spectra for the ON versus OFF DBS periods was divided by an estimate of the variance in the 425 

two-group sample (Bokil et al. 2007). In addition, the p-values of the resulting Z-scores across 426 

the power spectra were subjected to a false-discovery rate (FDR, p<0.05) test to correct for 427 

multiple comparisons arising from the multiple frequencies in the spectra (Benjamini and 428 

Hochberg 1995). Z-scores that passed screening of the two-group and FDR tests 429 

(two_group_test_spectrum.m) were used to construct a distribution at each frequency of 430 

significant power differences in the LFPs between DBS ON and OFF conditions. Z-score means 431 

and confidence intervals were computed by standard methods.  432 

 ECoG signals were recorded from a custom array of 10 electrodes distributed over 433 

frontal, temporal, parietal and occipital cortices. In this study, a bipolar montage of two midline 434 

ECoG electrodes, roughly corresponding to human Fz and Cz, was used to monitor activity 435 

throughout each experimental session in both animals. The power spectra of the Fz-Cz ECoG 436 

signal were calculated using the same multitaper routines as described above. A significant 437 

increase in the power spectra within the low frequency band (4-12Hz) was consistently 438 

correlated with eye-closure and putative ‘sleep’ episodes during the OFF DBS periods.  439 

   440 
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Electrical stimulation artifacts in neurophysiological signals 441 

 Stimulation artifacts were generated in all neurophysiological signals collected during 442 

CT-DBS when stimulation amplitudes of 0.5-3.0mA were used. The high-frequency nature of the 443 

DBS pulse affected the majority of microelectrode recordings and precluded the analysis of unit 444 

activity during DBS in this study. During monopolar stimulation, the preamplifier (PZ2-32, Tucker 445 

Davis Technologies, FL) was close to half saturation; therefore we did not analyze these data. 446 

However, during standard and field-shaping multipolar CT-DBS the artifact was well below the 447 

saturation point of the preamplifier that included a 4th order low-pass (24 dB per octave) at 7.5 448 

kHz anti-aliasing filter for each channel and therefore did not impact the LFP through saturation 449 

or aliasing artifacts. All microelectrode broadband signals were recorded at ~25KHz and the 450 

ECoG signals were recorded at 1KHz. A digital Butterworth filter (filtfilt.m, 4th order, 3dB per 451 

octave) was used in custom Matlab software (Mathworks, Natick, MA) to remove the stimulation 452 

artifacts without distorting the power spectrum of the LFP signals (0.1 to 50Hz). We tested this 453 

assumption by randomly and periodically introducing a series of stimulation artifacts waveforms 454 

with varying amplitudes to actual non-DBS microelectrode broadband signals and then 455 

subjecting them to the above analysis. The high frequency components of the added DBS 456 

artifacts had 0dB impact on the power spectrum of the LFP signals (0.1 to 50Hz).   457 

 In addition to the digital signal processing methods described above, we followed 458 

standard industry protocols to test our recording electronics (TDT RZ2-DAQ) during high 459 

amplitude and high frequency DBS and for characterizing and removing stimulation artifacts 460 

from biological signals (Stanslaski et al. 2012 and personal correspondence with Dr. Timothy 461 

Denison at Medtronic Inc. Minnesota, MN). Briefly, the same Alpha-Omega microelectrodes (0.5 462 

to 1.5MOhms) used to record broadband (0.1-8000Hz) neural activity in the animals were 463 

placed into a 300cc physiological saline bath and positioned 20mm from the active contacts of 464 

two spatially separated DBS leads in order to approximate the distance between the central 465 

thalamic stimulation locations and the frontal cortex and dorsal striatum of the animals. Tests 466 

were conducted using multiple separation distances between the microelectrodes and the two 467 

DBS leads, ranging from 1-50mm and 2-4mm respectively. Electric stimulation through the DBS 468 

leads was then introduced to the saline bath using the same standard and field-shaping 469 

stimulation protocols with 150, 175, 200 and 225Hz stimulation frequencies and amplitudes 470 

ranging from 0.25 to 3.0mA. In addition, sinusoidal test signals (10-50Hz) of various amplitudes 471 

were introduced into the saline bath using a separate copper wire connected to a function 472 

generator and the signals were recorded through the microelectrodes using the identical 473 

experimental setup, without the animal, to mimic the amplitude of the recorded LFP oscillations. 474 
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The same broadband recording, filtering and spectral analysis described above was conducted 475 

on the recorded signals containing the known sinusoidal test signals (10-50Hz). In conclusion 476 

we determined that all electric stimulation artifacts generated contributed 0dB change in all 477 

sinusoidal test signals (10-50Hz), for all DBS lead configurations, stimulation parameters and 478 

inter microelectrode-DBS lead separation distances. After conducting these standard industry 479 

protocols, we are confident that the measured changes in the frontostriatal LFP power spectra 480 

during all CT-DBS configurations conducted in this study are neurogenic in origin.  481 

 482 

Results  483 

 Two adult NHPs (Macaca mulatta) were implanted with custom recording and DBS 484 

devices (see Methods) and trained to perform several visually guided motor reaction time tasks 485 

with variable delay periods for water rewards (Fig. 1A). In the absence of CT-DBS (Fig. 1B,C) 486 

behavioral performance of both animals was typically high at the start of an experimental 487 

session and then gradually decreased over time, as observed in other NHPs performing 488 

identical tasks (Smith et al. 2009; Shah et al. 2009; Schiff et al. 2013). Performance decrements 489 

included an increased rate of incorrect and/or incomplete trials, increased variance of reaction 490 

times, and a greater prevalence of eye closures and putative ‘drowsiness’ and ‘sleep’ episodes 491 

(as assessed through power fluctuations in midline Fz-Cz ECoG recordings, see Methods) near 492 

the latter half of the experimental sessions (Fig. 1B,C). This transition in behavioral performance 493 

is consistent with a shift from a state of a high arousal and motivation at the start of the session 494 

to a state, as time on task increases, of greater satiety, boredom, drowsiness and low 495 

motivation, vigilance and vigor (Sarter et al., 2006). Humans show similar changes in behavioral 496 

state when conducting similar long, sequential multi-trial tasks (Paus et al., 1997). 497 

 In the example non-DBS sessions shown in Figure 1B,C, the animals’ performance 498 

begins to decline following trial 600, corresponding to 43 to 68 minutes time on task. Putative 499 

‘sleep’ episodes (indicated with green markings along the zero performance line) are seen in 500 

both animals. Following trial 600, the CV of the reaction times increases slightly from 0.15 to 501 

0.17 in NHP1 and in NHP2 reaction time CV increases markedly from 0.1 to 0.15, while average 502 

reaction times do not significantly change (ranksum, p>0.05). The animals remain on task for 80 503 

and 120 minutes until satiated at which point they refused to work for additional water rewards. 504 

During CT-DBS experimental sessions, time on task ranged from 35 to 262 minutes for NHP1 505 

and 35 to 227 minutes for NHP2. Shorter experimental sessions presumably reflected days of 506 

lower motivation. In NHP1, 218 experimental sessions with CT-DBS were recorded during 137 507 
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days and in NHP2, 68 experimental sessions with CT-DBS were recorded during 57 days (see 508 

Methods).  509 

 510 

Behavioral performance is robustly modulated with central thalamic deep brain stimulation 511 

 Periodic high frequency fsCT-DBS, when conducted over blocks of contiguous trials and 512 

shown as colored regions in Fig. 2A, modulates robustly the animal’s performance. In this 513 

example, only the first 1600 of 2500 trials are shown, even though robust modulation of 514 

performance was observed throughout the entire session. Behavioral performance is quantified 515 

using the odds ratio. The log of this ratio is the log odds ratio (LOR) and positive LOR values 516 

correspond to a greater probability of the animal performing a correct trial during the DBS 517 

period. Significance of the LOR value (p<0.05) is based on the number of trials in the DBS ON 518 

and OFF periods, which were roughly equal in number (see Methods).  519 

In Fig. 2A each field-shaping CT-DBS (fsCT-DBS) period is colored gray or green to 520 

reflect the significance of the LOR value, with significantly positive periods indicated by green 521 

(p<0.05) and non-significant (p>0.05) by gray. During the initial ‘induction’ phase the majority of 522 

LOR values range from -2.1 to 0.7 (p>0.05) and are colored gray, except for the two periods 523 

colored green, corresponding to positive LOR values (p<0.05) that demonstrate a significant 524 

facilitation of performance during fsCT-DBS. During the ‘control’ phase, LOR values of the fsCT-525 

DBS periods are all positive and significant, ranging from 3.8 to 6.7 (p<0.05) indicating robust 526 

facilitation of performance during fsCT-DBS. Operationally in this study, we use the terms 527 

‘induction’ and ‘control’ to highlight the transition to an extended block of trials where ON and 528 

OFF periods of fsCT-DBS were more positively correlated with correct performance of the task. 529 

Of note, both animals did perform during the ‘control’ phase without fsCT-DBS; therefore 530 

performance was not exclusively contingent on fsCT-DBS, as seen in both animals (Fig. 2). 531 

Here ‘control’ represents a period during an experimental session where resumption of reliable 532 

performance from a low or near zero baseline is observed in a sequence of blocked trials and 533 

quantified using the LOR. 534 

 535 

Time-dependent properties of fsCT-DBS behavioral performance 536 

 Modulation of behavioral performance by fsCT-DBS displays several time-dependent 537 

properties. First, the influence of fsCT-DBS on performance and reaction times develops over 538 

the experimental session. The initial periods of fsCT-DBS primarily affect reaction times, where 539 

median reaction times for ON fsCT-DBS periods (385 ms, 164 correct trials) are significantly 540 

shortened by 40 ms (ranksum, p<0.05) between trials 200 and 600 as compared with the 541 
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interleaving OFF periods (164 correct trials) (Fig. 2B). However, the reduction in reaction times 542 

did not persist and once ‘control’ is established after trial 700 median reaction times are slightly 543 

increased and more variable (CV of 0.16, compared to CV of 0.07), yet significantly different 544 

(ranksum p<0.05) for ON (400ms, 72 correct trials) and OFF (415ms, 554 correct trials) fsCT-545 

DBS periods during the remainder of the session.  546 

 Second, the distinct behavioral profiles of ‘induction’ and ‘control’ phases observed in 547 

NHP1 (Fig. 2B), occurred in 153 out of 187 experimental sessions when fsCT-DBS was used, 548 

however the duration of the ‘induction’ phase varied across experimental sessions. In some the 549 

shift from ‘induction’ to ‘control’ was rapid, occurring within the first or second fsCT-DBS period 550 

(~20 minutes time on task), and for others, the shift occurred later, after several fsCT-DBS 551 

periods, (1-12 periods, median 2), as seen in Fig. 2B after the 8th fsCT-DBS period  (first period 552 

that is colored green). Importantly, the ‘control’ phase observed in NHP1 was never achieved 553 

with standard CT-DBS configurations even though performance could be facilitated (Fig. 4C). 554 

Here, we postulate that the ‘control’ phase represents a state of performance recovery, whereby 555 

fsCT-DBS is able to boost performance back to levels achieved earlier in the experimental 556 

session. Of note, NHP1 did resume performance during the ‘control’ phase without fsCT-DBS 557 

when enough time had elapsed between periods of stimulation, as seen around trials 1140 and 558 

1415 (Fig. 2B), demonstrating that the animal was still able to mobilize its own resources and 559 

resume performance. Spontaneous resumption of performance while in the ‘control’ phase and 560 

during OFF fsCT-DBS periods was observed in all 21 experimental sessions when time 561 

between fsCT-DBS ON periods was purposefully extended.  562 

 Comparable time-dependent effects in behavioral performance were observed in NHP2 563 

when a similar high frequency fsCT-DBS protocol was used (example session shown in Fig. 564 

2D). Here current levels between 0.5 and 1.0mA either facilitated (green periods) or had no 565 

effect (gray periods) on behavioral performance, while stimulation amplitudes above 1.0mA, 566 

colored in red, consistently suppressed performance (Fig. 2D). During the ‘induction’ phase in 567 

Fig. 2D, LOR values of fsCT-DBS periods are positive but not significant, ranging from 0.1 to 0.6 568 

(p>0.05), when amplitudes are 0.5 to 1.0mA and significantly negative, ranging from -1.7 to -5.1 569 

(p<0.05), when amplitudes above 1.0mA were used. During the ‘control’ phase, stimulation 570 

amplitudes between 0.75 and 1.0mA consistently facilitated performance (green periods) or had 571 

no effect (gray periods), while stimulation amplitudes above 1.0mA (red periods) continued to 572 

suppress performance (Fig. 2D). Overall, the shift from ‘induction’ and ‘control’ phases observed 573 

in NHP1 were not consistently observed in NHP2, however a resemblance of these ‘phase’ 574 

transitions, where increased performance correlated with fsCT-DBS in the latter half of the 575 
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experimental session, was observed in 20 out of 46 experimental sessions, occurring on 576 

average in the 5th or 6th fsCT-DBS period (range 1 to 12 fsCT-DBS periods), corresponding to 577 

~50 minutes time on task.  578 

 The marked shift in reaction times observed in NHP1 during the ‘induction’ period of 579 

fsCT-DBS (Fig. 2B) was not consistently observed in NHP2 (Fig. 2D). However, reaction times 580 

in NHP2 were influenced by fsCT-DBS, where median reaction times between the start and trial 581 

700 in Fig. 2D exhibit a gradual increase, from 345ms to 370ms with current levels above 582 

1.0mA during the ‘induction’ phase, consistent with expected increases in reaction times in the 583 

later portions of experimental sessions; however, the variance in reaction times actually 584 

decreases, from a CV of 0.18 to 0.1. Once behavioral ‘control’ was established after trial 700, all 585 

reaction times are significantly slower (median 480ms, ranksum p<0.05) but not significantly 586 

different between subsequent ON and OFF fsCT-DBS periods (Fig. 2D).   587 

During the ‘induction’ phase, behavioral performance was variably influenced by fsCT-588 

DBS, except for reaction times in NHP1 (Fig. 2B). However as time on task increased fsCT-DBS 589 

ultimately resulted in an unexpected ‘control’ of behavioral performance that was tightly 590 

correlated with subsequent fsCT-DBS ON periods in both animals (Fig. 2A,C). ‘Control’ of 591 

behavioral performance in both animals was only achieved with fsCT-DBS and only when a 592 

rostral to caudal electric field was generated within the CT using field-shaping CT-DBS within a 593 

subset of DBS contacts. However, a directly comparable degree of behavioral control was not 594 

achieved in NHP2 and never demonstrated the robust and consistent behavioral response to 595 

fsCT-DBS, as seen regularly across the 30 months in NHP1.  596 

 597 

Behavioral facilitation with fsCT-DBS is restricted to a range of stimulation amplitudes. 598 

 Behavioral performance in both animals was dependent on fsCT-DBS amplitude. In 599 

NHP1 (Fig. 3A), current levels between 1.0 and 2.5mA, following trial 450, consistently facilitate 600 

performance (green periods, positive LOR values, p<0.05), while current levels below or above 601 

this range have no effect on performance (gray periods, Fig. 3A). In NHP2, current levels from 602 

0.25 to 1.25mA have either no effect or facilitate performance (Fig. 3C), while currents above 603 

1.25mA consistently suppress performance (red colored periods, negative LOR, p<0.05).   604 

The relationship between the amplitude of fsCT-DBS stimulation and performance is 605 

illustrated by the red curve in Fig. 4, a fit of a 2nd order polynomial to the distribution of LOR 606 

values (Fig. 4A,D). The fit demonstrates an inverted-U relationship (Yerkes and Dodson 1908; 607 

Mair et al. 2008) between stimulation amplitude and facilitation of performance in both animals. 608 

However, this relationship is restricted to amplitudes between 0.25 and 1.25mA in NHP2. In 609 
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addition, standard CT-DBS configurations also contribute to the inverted-U relationship in both 610 

animals (Fig. 4B,E). Overall both field-shaping and standard configurations of CT-DBS resulted 611 

in both facilitation and suppression of performance.  612 

 The average behavioral change in terms of percentage of correct trials, shown for each 613 

subset of LOR values as a function of trial number relative to DBS onset, illustrates the overall 614 

behavioral effect of CT-DBS (Fig. 4C,F). Each profile is normalized to pre-DBS baseline 615 

performance levels for direct comparison across CT-DBS periods. The dark green profile, 616 

corresponding to fsCT-DBS periods with significantly positive LOR values (Fig. 4A), 617 

demonstrates a rapid enhancement in performance that peaks at the fourth trial post DBS onset 618 

(elapsed time of ~20 seconds) and then gradually declines across the 20 trials shown (Fig. 4C). 619 

Of note, the decline in performance following the peak, on average, did not fall to zero during 620 

the fsCT-DBS periods used in this study. Standard CT-DBS configurations also resulted in 621 

periods of significant behavioral facilitation, however the behavioral profile shown in light blue 622 

(Fig. 4C) is not as robust, both in terms of the peak and the duration of the sustained 623 

performance during CT-DBS. Of note, the average behavioral profile generated by the fsCT-624 

DBS parameter sets that produced non-significant LOR values (shown in black) exhibits an 625 

initial dip in the first trial followed by an modest increase, a profile not present in the standard 626 

CT-DBS configurations (Fig. 4C).  627 

 In NHP2, a similar distribution of LOR values (Fig. 4D,E) and corresponding average 628 

behavioral change (Fig. 4F) is observed, although the robust behavioral facilitation observed in 629 

NHP1 during fsCT-DBS (dark green profile in Fig. 4C) was not replicated in NHP2 (dark green 630 

profile in Fig. 4F). Both fsCT-DBS and standard CT-DBS significantly facilitated behavioral 631 

performance (light blue and dark green profiles in Fig. 4F), to levels comparable to standard CT-632 

DBS in NHP1 (Fig. 4C). Of note, fsCT-DBS and standard CT-DBS did result in an initial dip in 633 

performance during non-significant periods (black and gray profiles in Fig. 4F). The critical 634 

finding here is that behavioral facilitation in NHP2 only occurred when stimulation was restricted 635 

to a subset of contacts (3, 4, and 5) on the two DBS leads indicating a narrow window of 636 

behavioral facilitation effects for this electrode configuration. We carried out computation 637 

modeling experiments (see below) to examine the relationship of this isolated effect in NHP2 638 

and the impact of CT-DBS using the contacts producing robust behavioral facilitation in NHP1 639 

(0, 1 and 2) during fsCT-DBS.  640 

 641 

Behavioral facilitation is restricted to a specific polarity of fsCT-DBS 642 
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 The high degree of ‘control’ over behavior was contingent not only on the amplitude of 643 

fsCT-DBS (Fig. 3, 4), but also on the polarity of the electric field established across the two DBS 644 

leads in both animals. In NHP1, tight coupling of behavioral performance to the ON and OFF 645 

fsCT-DBS periods (Fig. 2B, 3A, 4C) was observed only when the polarity of the electric field 646 

was arranged in a rostral to caudal orientation by assigning at least one of the anode(s) in the 647 

stimulation circuit to contacts 0, 1 and 2 on the rostral lead and at least one of the cathode(s) to 648 

contacts 0, 1 and 2 on the caudal lead. In NHP2 a similar relationship between the polarity of 649 

fsCT-DBS and behavioral facilitation was observed (Fig. 2C, Fig. 4F) when cathodes were 650 

placed on at least one of the upper three contacts (3, 4 and 5) of the caudal DBS leads and 651 

anodes placed on the corresponding contacts in the rostral DBS leads; the effects, however 652 

were not as robust as in NHP1. The polarity of stimulation resulted in clear differences in 653 

behavioral performance when all inter- and intra-lead CT-DBS configurations were explored in 654 

more detail in NHP1 (Fig. 8). This novel method of CT-DBS orients the electric field (Butson and 655 

McIntyre 2008; Chaturvedi et al. 2012) along the anterior-posterior axis of the brain and across 656 

a larger volume of tissue within the CT than is possible with standard CT-DBS.  657 

 658 

Summary of the effects of field-shaping and standard CT-DBS on behavioral performance  659 

 A large set of CT-DBS parameter combinations in terms of frequency (20, 40, 150, 175, 660 

200 and 225Hz), amplitude (0.25-3.0mA) and anode(s) and cathode(s) configurations were 661 

explored in both animals (Fig. 4). In this study, a total of 2461 DBS periods are analyzed from 662 

NHP1, each lasting an average of 32 (median of 26) trials, ranging from 20 to 500 trials in length 663 

and in NHP2 661 DBS periods are analyzed, each lasting an average of 32 (median of 31) 664 

trials, ranging from 20 to 62 trials in length. However only a subset, 123 out of 295 665 

configurations in NHP1 and 55 out of 428 in NHP2, significantly affected behavioral 666 

performance, either resulting in facilitation (positive LOR, p<0.05) or suppression (negative 667 

LOR, p<0.05). In summary, fsCT-DBS resulted in greater facilitation of behavioral performance 668 

(947 in NHP1, 48 in NHP2) when compared to standard CT-DBS (36 in NHP1, 22 in NHP2) 669 

(Fig. 4).    670 

 671 

LFP activity of frontostriatal recording sites during behavior  672 

 As the animals performed the vigilance task, in the absence of CT-DBS, LFP activity 673 

recorded from frontal cortices in both animals and in striatal populations in NHP1 exhibited 674 

graded and task related modulation of spectral power (Fig. 5A,B,E,F). A sustained increase of 675 

spectral power in the 13 – 25Hz range, ‘beta-band’, and a corresponding decrease of spectral 676 
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power below 10Hz during the delay period of correctly performed trials (red curve, Fig. 5A,E) is 677 

present when compared to the pre-delay period of InCorrect trials (blue curve, Fig. 5A,E). Of 678 

note, baseline and peak activity within the ‘beta-band’ range during both Correct and InCorrect 679 

trials is different in NHP1 compared to NHP2 (Fig. 5A,E), a phenomenon that has been reported 680 

in other NHP studies while recording from similar frontal (Dotson et al. 2014) and striatal 681 

(Courtemanche et al. 2003) locations as the animals performed similar visuomotor reaction time 682 

tasks. Enhancement of ‘beta-band’ LFP activity is known to occur during periods of movement 683 

planning and preparation within both frontal (Sanes and Donoghue 1993; Brovelli et al. 2004; 684 

Witham et al. 2007; Buschman and Miller 2007; Zhang et al. 2008; Verhoef et al. 2011; 685 

Buschman et al. 2012; Dotson et al. 2014) and striatal (Courtemanche et al. 2003; Bartolo et al. 686 

2014) regions. Motor planning and preparation were two operations the NHPs had to organize 687 

to successfully complete trials in this study. On average, dynamics within LFPs recorded during 688 

the vigilance task, without CT-DBS, were consistent between the two animals (Fig. 5B,F). 689 

 690 

Frontostriatal activity is significantly modulated by fsCT-DBS 691 

 During fsCT-DBS, ‘beta-band’ power generally increased and power below 10Hz 692 

generally decreased (Fig. 5C,G). This shift in LFP power is observed throughout the task (Fig. 693 

5D,H) even between trials when the animal’s behavior, in the form of fixation, is not constrained. 694 

Representative frontal LFP (10-40Hz) recordings from both animals (Fig. 6A,B) illustrate the 695 

time varying dynamics of ‘beta-band’ activity just prior to and during fsCT-DBS. At the onset of 696 

fsCT-DBS (red line) the amplitude of the LFP immediately decreases (Fig. 6A), followed by a 697 

marked increase in ‘beta-band’ activity (Fig. 6A,B). To compare LFP activity during equivalent 698 

behavioral states in the two animals, analysis of LFP power spectra was restricted to the delay 699 

period of the vigilance task (Fig 1A). The average power spectra from two representative frontal 700 

LFP signals recorded during the delay period of correctly performed trials for each animal is 701 

shown in figure 6C,F. The average power spectra of the LFP during fsCT-DBS (red trace) 702 

demonstrates a significant enhancement of power within the ‘beta-band’, a significant decrease 703 

in lower frequency power (Fig. 6C,F) and a generalized increase in higher frequency power 704 

(>25Hz) in NHP1 (Fig. 6C) when compared to OFF periods (black trace). 705 

 In order to combine individual LFP signals across recording sites and experimental 706 

sessions, the power spectra of the LFP for each recording site were converted to a Z-score and 707 

subjected to significance testing using a two-group comparison test (t-test, p<0.05) (Bokil et al. 708 

2007) and FDR (p<0.05) (Benjamini and Hochberg 1995) (see Methods). In NHP1, 3592 709 

independent broadband signals were recorded across the 218 sessions included in this study 710 
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and here a reduced set of 2577 LFP recordings are analyzed from a subset of facilitatory fsCT-711 

DBS configurations and amplitudes ranging from 0.75 to 3.0mA. On average, the onset of fsCT-712 

DBS results in a robust yet transient shift in the peak of the ‘beta-band’ power (Fig. 6A,D), from 713 

~18 to 25-30Hz within the first few trials (~5-10 seconds) which gradually settles to an enhanced 714 

level of ~18-20 Hz within the first four to five trials (~20-25 seconds) of the fsCT-DBS ON 715 

periods (Fig. 6D). The shift in ‘beta-band’ power over the subsequent ~4-5 trials following the 716 

onset of fsCT-DBS correlates well with the animal’s resumption of peak behavioral performance 717 

relative to baseline (dark green curve in Fig. 4C). These marked changes in spectral power prior 718 

to and during fsCT-DBS are observed in both frontal and striatal recording sites in NHP1 (Fig. 719 

7A,C).  720 

 In NHP2, fsCT-DBS induces a similar shift in the LFP power spectra recorded from the 721 

frontal cortex (Fig. 6B,F). The average Z-score of the LFP power spectra, aggregated over 60 of 722 

the 206 independent recording sites within the frontal cortex exhibits a significant enhancement 723 

of ‘beta-band’ power during fsCT-DBS and a significant decrease in power between 1 and 15Hz 724 

at the onset of fsCT-DBS and (Fig. 6B,F). Behavioral facilitation during fsCT-DBS in NHP2 is 725 

not as rapid (dark green curve in Fig. 3F) as in NHP1 and in NHP2 we also observe a weaker 726 

temporal correlation between enhanced performance and increased power within the ‘beta-727 

band’ of the frontal LFPs (Fig. 6F).  728 

 In both animals, the degree of change in the average power spectra during fsCT-DBS 729 

correlates and grades with the amplitude of stimulation, where higher current levels result in 730 

significantly greater shifts in the distribution of the LFP power spectra (Fig 6E, H). Three sets of 731 

fsCT-DBS amplitudes levels are represented by average Z-scores and are color-coded for 732 

increased current, ranging 0.75-3.0mA (Fig 6E, H). The peaks within the ‘beta-band’ of the 733 

average Z-scores in NHP1 are significantly greater with a subtle shift to a higher peak frequency 734 

(Fig. 6E, 7B,D) when compared to NHP2 (Fig. 6H), yet the trend is consistent between animals, 735 

where higher DBS amplitudes led to similar shifts in the profiles of the LFP power spectra.  736 

 737 

Polarity of fsCT-DBS impacts performance and LFP power spectra  738 

 In addition to demonstrating robust effects of fsCT-DBS on behavioral performance and 739 

frontostriatal activity in NHP1, we discovered that the spatial arrangement and polarity of the 740 

electric field produced during fsCT-DBS play a significant role in determining the effectiveness 741 

of stimulation. Therefore, more detailed examination of fsCT-DBS and standard CT-DBS 742 

configurations were conducted within the three distal contacts (0, 1 and 2) of the two DBS leads 743 

(Fig. 8). When the electric field was applied across one of the three distal contacts of the DBS 744 
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leads in a rostral-caudal direction (‘C1’ in Fig. 8A) with cathode(s) assigned to the caudal lead 745 

‘C’, (blue contacts, Fig. 8A) and anode(s) assigned to contacts 0, 1 or 2 of the rostral lead, 746 

(green contacts), an enhancement in average performance during DBS is observed (red curve 747 

‘C1’ in Fig. 8B). The opposite polarity of fsCT-DBS (‘C2’ in Fig. 8A) resulted in a partial 748 

behavioral suppression, represented by the blue average performance curve (‘C2’ in Fig. 4B). 749 

When standard intra-lead CT-DBS was applied using only a single DBS lead (‘C3’ in Fig. 8A), 750 

performance was also suppressed, most predominantly within the first few trials as seen in the 751 

green average performance curve (‘C3’ in Fig. 8B). These results demonstrate that the location 752 

of the cathode and anode within a restricted region of the CT can result either in significant 753 

enhancement, no effect, or a slight suppression of performance. 754 

 755 

Impact of bipolar anode/cathode pair on neural activity 756 

 Frontostriatal recruitment exhibited a clear dependence on the spatial arrangement of 757 

the cathode and anode pairing across the DBS leads (Fig. 8C). The average Z-scores of the 758 

power spectra for each subset of LFP sites recorded during the three configurations ‘C1’, ‘C2’ 759 

and ‘C3’ are shown in Fig. 8C. The configuration ‘C1’ produces a strong suppression of spectral 760 

power in the 1-15Hz range when compared to ‘C2’ and ‘C3’, and a centering of increased 761 

spectral power around 18Hz, as compared to the broader peak between 20-28Hz seen during 762 

‘C2’ (Fig. 8C). The stimulation amplitude (0.75-2.5mA) and high frequency range (150-225Hz) 763 

are comparable for the three configurations, suggesting that the significant differences observed 764 

in spectral power change likely represent the impact of changing the location of the cathode in 765 

the bipolar configuration (Fig. 8A). Of note, with the same cathode placement, standard intra-766 

lead CT-DBS ‘C3’ predominantly suppresses behavior and produces only a modest change in 767 

frontostriatal ‘beta-band’ LFP power when compared to fsCT-DBS ‘C1’ and ‘C2’.  768 

 769 

Impact of multipolar anode/cathode pairs on behavior and neural activity 770 

 When two sets of cathodes and anodes (‘C4-C6’) are used, in arrangements analogous 771 

to the spatial arrangements shown in configurations ‘C1-C3’ (Fig. 8A) but now delivering twice 772 

the current, the animal’s behavior performance (Fig. 8D) and frontostriatal recruitment (Fig. 8E) 773 

exhibit results both similar to and different from those observed during single anode-cathode 774 

configurations. Dual rostral to caudal fsCT-DBS, configuration ‘C4’ results in robust behavioral 775 

facilitation (red profile in Fig. 8E) similar to ‘C1’. Interestingly, when the opposite polarity of 776 

fsCT-DBS is used, ‘C5’, the animal’s average behavioral performance, shown in blue, is also 777 

facilitated, but at a significantly lower level and with a slower rate than ‘C4’. However, the impact 778 
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of ‘C5’ is significantly different from ‘C2’ where behavior is suppressed by ‘C2’ but facilitated by 779 

‘C5’ even though both configurations had the anode(s) located on the caudal lead (blue profiles 780 

in Fig. 8B,D). Standard intra-lead CT-DBS on both leads simultaneously, ‘C6’, results in a 781 

modest increase in the animal’s average behavioral performance, again significantly different 782 

from ‘C3’ where performance is transiently suppressed (green profiles in Fig. 8B,D).  783 

The reversal in the behavioral performance effect between ‘C2’ and ‘C5’ and between 784 

‘C3’ and ‘C6’, and facilitation for both ‘C1’ and ‘C4’, suggests that the link between behavioral 785 

facilitation and stimulation may reflect an interaction between a number of cellular mechanisms 786 

or cellular populations with different thresholds and sensitivities to the orientation of the electric 787 

field. Threshold for behavioral facilitation may be lowest with ‘C1’; adding additional current with 788 

‘C4’ does not improve substantially on ‘C1’ because performance enhancement has saturated 789 

even if ‘C4’ is capable of recruiting additional neural populations (see below, and Fig. 8C,E). 790 

Configurations ‘C2’ and ‘C3’ suppress performance, but if enough current is available in the 791 

local environment, as with ‘C5’ and ‘C6’, there will be adequate recruitment for the enhancement 792 

of performance.       793 

 Frontostriatal recruitment during dual anode-cathode fsCT-DBS, for both configurations 794 

‘C4’ and ‘C5’ significantly enhanced ‘beta-band’ activity and a general increase in higher 795 

frequency band power, ~30-40Hz, when compared to standard CT-DBS ‘C6’ (Fig. 8E). Note the 796 

near doubling in the peak of the average Z-score of the power spectra within the ‘beta-band’ 797 

during dual (‘C4’ in Fig. 8E) versus single (‘C1’ in Fig. 8C) cathode-anode fsCT-DBS (red curves 798 

in both plots), a result of doubling the current entering the CT through the addition of the second 799 

anode/cathode pair. Of note, when the current is doubled using fsCT-DBS of the opposite 800 

polarity, ‘C5’, a similar frontostriatal recruitment profile in the Z-score of the LFP power spectra 801 

to ‘C4’ is observed (Fig. 8E), but this profile is not a simple doubling of the activation produced 802 

by ‘C2’ which employs a single cathode-anode pair; changes in dynamics are also evident when 803 

comparing the two reverse polarity configurations ‘C2’ and ‘C5’.  In general, clear differences in 804 

frontostriatal recruitment are strongly dependent on the arrangement of the cathodes and 805 

anodes within a circumscribed area of the primate CT. In NHP2, a comparable series of 806 

configurations was not conducted because the level of robust and reproducible behavioral 807 

‘control’ achieved in NHP1 was not well established in NHP2.  808 

 809 

Modeling of axonal fibers activated by fsCT-DBS: Evidence for a role of the DTTm. 810 

 A biophysical modeling approach (Butson et al. 2011; see Methods) was developed for 811 

each animal to derive the predicted locations of axonal activation during fsCT-DBS and 812 
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standard CT-DBS configurations that produced behavioral facilitation in both animals. Electric 813 

field models were combined with an NHP DTI template (Adluru et al., 2012; see Methods) to 814 

visualize the voltage distribution in space surrounding the DBS leads enabling a visualization of 815 

the extent of axonal activation within and around the CT targets (Fig. 9A).  816 

 In NHP1, two 6-contact DBS leads are positioned in the model within the right central 817 

thalamus where robust and reproducible facilitation of behavioral performance and frontostriatal 818 

recruitment were observed when the cathodes were assigned to the three distal contacts, 0, 1 819 

and 2 of the caudal lead and the anodes were assigned to contacts 0, 1, and 2 of the rostral 820 

lead (‘C1’ and ‘C4’ in Fig. 8). An example standard bipolar configuration illustrates the field 821 

generated by a 1.5mA current applied between contacts 0 and 1 of the DBS lead, with the 822 

anode assigned to contact 1 and the cathode on contact 0, where the transparent yellow 823 

regions representing the spatial extent of the generated voltage distribution (Fig. 9B). The white 824 

dotted line is a schematic of a modeled axon that intersects the area of activation generated by 825 

the voltage distribution and the red segments represent stretches of the axon that are 826 

depolarized and activated by the stimulation (McIntyre et al. 2002; Butson et al. 2011). A 827 

maximum stimulation current of 1.5mA is used in the electric field models for NHP1 (Fig. 828 

9B,C,D,F) since it produced consistent behavioral and physiological effects.  829 

 A broad distribution of axonal activations, identified as small yellow spheres, can be 830 

seen when all facilitatory fsCT-DBS configurations (‘C1’ and ‘C4’, Fig. 8) are combined (Fig. 831 

9C). The population of axonal activation shown in Fig. 9C is then reduced by two additional 832 

steps of processing: 1) a DTI-derived template (Adluru et. al. 2012) of fiber orientations for the 833 

NHP (271 animals) is used to select the axon activation closest to the positions of fiber bundles 834 

in the CT; 2) all electric field models using non-facilitatory configurations and the same three 835 

distal contacts are then subtracted from the facilitatory fsCT-DBS configurations (see Methods). 836 

Performing a volumetric subtraction of one map from the other two combined maps allowed us 837 

to identify voxels that are activated differentially by effective fsCT-DBS (cyan points in Fig. 838 

9D,F). As planned, contacts 0, 1 and 2 of the caudal DBS lead are located within the caudal 839 

‘wing’ of the CL nucleus (Glenn and Steriade 1982) and the rostral lead is located within the 840 

lateral portion of the medial dorsal (MD) nucleus adjacent to the Pc/CL nucleus. The model-841 

predicted axon activations within the lateral border of CL and CM/Pf and in the lateral 842 

component of the medial dorsal (MD) nucleus (a region included as part of NHP CL by some 843 

anatomists, Jones 1998) are strongly activated in NHP1 (Fig. 9D,F) and lie within a region that 844 

intersects a high concentration of fibers of the DTTm as it courses through the central thalamus 845 

(Edlow et al. 2012). This region is highlighted with a white oval and in the histological 846 
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reconstruction of the caudal DBS leads within the right thalami of both animals with a black-847 

dotted oval (Fig. 10B,C). In summary, a total of 11 out of 12 contacts are active, 8 are located 848 

within or within range of CL and 3 contacts are out of range and unable to drive CL targets in 849 

NHP1. 850 

 In NHP2, two 6-contact DBS leads are placed into the model of the right central 851 

thalamus (Fig. 9E,G) and two 6-contact DBS leads are placed into the left thalamus (not 852 

shown). One DBS lead is located within left medial MD, out of range of the CT targets and 853 

therefore excluded from this study. Of the three remaining DBS leads, the upper three contacts 854 

(3, 4, and 5) of the right caudal lead and contacts 4 and 5 in the left caudal lead produced 855 

periods of behavioral facilitation and frontal recruitment during both fsCT-DBS and standard 856 

inter-lead bipolar stimulation. In NHP2, 1.0mA is used to generate the axonal activation maps 857 

for all facilitatory configurations (Fig. 9E,G), which are combined because a comprehensive 858 

examination of all non-effective configurations within the same set of contacts was not 859 

conducted. As planned, the caudal DBS leads in NHP2 are ~2.0mm caudal to those in NHP1, 860 

and contacts 3, 4 and 5 were caudal to the ‘wing’ of CL, primarily in the pulvinar, paralaminar 861 

MD and adjacent to the lateral habenula (Fig. 9E,G). The distal contacts of both caudal leads (0, 862 

1 and 2) are located within the parafascicular (Pf) nucleus, and contacts 0 and 1 are located 863 

within the fasciculus retroflexus (habenula-peduncular tract) a robust bundle of fibers that 864 

traverse the center of the Pf (Sutherland 1982; Jones 2007) and stimulation results within these 865 

contacts are excluded from this study (see Methods).  866 

 Modeling of the activated axons in NHP2 produces a distribution of locations that 867 

differed from NHP1, consistent with the reduced efficacy of facilitatory fsCT-DBS in NHP2 (Fig. 868 

9E,G). In NHP2, fsCT-DBS within the upper three contacts 3, 4 and 5, resulted in behavioral 869 

facilitation (Fig. 2D, 4F) and graded activation within the frontal cortex, assessed through LFP 870 

recordings (Fig. 5E,F, 6F,G, H). Overall fsCT-DBS between the two DBS leads in NHP2 871 

produces axonal activation maps that marginally overlapped with those generated in NHP1 (Fig. 872 

9D,F) and as a consequence a significantly smaller number of putative DTTm fibers are 873 

activated and these configurations produce minimal activation of axons in paralaminar MD. 874 

Thus, the ~2.0mm posterior and 1.0mm medial difference in the activation of CT targets in 875 

NHP2 relative to NHP1 likely limited the recruitment and/or ‘activation’ of DTTm fibers. In NHP2, 876 

a total of 15 out of 18 contacts were active, 8 were located within or within range of activating 877 

CL targets. In summary, 16 independent CT locations within 3 central thalami across 2 animals 878 

were included in this study and the locations of the DBS leads relative to the targeted CT nuclei 879 
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and en passant fiber tracts of the DTTm used to center the biophysical models were confirmed 880 

through standard myelin and Nissl staining (Fig. 10B, C, see Methods).  881 

 882 

Discussion 883 

 In this study we sought to determine if electric stimulation of nuclear targets within the 884 

central thalamus of healthy NHPs could modulate endogenous arousal and behavioral 885 

performance during goal-directed behaviors. We find strong evidence in two healthy NHPs that 886 

a specific region of the central thalamus, the ‘wing’ of CL and paralaminar MD (Jones 2007) and 887 

the DTTm (Edlow et al. 2012), can be electrically stimulated to facilitate performance on 888 

vigilance tasks (Fig. 2-4) and a novel method of DBS, field-shaping CT-DBS, that isolates 889 

anodes and cathodes on spatially separate DBS leads, when applied to this area of the CT, 890 

more robustly and reliably enhances behavioral performance and modulates endogenous 891 

arousal (Fig. 5-8).  892 

 Our biophysical modeling (Fig. 9) and histological (Fig. 10) studies concordantly identify 893 

this select region within the central thalamus that includes fibers of the DTTm (Edlow et al. 894 

2012) and cell bodies of the large lateral ‘wing’ of the central lateral nucleus and paralaminar 895 

MD (Jones 2007) as the likely source of the facilitatory effect of fsCT-DBS. The DTTm is a 896 

diverse aggregate of excitatory efferent projections, including CT thalamocortical and 897 

thalamostriatal efferents and en passant fibers projecting from brainstem arousal systems 898 

(Edlow et al. 2012) that broadly innervate regions of cortex and striatum (Jones 2007). By 899 

broadly sampling large-scale neuronal populations in the frontal cortex and striatum, we show 900 

that behavioral modulation coincides with consistent shifts in LFP power spectra in both NHPs 901 

during fsCT-DBS (Fig. 5, 6). The shift in LFP power spectra is linked to improved performance 902 

during fsCT-DBS, in both animals, and is characterized by a marked decrease of low-frequency 903 

power below 15Hz and an elevation of ‘beta-band’ (~15-25Hz) (Fig. 5, 6) and higher frequency 904 

power (~30-40Hz) in NHP1 (Fig. 5, 6, 7, 8). Redistribution of LFP power is also observed during 905 

task performance without DBS in both animals when attentional resources are maximally 906 

allocated during the delay period of a correct trial, as compared to LFP power during inter-trial 907 

intervals when attention is less focused (Fig. 5A,B,E,F; cf. Schiff et al. 2013). The comparable 908 

shift in overall spectral power from lower (<15Hz) to higher (>15Hz) frequencies supports our 909 

inference that fsCT-DBS produces effects similar to endogenous arousal regulation, although 910 

power increases are nominally greater between ON and OFF fsCT-DBS periods than between 911 

attentive and inattentive states during unstimulated trials (Fig 5A,E). As a consequence, we 912 

hypothesize that facilitatory fsCT-DBS produces a significant increase in the afferent drive to the 913 
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anterior forebrain (Fig. 10A) supporting cognitive processes that maintain performance over 914 

extended periods of time. 915 

 916 

fsCT-DBS recapitulates endogenous arousal regulation. 917 

 Arousal regulation optimizes sustained attention and readiness for action by both 918 

facilitating patterns of brain activity that promote alertness while damping those linked to 919 

drowsiness (Schiff 2008). Our LFP results support the rapid action of fsCT-DBS on arousal 920 

regulation.  During the delay period of the vigilance task, in the absence of fsCT-DBS, the ratio 921 

of spectral LFP power in lower frequencies (<15 Hz) to higher frequencies (>15 Hz) changes 922 

during a correctly performed trial (Fig. 5B, F) and this shift is further enhanced with fsCT-DBS 923 

(Fig. 5C, G). Historically, the LFP has been thought to reflect integrated synaptic and dendritic 924 

activity (Mitzdorf 1985); here we interpret our results through a more modern interpretation of 925 

LFP activity as an indirect measure of local excitatory-inhibitory circuit processing (Buzsaki et al. 926 

2012) that is tightly correlated with gradations in firing rates of local neuronal populations 927 

(Goense and Logothetis 2008). Therefore, we infer that fsCT-DBS promotes a rapid state 928 

change (Harris and Thiele 2011) across the anterior forebrain through direct activation of CT 929 

efferent axons that broadly synapse within the frontal and striatal areas sampled in this study 930 

(Jones 2007) (Fig. 10A). The simultaneous decrease of low frequency power (<15Hz) and 931 

enhancement of higher frequency power within the ‘beta-band’ (>15Hz) of the LFP during task 932 

execution constitutes a shift in network dynamics that recapitulates changes that accompany 933 

native increases in arousal and performance (Steriade 1996; Jung et al. 1997). The dynamics of 934 

this shift in network activity is consistent with the well-established phenomenon of cortical 935 

activation through electric stimulation of the central thalamus (Moruzzi and Magoun 1949) 936 

and/or ascending reticular arousal system (Moruzzi and Magoun 1949; Munk et al. 1996). 937 

Therefore, we hypothesize that fsCT-DBS likely shifts recipient cellular populations of the 938 

anterior forebrain into a high conductance state (Steriade et al. 1996; Destexhe et al. 2003; 939 

Rudolph et al. 2005), reflected in the rapid and persistent change of the power spectra recorded 940 

in the frontostriatal LFPs (Fig. 5-8). Of note, the rapid activation of frontal and striatal areas 941 

during graded levels of site specific fsCT-DBS is reminiscent of short latency diffuse cortical 942 

responses elicited by graded electrical stimulation within distinct regions of the diffuse thalamic 943 

system in anesthetized cats (Hanbery and Jasper 1953).  944 

 The discovery that a series of fsCT-DBS periods led to a ‘control’ phase lacks a 945 

mechanistic understanding and without suitable measurement of activity within the larger 946 

arousal regulation network, comprising the central thalamus and anterior forebrain areas, it will 947 
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remain until further studied. However when the animals were in the ‘control’ phase and ceased 948 

to perform during OFF fsCT-DBS periods, they did work for water rewards when either enough 949 

time had elapsed between fsCT-DBS periods (Fig. 2A, C) or when a large bolus of water (1-2cc) 950 

was freely delivered by the investigators, which ‘coaxed’ the animals into re-engaging with the 951 

task. These observations, albeit not well controlled and/or quantified, are intriguing and 952 

somewhat comparable to studies conducted in cats performing bar presses for milk rewards 953 

during cryogenic blockade of the inferior thalamic peduncle (ITP), a fiber bundle containing 954 

arousal regulating intralaminar fibers projecting to the orbitofrontal cortices (see Figure 13 in 955 

Skinner and Yingling 1977). 956 

 957 

The sensitivity of behavior and frontostriatal activation to the polarity of fsCT-DBS.  958 

 The strong anisotropic specificity of fsCT-DBS demonstrated in NHP1 (Fig. 8) has 959 

broader implications for the technique of deep brain stimulation. Butson and McIntyre (2008) 960 

developed theoretical results supporting the potential value of 3-D current steering in DBS; 961 

modeling current flow through adjacent cathodes showed that increasing the magnitude of the 962 

volume of tissue activation could be achieved when compared to monopolar stimulation 963 

methods. Theoretically these results suggest that field-shaping may constitute a more robust 964 

and reliable DBS method in applications where a diffuse fiber bundle and/or pathway is targeted 965 

within a heterogeneous tissue space, such as the subcallosal cingulate, a promising DBS target 966 

for treatment resistant depression (Riva-Posse et al. 2014). Here, direct comparisons of 967 

behavioral outcomes and frontostriatal LFP activity using standard CT-DBS and field-shaping 968 

CT-DBS configurations applied in the same fixed in-situ DBS system demonstrate these 969 

anticipated advantages for developing next-generation DBS systems to stimulate new targets in 970 

emerging treatment resistant indications.  971 

   972 

Frequency dependent effects of fsCT-DBS. 973 

 Our behavioral and physiological findings during high frequency fsCT-DBS are 974 

consistent with evidence from recent optogenetic fMRI experiments that demonstrate significant 975 

and reliable frequency dependence of recruitment of frontostriatal populations with direct 976 

optogenetic activation of principal neurons in the central lateral nucleus (Liu et al., 2015), the 977 

primary CT nuclear target in this study. Overall, the high frequency dependent effects shown 978 

here (150-225Hz) are also consistent with experimental and clinical CT-DBS studies where 979 

greater effectiveness with high frequency stimulation (>100 Hz) has been demonstrated 980 

(Shirvalkar et al. 2006; Schiff et al. 2007; Mair and Hembrook 2011). The central median (CM) - 981 
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parafascicular (Pf) nuclear complex (CM-Pf), the caudal component of CT, is a promising DBS 982 

target for the treatment of Tourette’s syndrome, and in a recent large animal fMRI study (Kim et 983 

al. 2013), DBS of CM and Pf demonstrated a clear frequency dependent activation (130Hz 984 

versus 60Hz) of target structures within the cortex and striatum. In primates CM-Pf provides the 985 

bulk of synaptic input to basal ganglia (Parent and Parent 2005; Jones 2007) and recent 986 

optogenetic studies demonstrate clear physiological differences in CL versus Pf inputs onto 987 

medium spiny neurons of the rodent striatum (Ellender et al., 2013). 988 

 As with many instrumented behavioral tasks, analysis of the reaction times of the NHPs 989 

in this study opens CT-DBS to mechanistic interpretation. In NHP1, low frequency (20 and 990 

40Hz) fsCT-DBS stimulation had a strong effect of reducing reaction times in aggregate 991 

(ranksum, p<0.05), where median reaction time was 360ms (20-40Hz) compared to 385ms 992 

(150-225Hz) and 410ms during OFF fsCT-DBS periods; however this result was not observed in 993 

NHP2 (median of 365±5ms). This effect may relate to antidromic activation of neurons within the 994 

pedunculopontine nucleus that peak in response to electric stimulation around ~40-50Hz 995 

(Kezunovic et al. 2011). Entrainment of these neurons through DBS could facilitate early 996 

reaction times via outflow from the brainstem or basal ganglia structures (Garcia-Rill et al. 997 

2014). Alternatively, central lateral neurons of the CT predominantly fire at rates between 20 998 

and 40Hz during wake states (Glenn and Steriade 1982; Steriade et al. 1993), thus 20 and 999 

40Hz fsCT-DBS during behavioral performance may entrain and thereby enhance these intrinsic 1000 

intrathalamic firing dynamics (Steriade et al., 1996, Steriade 2000).  1001 

 High frequency (>100Hz) DBS within subcortical targets robustly alleviates Parkinsonian 1002 

symptoms in patients (Vitek et al. 2008; Montgomery and Gale 2008) and MPTP treated NHPs 1003 

(Johnson et al. 2009) whereas low frequency DBS (10-30Hz) can exacerbate symptoms (Florin 1004 

et al. 2008; Johnson et al. 2009; Chen et al. 2011; McCracken and Kiss 2014) through 1005 

entrainment that enhances pathological ‘beta-band’ oscillatory activity (Brown 2009; Jenkinson 1006 

and Brown 2011). As of yet, it is unclear exactly how stimulation with low frequencies (20 and 1007 

40Hz) produces faster reaction times as compared with stimulation with high frequencies (150-1008 

225Hz) in NHP1.  1009 

 Performance enhancement and recruitment of frontal circuits during the vigilance task 1010 

with fsCT-DBS may be linked to the high-thresholds for dendritic electrogenesis in L2/3 and L5 1011 

cortical pyramidal cells (Larkum et al. 1999, 2007, 2009). Dendritic potentials and calcium 1012 

transients are generated in L2/3 pyramidal neurons when the frequency of depolarizing inputs 1013 

exceeds a critical value of 130 Hz (Larkum et al. 2007). Therefore, high frequency fsCT-DBS 1014 

may initiate cortical activation in supra- and infragranular layers through the direct stimulation of 1015 
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thalamocortical CT axons that predominantly innervate the upper layers of cortex (Llinás et al. 1016 

2002, Jones 2007), where the bulk of L2/3 and L5 dendritic arbors are located, thereby 1017 

promoting corticocortical communication (Purpura and Schiff, 1997). While our microelectrode 1018 

recording methods cannot resolve the pattern of laminar specificity, recent studies in the mouse 1019 

using optogenetic stimulation of CT efferents demonstrate a preferred activation of 1020 

supragranular cortical regions and diffuse anatomical innervations of Layer I by transduced CT 1021 

neurons (Cruikshank et al. 2012). Therefore greater activation of fibers within the DTTm (Fig. 9, 1022 

10A) and CT targets with increasing levels of current (Fig. 6, 7, 8) may likely account for the 1023 

robust and rapid shifts in behavioral performance and changes in LFP power spectra observed 1024 

during fsCT-DBS. 1025 

 1026 

Limitations and future directions 1027 

 The primary goal of this study was to explore, for the first time, the effects of CT-DBS in 1028 

intact and behaving NHPs. A statistically rigorous characterization of behavioral and 1029 

physiological effects during all possible CT-DBS configurations was not feasible given the fixed 1030 

number of DBS leads, active contacts and locations attempted (16 independent locations) within 1031 

three central thalami of two NHPs. Stimulation of adjacent thalamic nuclei and off-target effects 1032 

that interfered with behavioral performance were pronounced in NHP2, precluding a 1033 

comprehensive exploration of all possible CT-DBS configurations that produced facilitation in 1034 

this animal, when compared to NHP1. Additional animals implanted bilaterally with multiple DBS 1035 

leads in various field-shaping geometries relative to the central thalamic targets would allow for 1036 

a more comprehensive investigation of this heterogeneous target, a target that spans 1037 

approximately 5x8x9mm in the NHP thalamus.  1038 

 The biophysical model used in this study incorporated an average (271 NHPs) DTI 1039 

template (Adluru, 2012) to estimate the animal specific axon activation maps (Fig. 9). The 1040 

template was used as a best estimate and registered to each animal using previously published 1041 

algorithms (Viola and Wells, 1997) used in human DBS studies (Butson et al, 2007, 2011). In 1042 

future studies, animal specific DTI could be combined with a high-resolution NHP DTI atlas 1043 

(Calabrese et al., 2015) to optimize DBS lead implantation, post-implant visualization, and to 1044 

explore the stimulation parameter space, as is being done with human subjects (Butson et al., 1045 

2011). Lastly, in order to provide a better mechanistic understanding of the polarity of the field-1046 

shaping results, measurement of brain wide activity (fMRI, PET) and central thalamic fiber tract 1047 

tracing would be necessary to attempt to explain this phenomenon. 1048 
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 In this study we infer that the measured shifts in the power spectra of frontal and striatal 1049 

LFPs during CT-DBS reflect changes in local cellular spiking activity (see Methods). DBS pulse 1050 

shapes (biphasic 100us pulses) used in other NHP studies combined with blanking algorithms 1051 

(Hashimoto et al., 2002; McCairn and Turner 2009) could be used in future studies to directly 1052 

assess changes in spike timing and firing rate during CT-DBS. However, noninvasive measures 1053 

could be used to assess changes in global brain activity.  1054 

 Recent studies in awake and behaving rodents (reviewed in McGinley et al., 2015) and 1055 

NHPs (Bouret and Richmond 2015; Varazzani et al., 2015; Joshi et al., 2016) have linked 1056 

cortical ‘substates’ within wakefulness to marked changes in pupil diameter, muscle tone, 1057 

movement, task effort and engagement to cellular membrane potentials, LFP spectral power 1058 

and cortical and subcortical firing rates. The dynamics of the locus coeruleus-norepinephrine 1059 

(LC-NE) system contribute to arousal, attention and motivation, and activity within the LC-NE 1060 

system is associated with shifts in arousal, task performance, level of effort and motivation. Of 1061 

particular relevance to the work here, firing rates of LC neurons are tightly linked to changes in 1062 

pupil diameter and behavioral performance in NHPs (Aston-Jones and Cohen 2005; Bouret and 1063 

Richmond 2015; Varazzani et al., 2015; Joshi et al., 2016). In the context of our study, the LC 1064 

fibers are a component of the DTTm (Edlow et al., 2012) and LC neurons send dense 1065 

projections to the intralaminar and reticular nuclei of the thalamus (Pare et al., 1988; Steriade et 1066 

al. 1988) and were likely activated during CT-DBS. Pupillometry, as a noninvasive and objective 1067 

measure of cortical ‘substates’ during wakefulness (McGinley et al., 2015), could be used during 1068 

DBS lead implantation to provide an addition assessment of arousal regulation during CT-DBS 1069 

in NHPs and in future SBI patients undergoing CT-DBS therapy.  1070 

  1071 

Implications for the development of CT-DBS as a therapeutic intervention following severe brain 1072 

injury. 1073 

 Collectively, our findings in healthy behaving adult NHPs demonstrate that CT-DBS, in 1074 

principle, may generalize as a therapy for select SBI patients suffering from the persistent 1075 

cognitive deficits resulting from SBI (Schiff and Purpura 2002; Schiff 2012). Life-long cognitive 1076 

impairments following SBI are linked to general capacities for sustained attention, working 1077 

memory, arousal regulation and information-processing speed (Van der Werf et al. 2000, 2003; 1078 

Dikmen et al 2003; 2009; Ziino and Ponsford 2006; Ponsford 2013; Corrigan et al. 2014). 1079 

Sustained attention is a foundational executive function underlying a wide-range of goal-directed 1080 

behaviors that draw upon frontal-striatal-thalamic networks to maintain performance (Sarter et 1081 

al. 2006). Therefore, the development of CT-DBS as a therapy for a range of cognitive 1082 
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dysfunctions following SBI is supported by the hypothesis that by increasing background 1083 

synaptic drive to the anterior forebrain in the partially deafferented brain of select SBI patients, it 1084 

may be possible to restore frontostriatal resources underlying many cerebral integrative 1085 

functions and significantly improve quality of life for a large cohort of SBI patients.  1086 
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 1603 

Figure Captions 1604 

 1605 

Fig. 1. The animal’s typical behavioral performance of the vigilance task during experimental 1606 

sessions without central thalamic deep brain stimulation. When motivated to work for juice 1607 

rewards, both animals typically performed until satiated and then ceased to work. A: Structure 1608 

of the vigilance task. To perform correctly, the animal had to maintain stable fixation (2 degree 1609 

visual angle) on the displayed target (red/black dartboard) that would undergo contrast reversal, 1610 

at 10Hz, during stable fixation. The contrast reversal indicated the start of the variable delay 1611 

period that would last 1.5-4.5 seconds and ended when the color of the target switched from 1612 

red/black to green/black, ‘GO’ cue, instructing the animal to touch an infrared switch for juice 1613 

reward. B: Native behavioral performance of NHP1 during the vigilance task. The performance 1614 

estimate is shown as a smoothly varying blue line (Smith et al. 2009) and reaction times of 1615 

correctly performed trials are plotted in black. The red line indicates the cumulative number of 1616 

incorrect trials. Periods of slow rolling eye-movements, eye closure and a presumed increase in 1617 

drowsiness co-occurred with marked increases in the power of low frequency oscillatory activity 1618 

(4-8Hz) recorded in frontal and midline ECoG electrodes (see Methods) and are marked in 1619 
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green along the zero performance line. Mean delay period was 2.2 seconds and average 1620 

performance in this session was 60% correct (660 of 1100 trials). Trial number and total time on 1621 

task are indicated. C: Same as in B but for NHP2. Mean delay period was 4.2 seconds and 1622 

average performance during this session was 61% correct (673/1100 trials). Note the trending 1623 

decrease in average performance and increased variance in reaction times following trial 600 in 1624 

both animals, corresponding to ~43 and 68 minutes time on task respectively. Periods of eye 1625 

closure and presumed increased drowsiness occurred frequently in the later half of most 1626 

experimental sessions. These trends are consistent with performance changes observed in 1627 

additional animals performing the identical vigilance task (Smith et al. 2009; Shah et al. 2009) 1628 

and in humans performing similar tasks continuously over extend periods of time (Paus et al., 1629 

1997). 1630 

 1631 

Fig. 2. Central thalamic deep brain stimulation markedly effects the animals performance on the 1632 

vigilance task. A: The performance estimate of NHP1 on repeated trials of the vigilance task is 1633 

shown as a smoothly varying black line. Performance was estimated from correct and incorrect 1634 

trial completion (Smith et al. 2009) and only the first 1600 (154 minutes) of 2500 (230 minutes) 1635 

trials in this example session are shown. Periods of continuous fsCT-DBS are colored according 1636 

to significant behavioral facilitation (green) and non-significant change in behavioral 1637 

performance (gray) based on the LOR value (p<0.05) for each period. The same anode-cathode 1638 

configuration, right caudal cathode contact 0, rostral anode contact 0 and stimulation amplitude 1639 

of 1.75mA was used in all periods shown. Two segments of contiguous trials labeled ‘induction’ 1640 

and ‘control’ represent phases of behavioral change that occurred during the ON and OFF fsCT-1641 

DBS paradigm. Note the general decline in average performance during the ‘induction’ phase, 1642 

and then the eventual ‘control’ of performance, established after trial 700 (73 minutes). B: 1643 

Reaction times of correct trials occurring within fsCT-DBS ON periods are colored as in B and 1644 

black during OFF periods. C: Same as in B, but for NHP2. The same anode-cathode 1645 

configuration, bilateral caudal cathode contact 4, rostral anode contact 4 was used throughout, 1646 

however significant facilitation (green) of performance was observed when stimulation 1647 

amplitudes ranged from 0.5 to 1.0mA and consistent behavioral suppression (red) was 1648 

observed when stimulation amplitudes ranged from 1.5 to 3.0mA. A similar decline in average 1649 

performance is seen during the ‘induction’ phase and with a lesser degree of ‘control’ 1650 

established after trial 700 (66 minutes) to trial 1600 (147 minutes). D: Same as in C, but for 1651 

NHP2. 1652 

 1653 
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Fig. 3. The relationship between the amplitude of central thalamic deep brain stimulation and 1654 

the animal’s performance on the vigilance task. A: The performance estimate of NHP1 on the 1655 

vigilance task is shown as a smoothly varying black line (Smith et al. 2009). Periods of 1656 

continuous high frequency fsCT-DBS are colored according to the significance of the LOR value 1657 

(p<0.05) for each period; behavioral facilitation in green, behavioral suppression in red and gray 1658 

for no significant change in performance. Stimulation amplitudes, ranging 0.75 to 3.0 mA, are 1659 

noted above each fsCT-DBS period along with the LOR value. The same anode-cathode 1660 

configuration, right caudal cathode contact 0, rostral anode contact 0 was used throughout. 1661 

Note that once ‘control’ of performance was established after trial 500 (57 minutes), stimulation 1662 

amplitudes between 1.25 and 2.5 robustly facilitated performance while amplitudes below and 1663 

above this range had little or no effect on performance. B: Reaction times occurring within fsCT-1664 

DBS ON periods are colored as in A and black during OFF periods. C: Same as in A, but for 1665 

NHP2. In this session, fsCT-DBS stimulation amplitudes of 1.5mA and above significantly 1666 

suppressed performance while amplitudes between 0.25 and 1.25mA had either no effect or 1667 

modestly facilitated behavioral performance. The same anode-cathode configuration, left caudal 1668 

cathode contact 4, rostral anode contact 4 was used throughout. D: Same as in B, but for 1669 

NHP2. In both animals stimulation amplitude markedly influenced behavioral performance 1670 

where low and high amplitudes had either no effect or significantly suppressed performance 1671 

(LOR, p<0.05) and where amplitudes in-between facilitated performance, demonstrating an 1672 

inverted-U relationship between stimulation amplitude and performance (Yerkes and Dodson 1673 

1908; Mair et al. 2008).  1674 

 1675 

Fig. 4. Summary of central thalamic deep brain stimulation’s influence on the animals 1676 

behavioral performance. Here, the odds ratio is the probability of the animal performing a 1677 

correct trial during DBS divided by the probability of performing a correct trial prior to DBS 1678 

onset. The log of this ratio is the log odds ratio (LOR). Positive LOR values correspond to a 1679 

greater probability of the animal performing a correct trial during DBS. A: Box plots of LOR 1680 

values for all periods using field-shaping CT-DBS (fsCT-DBS) configurations (N=2187) grouped 1681 

by amplitude of stimulation (0.25 to 3.0mA) for NHP1, recorded across 195 experimental 1682 

sessions. The number of fsCT-DBS periods conducted for each amplitude is noted. The red line 1683 

illustrates the fit of a 2nd order polynomial function to illustrate the inverted U relationship 1684 

between performance and fsCT-DBS amplitude. B: Same as in A, but for all periods using 1685 

standard CT-DBS configurations (N=274) in NHP1, recorded across 72 experimental sessions. 1686 

C: Behavioral performance curves for DBS periods in A and B, each normalized to pre-DBS 1687 
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performance levels, including ±95% CI. DBS periods with significant positive LOR values 1688 

(p<0.05) using fsCT-DBS configurations (N=947) are shown in dark green and in light blue for 1689 

standard CT-DBS configurations (N=36). DBS periods with non-significant LOR values (p>0.05) 1690 

during fsCT-DBS configurations (N=1091) are shown in black and in gray for standard CT-DBS 1691 

configurations (N=220). DBS periods with significant negative LOR values (p<0.05) are not 1692 

shown. The gray shaded region represents the DBS ON period. D: Same as in A, but for NHP2, 1693 

fsCT-DBS configurations (N=447) recorded across 46 experimental sessions. E: Same as in B, 1694 

but for NHP2, standard CT-DBS configurations (N=214) recorded across 21 experimental 1695 

sessions. F: Same as in C, but for NHP2. 1696 

 1697 

Fig. 5. Graded and task related modulation of frontostriatal LFP activity during the vigilance task 1698 

is markedly enhanced during fsCT-DBS. A: Average power spectra of 1236 frontal-striatal LFP 1699 

signals recorded in NHP1 during fsCT-DBS OFF periods and restricted to 1 second prior to the 1700 

delay period (between seconds 1 and 2 of the trial, see Fig. 1A) of both Correct (shown in red, 1701 

14,258 trials) and InCorrect (shown in blue, 39,836 trials) trials. Black points along the bottom of 1702 

the frequency axis indicate significant difference between the two power spectra (two-group 1703 

test, p<0.05 (Bokil et al. 2007) and false discovery rate, p<0.05 (Benjamini and Hochberg 1704 

1995)). B: Spectrogram combining frontal and striatal LFP activity recorded during the 1705 

performance of the vigilance task by NHP1. A total of 68 sessions and 1005 LFP recording sites 1706 

are included. The 2-D plot of the spectrogram was averaged across 12,310 correct trials 1707 

(153,425 spectra) recorded during OFF fsCT-DBS periods. Time is on the x-axis; frequency is 1708 

on the y-axis. Decibel power is color-coded on a log scale. The first vertical line at 1 second 1709 

indicates the appearance of the fixation target (red/black dartboard) on the video monitor (Fig. 1710 

1A). The second vertical line at 2 seconds indicates the start of the delay period. The final 1711 

vertical line at ~ 4.2 seconds indicates the average endpoint of the variable delay period. C: 2-D 1712 

plot of the spectrogram averaged across 13,354 Correct trials (142,696 spectra) recorded 1713 

during fsCT-DBS ON periods (N=893). Field shaping CT-DBS was established with cathode(s) 1714 

set on the caudal DBS lead contacts 0, 1 and/or 2 and anodes(s) set on the rostral DBS lead 1715 

contacts 0, 1 and/or 2. Only stimulation frequencies of 150, 175, 200 and 225Hz are included 1716 

and the stimulation amplitude ranged from 0.75 to 2.5mA. D: 2-D plot of the average spectral 1717 

difference, i.e. the difference between the average OFF and ON fsCT-DBS spectra shown in B 1718 

and C, respectively. E: Same as in A, but for 60 frontal LFP recording sites in NHP2, 4,275 1719 

Correct trials (shown in red) and 4,168 InCorrect trials (shown in blue) during fsCT-DBS OFF 1720 

periods. F: Spectrograms of population frontal LFP activity recorded during the performance of 1721 
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the vigilance task by NHP2. A total of 15 sessions, 153 fsCT-DBS periods and 60 LFP recording 1722 

sites are included. The 2-D plot of the spectrogram was averaged across 4,122 Correct trials 1723 

(16,385 spectra) recorded during OFF fsCT-DBS periods. Time is on the x-axis; frequency is on 1724 

the y-axis. Decibel power is color-coded on a log scale. The last vertical line at 4.8 seconds 1725 

indicates the average endpoint of the variable delay period. G: 2-D plot of the spectrogram 1726 

averaged across 1,826 Correct trials (7,478 spectra) recorded during fsCT-DBS ON periods. 1727 

Field shaping CT-DBS was established with cathode(s) set on the caudal DBS lead contacts 3, 1728 

4 and/or 5 and anodes(s) set on the rostral DBS lead contacts 3, 4 and/or 5. Only stimulation 1729 

frequencies of 150, 175, 200 and 225Hz are included and the stimulation amplitudes ranged 1730 

from 0.5 to 1.5mA. H: 2-D plot of the average spectral difference, i.e. the difference between the 1731 

average OFF and ON fsCT-DBS spectra shown in F and G, respectively. 1732 

 1733 

Fig. 6. Field shaping CT-DBS markedly shifts power spectra of local field potentials measured in 1734 

frontal and striatal regions. A: A bandpass filtered, 10-40Hz, LFP recorded from the frontal 1735 

cortex of NHP1. The onset of high frequency (200Hz) 2.0mA fsCT-DBS is marked by the red 1736 

line at 0 seconds. B: Same as in A, but for NHP2. fsCT-DBS amplitude was 1.5mA. C: Average 1737 

power spectra of an LFP recorded from the frontal cortex of NHP1, restricted to the delay period 1738 

of correctly performed trials, 481 fsCT-DBS ON trials and 886 fsCT-DBS OFF trials, averaged 1739 

across 22 fsCT-DBS periods from one experimental session. Black points along the bottom of 1740 

the frequency axis indicate significant difference between power spectra (two-group test, p<0.05 1741 

(Bokil et al. 2007), false discovery rate, p<0.05 (Benjamini and Hochberg 1995)). D: Left-side is 1742 

average LFP power and right-side is average Z-score of LFP power (see Methods) 1743 

concatenated over 10 trials prior to fsCT-DBS onset, indicated by dashed vertical line at trial 0, 1744 

and 15 trials during fsCT-DBS. The average 2-D spectrograms include LFP activity recorded 1745 

from 2577 frontal and striatal sites, aggregated over 1423 fsCT-DBS periods conducted in 154 1746 

experimental sessions in NHP1. Stimulation amplitudes ranged from 0.75 to 2.5mA and 1747 

frequencies of 150, 175, 200 and 225Hz. E: Average Z-score’s of LFP power spectra shown in 1748 

D, but during the delay period of Correct trials during fsCT-DBS ON periods (19,349 trials, 1749 

283,423 spectra), relative to delay period activity of Correct trials during fsCT-DBS OFF periods 1750 

(19,320 trials, 298,216 spectra), including ±95% CI. The z-score power spectra for each LFP 1751 

site was corrected for unequal trial numbers between the two conditions (two-group test, 1752 

p<0.05) and corrected for multiple comparisons across the frequencies in the spectra (false 1753 

discovery rate, p<0.05) prior to averaging. Z-scores are grouped according to a range of 1754 

stimulation amplitudes, 0.75-1.25, 1.50-1.75 and 2.0-2.5mA. F: Same as in C, but for NHP2. 1755 



Central thalamic stimulation robustly modulates performance 
 

338 fsCT-DBS ON trials and 577 fsCT-DBS OFF trials, averaged across 17 fsCT-DBS periods 1756 

from one experimental session. G: Same as in D, but for 60 frontal LFP sites recorded in NHP2. 1757 

The average plots include LFP activity aggregated over 143 fsCT-DBS periods across 15 1758 

sessions. Stimulation amplitudes ranged from 0.75 to 2.5mA and frequencies of 150, 175, 200 1759 

and 225Hz. H: Same as in E, but for 60 frontal LFP sites recorded in NHP2 and during the delay 1760 

period of Correct trials during fsCT-DBS ON periods (1,581 trials, 6,130 spectra), relative to 1761 

delay period activity Correct trials during fsCT-DBS OFF periods (4,122 trials, 6,385 spectra), 1762 

including ±95% CI. 1763 

 1764 

Fig. 7. Field shaping CT-DBS markedly shifts power spectra of local field potentials measured 1765 

across various regions within the frontal cortex and dorsal striatum in NHP1. A: Left-side is 1766 

average LFP power and right-side is average Z-score of LFP power (see Methods) 1767 

concatenated over a series of 10 trials prior to fsCT-DBS onset, indicated by dashed vertical line 1768 

at trial 0, and 15 trials during fsCT-DBS. LFP activity was recorded from 1305 sites within the 1769 

frontal cortex and is aggregated over 1325 fsCT-DBS periods conducted in 144 experimental 1770 

sessions. Stimulation amplitudes ranged from 0.75 to 2.5mA and stimulation frequencies of 150, 1771 

175, 200 and 225Hz were included. Field shaping CT-DBS was established with cathode(s) set 1772 

on the caudal DBS lead contacts 0, 1 and/or 2 and anodes(s) set on the rostral DBS lead 1773 

contacts 0, 1 and/or 2. B: Average Z-score of the LFP power spectra shown in A, but during the 1774 

delay period of Correct trials during fsCT-DBS ON periods, relative to the delay period activity of 1775 

Correct trials recorded during fsCT-DBS OFF periods, including ±95% CI. The Z-score power 1776 

spectra for each LFP site was corrected for unequal trial numbers between the two conditions 1777 

(two-group test, p<0.05) and corrected for multiple comparisons across the frequencies in the 1778 

spectra (false discovery rate, p<0.05) prior to averaging. Z-scores are grouped according to 1779 

three sets of stimulation amplitudes, 0.75-1.25, 1.50-1.75 and 2.0-2.5mA. C: Same as in A, but 1780 

for LFP activity recorded from 1024 sites within the dorsal striatum and aggregated over 1009 1781 

fsCT-DBS periods conducted in 121 experimental sessions. D: Same as in B, but for the LFP 1782 

power spectra shown in C that was recorded within the dorsal striatum. 1783 

 1784 

Fig. 8. The polarity of fsCT-DBS strongly affects NHP1’s behavioral performance and 1785 

frontalstriatal physiology. A: Sagittal view of the biophysical model of the right thalamus of 1786 

NHP1. DBS lead locations were confirmed through histological reconstruction (Fig. 10B). The 1787 

red structure represents the central lateral (CL) and paracentral (Pc) nuclei and the magenta 1788 

structure represents the central median (CM) and parafascicular (Pf) complex. The purple 1789 
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structure represents the thalamic reticular nucleus (TRN). The caudal DBS lead (‘C’) is shown 1790 

with blue contacts and the rostral DBS lead (‘R’) is shown with green contacts. Three single 1791 

anode-cathode bipolar pairs are illustrated, where active contacts are placed between the two 1792 

leads (C1 and C2) or within the same lead (C3). Inter-lead configurations are field-shaping CT-1793 

DBS (fsCT-DBS) and intra-lead configurations are standard CT-DBS. Stimulation between 1794 

contacts 0, 1 and 2 on both leads, using fsCT-DBS configurations (C1, C4 and C5), produced 1795 

robust and reliable behavioral effects and frontostriatal recruitment in NHP1. Effective 1796 

stimulation amplitudes ranged from 0.75 to 2.5mA. B: Average performance change during 1797 

fsCT-DBS and standard CT-DBS, ±95% CI, for the single anode-cathode configurations, C1, C2 1798 

and C3 shown in A. Each configuration is color coded, red for C1, blue for C2 and green for C3. 1799 

C: Average Z-score’s of LFP power spectra recorded during the delay period of Correct trials, 1800 

for each single anode-cathode configurations C1-C3 shown in B. Z-scores of the power spectra 1801 

were corrected for unequal trial numbers (two-group test, p<0.05) and the false discovery rate 1802 

(p<0.05). Frequencies of 150, 175, 200 and 225Hz are included and amplitudes ranged from 1803 

0.75 to 2.5mA. Same color code as in B. D: Same as in B, but for all dual anode-cathode bipolar 1804 

pairs, where multiple active contacts are placed on the two leads (C4 and C5) or on multiple 1805 

contacts within the two leads (C6). E: Same as in C, but for all dual anode-cathode 1806 

combinations, C4, C5 and C6. 1807 

 1808 

Fig. 9. Biophysical models of axonal activation during field-shaping CT-DBS producing 1809 

behavioral facilitation and frontalstriatal activation. A: Posterior view of the transparent 3D mesh 1810 

surface model (white) of NHP1’s right thalamus used for surgical planning. Solid colored 3D 1811 

models of the central thalamic nuclei, rostral CL/Pc (red) and caudal CM/Pf (magenta), and the 1812 

TRN (purple) are shown. A 6-contact DBS lead is positioned to optimally target the ‘wing’ of the 1813 

rostral CL/Pc nuclei and DTTm fiber tracts. A pre-operative parasagittal MR image is shown for 1814 

reference, CC - Splenium of the Corpus Callosum. B: Model of the 6-contact DBS lead and the 1815 

voltage contour generated with the electric field model (Butson et al. 2011, see Methods) of 1816 

standard intra-lead bipolar stimulation using a 1.5mA pulse, with the cathode is placed on 1817 

contact 0 and the anode placed on contact 1. A schematic of a straight axon located at one grid 1818 

node location and oriented in one of the 13 directions modeled. The red colored segment of the 1819 

axon represents locations activated during stimulation (see Methods). C: Lateral view of central 1820 

thalamic nuclei and two DBS leads located in the right thalamus of NHP1. Individual grid nodes, 1821 

shown in yellow, represent the modeled axon nodes, derived from DTI (Adluru et al. 2012), that 1822 

are activated during all fsCT-DBS configurations (Fig. 8, C1 and C4) that resulted in behavioral 1823 
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facilitation and frontostriatal activation. D: Posterior view of C. Shown in cyan are the modeled 1824 

axonal nodes activated during all fsCT-DBS configurations (Fig. 8, C1 and C4) subtracted from 1825 

all other fsCT-DBS and standard CT-DBS configurations (Fig. 8, C2, C3, C5 and C6) to illustrate 1826 

the differential activation when cathode(s) were restricted to contacts 0, 1, and 2 on the caudal 1827 

DBS lead and the charge balancing anode(s) were restricted to the rostral DBS lead. The white 1828 

oval represents the approximate location of the DTTm (Edlow et al. 2012), a diffused fiber 1829 

pathway containing principle CT fibers and en passant fibers originating from the ARAS that 1830 

terminate within the CT and TRN as illustrated in Fig. 10A. E: Same as in C, but for NHP2. F: 1831 

Dorsal view of D. G: Dorsal view of E. Note the differences in lead locations between the two 1832 

animals and the positions relative to the DTTm, indicated by white ovals. A notable lack of 1833 

axonal activation within the ‘wing’ of CL and paralaminar medial dorsal (MD) nucleus (not 1834 

shown) is seen in NHP2, compared to NHP1. The biophysical models and histological 1835 

reconstruction of the DBS leads (Fig. 10B,C), the caudal DBS lead in NHP2 was located 1836 

~2.0mm posterior and ~1.0mm medial relative to the caudal DBS lead in NHP1. In addition, the 1837 

separation distance and angle between the rostral and caudal leads in the two animals differed 1838 

by 0.6mm. 1839 

 1840 

Fig. 10. Inferred mechanism of frontostriatal activation during field-shaping CT-DBS within the 1841 

DTTm of the mammalian central thalamus. A: Axial view of the principle intra-thalamic fibers 1842 

originating from CT nuclei, CL/Pc (red) and CM/Pf (magenta) that project within the TRN 1843 

(purple) and diffusely within the anterior forebrain. Fiber tracts are superimposed on an axial T1 1844 

coronal image at the level of the mid thalamus of a human (ex vivo 7T DTI), modified with 1845 

permission (Edlow et al. 2012). Not shown are the ascending reticular activation system (ARAS) 1846 

fibers of the medial dorsal tegmental tract (DTTm) that  terminate within the central thalamic 1847 

nuclei and TRN (Jones 2007; Edlow et al. 2012), instead these fibers are represented by 1848 

straight yellow lines. The straight red and magenta lines represent known thalamocortical and 1849 

thalamostriatal efferent projections originating from the principle cells of the CT  to illustrate their 1850 

hypothesized orthodromic activation by fsCT-DBS. The (+) symbols denote the proposed 1851 

increase in afferent drive to known striatal and cortical circuits of the anterior forebrain. The 1852 

location of the rostral anode and caudal cathode represents the polarity of the electric field that 1853 

robustly and reliably modulated behavioral performance and frontostriatal physiology during 1854 

fsCT-DBS. B: Photomicrograph of myelin and Nissl stained section of NHP1’s right thalamus 1855 

containing the caudal DBS lead. A semi-transparent schematic of the caudal DBS lead 1856 

represents its approximate location and the red oval surrounding the distal three contacts, 0, 1 1857 
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and 2, represents the estimated area of tissue influenced by fsCT-DBS, based on the 1858 

biophysical modeling. Prominent central thalamic nuclear structures and a concentration of 1859 

myelinated fibers are encircled by a black oval to represent the DTTm. C: Same as in B but for 1860 

NHP2. Note the difference in location and orientation of the caudal DBS lead in NHP2 relative to 1861 

the DTTm and central thalamic nuclei. Nuclei: CL - Central Lateral; CM - Central Medial; LHb - 1862 

Lateral Habenula; MD - Medial Dorsal; MHb - Medial Habenula; Pf - Parafascicular; Pul - 1863 

Pulvinar; PVG - Periventricular Gray; TRN - Thalamic Reticular Nucleus; VPM - Ventral 1864 

Posterior Medial; VPL - Ventral Posterior Lateral. Fibers: ic - Internal Capsule; pcom - Posterior 1865 

Commissure; sm - Stria Medullaris. 1866 
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