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ABSTRACT 37 

 A monosynaptic projection from the cortex to the subthalamic nucleus is thought to have 38 

an important role in basal ganglia function and in the mechanism of therapeutic subthalamic deep 39 

brain stimulation, but in humans the evidence for its existence is limited. We sought 40 

physiological confirmation of the cortico-subthalamic hyperdirect pathway using invasive 41 

recording techniques in patients with Parkinson’s disease (9 men, 1 woman). We measured 42 

sensorimotor cortical evoked potentials using a temporary subdural strip electrode in response to 43 

low frequency deep brain stimulation in patients undergoing awake subthalamic or pallidal lead 44 

implantations. Evoked potentials were grouped into very short latency (< 2 milliseconds), short 45 

latency (2-10 milliseconds), and long latency (10-100 milliseconds) from the onset of the 46 

stimulus pulse. Subthalamic and pallidal stimulation resulted in very short latency evoked 47 

potentials at 1.5 milliseconds in the primary motor cortex accompanied by EMG evoked 48 

potentials consistent with corticospinal tract activation. Subthalamic, but not pallidal stimulation, 49 

resulted in three short latency evoked potentials at 2.8, 5.8 and 7.7 milliseconds in a widespread 50 

cortical distribution, consistent with antidromic activation of the hyperdirect pathway. Long 51 

latency potentials were evoked by both targets, with subthalamic responses lagging pallidal 52 

responses by 10-20 milliseconds, consistent with orthodromic activation of the thalamocortical 53 

pathway. The amplitude of the first short latency evoked potential was predictive of the chronic 54 

therapeutic stimulation contact.  55 

SIGNIFICANCE STATEMENT 56 

           This is the first physiological demonstration of the cortico-subthalamic hyperdirect 57 

pathway and its topography at high spatial resolution in humans. We studied cortical potentials 58 

evoked by deep brain stimulation in patients with Parkinson’s disease undergoing awake lead 59 

implantation surgery. Subthalamic stimulation resulted in multiple short latency responses 60 

consistent with activation of hyperdirect pathway, while no such response was present during 61 

pallidal stimulation. We contrast these findings with very short latency, direct corticospinal tract 62 

activations, and long latency responses evoked through polysynaptic orthodromic projections. 63 

These findings underscore the importance of incorporating the hyperdirect pathway into models 64 

of human basal ganglia function. 65 
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INTRODUCTION 66 

 The cortico-subthalamic hyperdirect pathway is a monosynaptic axonal connection from 67 

frontal cortex to the subthalamic nucleus (STN).  It bypasses the striatum and thus functions in 68 

parallel, rather than in series, with the classical direct and indirect pathways.  Its anatomic 69 

connectivity has been defined in rodents and nonhuman primates from histological tracing 70 

studies (Monakow et al., 1978; Canteras et al., 1988; Nambu et al., 1996). Its physiological 71 

properties have been studied in rodents using intracellular recordings and evoked potentials 72 

(Kitai and Deniau, 1981; Maurice et al., 1998; Li et al., 2007; Kumaravelu et al., 2018) and in 73 

nonhuman primates using evoked potentials (Devergnas and Wichmann, 2011). In rodents the 74 

hyperdirect pathway is formed by axon collaterals from corticospinal and corticobulbar fiber 75 

tracts passing through the internal capsule, although some may be direct connections (Kita and 76 

Kita, 2012).  77 

 In contemporary models of the basal ganglia-thalamocortical motor loop, this pathway 78 

has assumed increasing importance, as it is positioned to provide a rapid global inhibition that 79 

may shape temporal dynamics of action selection and cancellation (Gurney et al., 2001; Nambu, 80 

2005; Kumaravelu et al., 2016). In rodent models of Parkinson’s disease, the hyperdirect 81 

pathway is thought to be critical in the mechanism of therapeutic STN deep brain stimulation 82 

(DBS) (Dejean et al., 2009; Gradinaru et al., 2009; Li et al., 2012; Sanders and Jaeger, 2016; 83 

Anderson et al., 2018). Activation of this pathway during DBS occurs because the extracellular 84 

voltage field induced by DBS generates an action potential antidromically toward the cell body 85 

in the cortex, as well as orthodromically toward terminal synapses (Miocinovic et al., 2006; 86 

Gunalan et al., 2017). 87 

 Despite increasing scientific and clinical interest in the hyperdirect pathway, its existence 88 

in humans has not been conclusively demonstrated. MRI tractography studies have suggested the 89 

presence of the hyperdirect pathway (Aron et al., 2007; Brunenberg et al., 2012; Lambert et al., 90 

2012; Plantinga et al., 2016), and TMS experiments alluded to its presence (Udupa et al., 2016). 91 

However, there has been no unambiguous electrophysiologic confirmation of its existence nor 92 

delineation of its topography at high spatial resolution. The activation of direct cortical 93 

projections into the basal ganglia can be quantified by measuring short latency cortical potentials 94 
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evoked by DBS (Devergnas and Wichmann, 2011). Previous human studies that attempted to 95 

measure hyperdirect pathway activation in the cortex suggested a wide range for its conduction 96 

velocity (7-60 m/s; (Walker et al., 2012; Kelley et al., 2018)). Physiologic demonstration of 97 

antidromic hyperdirect transmission would require temporal or spatial separation between 98 

evoked potentials generated via this pathway, versus alternative mechanisms such as current 99 

spread to pyramidal fibers bordering the STN or orthodromic cortical activation via globus 100 

pallidus (GP) and thalamus. Of note, antidromic activation of the M1 pyramidal neurons has a 101 

very short latency, depending on the length and diameter of the axon, and is on the order of 1-2 102 

milliseconds (Li et al. , 2007, Fukaya et al. , 2011), such that separation of hyperdirect activation 103 

from pyramidal tract activation is technically challenging.  104 

 Electrocorticography (ECoG) recordings performed during DBS implantation surgery 105 

provide excellent spatial and temporal resolution, high signal-to-noise ratio, and can be done 106 

safely without modifying surgical exposure (Panov et al., 2016). We show that antidromic 107 

activation of the hyperdirect pathway can be quantified by measuring short latency cortical 108 

evoked potentials (EP) in response to STN stimulation, that hyperdirect-mediated EPs are not 109 

present during GP DBS, and that this response can be distinguished from alternative sources of 110 

motor cortex activation that can arise from stimulation in the STN region. Detection of 111 

hyperdirect activation can also provide an objective physiological predictor of clinically 112 

therapeutic STN DBS. 113 

 114 

MATERIALS AND METHODS 115 

Patient selection 116 

 Patients with idiopathic Parkinson’s disease scheduled to undergo STN or GP DBS 117 

surgery at University of California San Francisco or Emory University were recruited for the 118 

study (9 men, 1 woman). Informed consent was obtained prior to surgery under protocols 119 

approved by the Institutional Review Boards at both universities. All patients were aware that the 120 

temporary subdural ECoG recording strip was used strictly for research purposes.  121 
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Surgical process and electrocorticography strip localization 122 

 To record cortical potentials, a subdural ECoG strip (28 or 6 contacts; Ad-Tech, Racine, 123 

WI) was placed on the surface of the brain through the same burr hole used for DBS 124 

implantation (Crowell et al., 2012; de Hemptinne et al., 2015; Panov et al., 2016). The 28-contact 125 

strip had two rows of 14 2-mm diameter platinum contacts separated by 4 mm. The 6-contact 126 

strip had one row of 4-mm diameter platinum contacts separated by 10 mm. The intended target 127 

location for the center of the strip was the arm area of M1, 3 cm from the midline and slightly 128 

medial to the hand knob. Recordings were performed at least 12 h after stopping all anti-129 

parkinsonian medications and at least 30 min after stopping propofol. DBS electrodes were 130 

placed in the STN or GP with microelectrode guidance as previously described (Starr, 2002).  131 

 ECoG strip location was determined using intra-operative CT co-registered to the 132 

preoperative planning MRI using standard surgical planning software (Framelink 5.1, 133 

Medtronic). ECoG contact locations were classified as premotor (located anterior to precentral 134 

gyrus), primary motor (M1; over the precentral gyrus), primary sensory (S1; over the postcentral 135 

gyrus), and superior parietal lobule (posterior to postcentral gyrus) based on imaging 136 

localization. The location of the central sulcus with respect to ECoG contacts was confirmed 137 

with median nerve somatosensory-evoked potentials and reversal of the N20 waveform 138 

indicating M1 location (Crowell et al., 2012). DBS contact coordinates were determined from 139 

intraoperative CT and preoperative MRI using Cranial Vault software (Neurotargeting LLC, 140 

Nashville, TN).  141 

Signal recordings 142 

 ECoG potentials were recorded using the Neuro Omega (Alpha Omega Engineering, 143 

Nazareth, Israel) or TDT PZ5 (Tucker Davis Technologies, Alachua, FL; patients 1 and 2) 144 

acquisition systems. An ipsilateral scalp needle or ear electrode (patients 6 and 10) was used as a 145 

recording reference while corresponding contralateral electrode served as the ground. Signals 146 

were amplified and acquired at 22 kHz sampling rate with a built-in hardware bandpass filtering 147 

between 0.075 – 3500 Hz for Neuro Omega, and 24414 Hz sampling rate and 1-10000 Hz 148 

bandpass filter for TDT. Muscle activity was recorded using surface EMG from the contralateral 149 
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arm (biceps, flexor carpi radialis, extensor carpi radialis, trapezius, and first dorsal interosseous), 150 

leg (tibialis anterior) and face (nasalis, genioglossus) using the same acquisition settings. 151 

Specific muscles recorded varied by patient, and channels that were unstable or noisy were 152 

excluded from analysis (on average 3.5 EMG channels were analyzed per patient, range 2-7). 153 

EMG was uninterpretable in 3 patients due to severe electrical noise (patients 1, 2, 9). 154 

 Evoked potentials (EP) were recorded while patients were at rest. STN or GP stimulation 155 

was performed using the Neuro Omega (patients 4, 5, 6, 10), Medtronic digital stimulator (model 156 

8840, Medtronic, Minneapolis, MN; patients 1, 2, 7-GP, 8, 9), Medtronic analog stimulator 157 

(model 3625; patient 3), or Medtronic Activa PC implantable pulse generator (model 37601; 158 

patient 7-STN). Low frequency stimulation was performed at 10 Hz except in two patients (7 and 159 

9) where 2 Hz was used. In 4 patients (4, 5, 6, 10), EP were also recorded during high frequency 160 

stimulation (130-155 Hz), and during monopolar stimulation for which a large surface electrode 161 

on the contralateral shoulder served as the positive contact (anode; denoted as C+). Stimulation 162 

settings are described so that cathodic contact is followed by a minus (-) and anodic by a plus 163 

(+). Contact 0 was the most ventral (deepest) contact. Each stimulation setting was tested for 10-164 

15 seconds with a 3-5 second pause between the settings. The number of settings tested varied 165 

between patients depending on the amount of time available intraoperatively (average 20, range 166 

4-34). The order of stimulation settings was randomized in 6 patients. The stimulation contact 167 

and amplitude (1-5 mA) were varied most systematically. In 3 patients several pulse widths were 168 

tested, and in one patient positive repolarization phase of the stimulation waveform was varied in 169 

duration. Constant current stimulation was preferred to control the amount of charge injected. In 170 

cases where constant voltage stimulator was used, contact impedance was measured using a 171 

Medtronic digital stimulator (bipolar montage, 100 Hz), and approximate stimulation current (I) 172 

was calculated (I = V/R where V is the stimulation voltage and R is the average pre- and post-173 

stimulation impedance for the given contacts).  174 

Signal processing 175 

 Data analysis was performed using custom scripts in Matlab, version R2014a 176 

(MathWorks, Natick, MA). ECoG potentials were re-referenced in a bipolar montage using 177 

adjacent contacts. Stimulus pulse start times were detected automatically from the ECoG or 178 
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EMG channel with the largest stimulus artifact. ECoG and EMG potentials were aligned by 179 

stimulus start times and averaged to generate EPs. Approximately 100-150 trials were used for 180 

each DBS settings. The averaged baseline was corrected to zero using 1 ms of data prior to 181 

stimulus pulse, and a smoothing function (15-point window moving average) was applied. Peak 182 

latency, peak amplitude and onset latency were determined visually from the smoothed signal. 183 

Both raw and smoothed signals were displayed for peak selection, and each peak (or trough) had 184 

to stand out visually above the noise level to be selected. Very short latency EPs (<2 ms) were 185 

selected on raw (unsmoothed) signals. 186 

 The earliest short latency peak or trough after the stimulus pulse (or after very short 187 

latency EP) was defined as EP1 (Figure 2). The onset of EP1 was defined as the deflection 188 

toward the peak (or trough) after the end of stimulus artifact and signal return to baseline. In 189 

cases where this point could not be clearly identified due to the large stimulation artifact, EP1 190 

was not defined (< 2 % of the recordings; stimulation artifact typically ended by 1 ms after 191 

stimulus onset). The onset of EP1 was used to define EP1 amplitude as the difference between 192 

the peak and onset voltage. In case very short latency EP was present, EP1 amplitude was 193 

defined with respect to the preceding trough. Very short latency EP was defined in a similar 194 

manner with respect to the deflection toward the peak after the end of stimulus artifact. 195 

Additional short latency EPs (EP2 and EP3) were defined as subsequent peaks that occurred 196 

within the first 10 ms. EP amplitude was defined as the voltage difference between the peak and 197 

preceding trough (and vice versa for troughs). Long latency potentials were determined using the 198 

same method. The first long latency peak or trough (P1 or T1) was placed into a bin based on 199 

similar peak latencies across the channels and stimulation settings (5 bins from 10-100 ms), and 200 

subsequent events were numbered sequentially (P2/T2 to P5/T5).   201 

 EP amplitudes and latencies were determined for each stimulation setting and each ECoG 202 

bipolar channel. Contact pairs spanning two different anatomical locations were not used for 203 

location-related analysis.  204 

 To compare the effect of monopolar and bipolar stimulation, we calculated bipolar 205 

stimulation amplitude necessary to produce the same size EP as 1 mA monopolar stimulation. 206 

This was calculated using the formula: (AM/CM)/(AB/CB), where AM is EP amplitude during 207 



 

7 
 

monopolar stimulation, CM is monopolar stimulation current, AB is EP amplitude during bipolar 208 

stimulation, and CB is bipolar stimulation current. Calculation was done for stimulation settings 209 

utilizing the same contact as the cathode, with other stimulation parameters held constant, and 210 

then averaged across all channels to yield one value per patient.  211 

Statistical Analysis  212 

 One-way ANOVA was performed to compare differences in EP amplitudes and latencies 213 

across different cortical locations and stimulation parameters. Post hoc paired t-tests with 214 

Bonferroni correction were performed to compare EPs between individual regions and 215 

stimulation parameters. Pearson coefficient was used to test for linear correlation between EP 216 

amplitudes and latencies, and between EP1 latency and recording strip location. A p-value < 0.05 217 

was considered statistically significant.  218 

 219 

RESULTS  220 

 We analyzed subdural cortical EP recordings from 10 patients (9 men, 1 woman) with 221 

Parkinson’s disease: six with a DBS electrode in the STN, three with an electrode in the GP, and 222 

one with electrodes in the STN and GP (Table 1; Figure 1A-C). The average ventral contact 223 

coordinates for the STN leads were x=11.9±1.4 mm, y=-3.6±1.8 mm, z=-4.6±1.6 mm (mean±std; 224 

Figure 1B) and for GP leads were x=21.1±1.8 mm, y= 1.3±0.5 mm, z=-3.6±1.2 mm (with respect 225 

to the midcommisural point; Figure 1C). A total of 4930 EP averages were analyzed, and 3611 226 

included in location-related analysis (for which recording channels spanning different gyri were 227 

excluded). Cortical responses were separated into very short latency (< 2ms), short latency (2-10 228 

ms) and long latency (10-100 ms) based on the timing of the EP peaks. These boundaries were 229 

determined post hoc based on the presence of three discrete EP latency clusters as discussed 230 

below. EPs even at very short latencies were distinct from the stimulation artifact. This was 231 

demonstrated by changing the location of positive (anodic) contact, which inverted the 232 

stimulation artifact without inversion of the EP waveform (Figure 1D).  233 

Short latency cortical evoked potentials   234 



 

8 
 

 We observed short latency (2-10 ms) cortical responses to STN stimulation and argue 235 

below that these result from antidromic activation of the hyperdirect pathway. These were 236 

evoked by STN stimulation in all patients and not by GP stimulation. They typically contained 237 

one to three peaks (Figure 2 A-C). Later peaks were sometimes present without the early ones. 238 

The presence of a short latency EP and the complexity of the EP waveform (number of 239 

consecutive peaks/troughs) was highest in M1 and premotor areas, but EPs were also frequently 240 

observed in S1 and the superior parietal lobule (Figure 2D). In M1, 71% of cortical responses (all 241 

STN patients, all stimulation settings) included at least one short latency EP.  242 

 EP latency varied based on ECoG recording contact location, while the amplitude was 243 

always the largest in M1 (Figure 3). The EP1 peak occurred on average 2.6±0.3 ms after the start 244 

of stimulus pulse with the onset latency of 1.8±0.3 ms (mean±std). The EP1 peak latency was the 245 

shortest in parietal and premotor regions (2.3±0.2 ms, both) and the longest in M1 (2.8±0.3 ms; 246 

F(3,1195) = 279.8, p < 10-6, ANOVA). The EP2 peak latency was shortest in the premotor region 247 

(4.1±0.6ms) and longest in parietal area (6.3±1.5 ms) followed by M1 (5.8±1.0 ms; F(3,976) = 248 

153.1, p < 10-6, ANOVA). The EP3 latency was similar in all locations (7.7±1.8ms; F(3,693) = 249 

2.0, p = 0.1, ANOVA).  250 

 The data presented in the preceding figures were averaged for all STN patients, but these 251 

relations held true for individual patients as well and all demonstrated short latency potentials 252 

across all cortical recording locations. The average EP1 peak latency in M1 ranged from 2.5±0.2 253 

ms (patient 3) to 3.1±0.2 ms (patient 6). There was no correlation between the average M1 EP1 254 

latency and the laterality of the recording strip from midline (p=0.7). Because of the oblique 255 

DBS electrode trajectory, the most ventral contact was always the most medial and most 256 

posterior. Based on registration of the lead depth with the microelectrode recording map of the 257 

dorsal and ventral border of STN, for narrow quadripolar leads (3389), contacts 0-2 were within 258 

STN while contact 3 was placed in zona incerta. For wide quadripolar leads (3387), contacts 0 259 

and 1 were within the STN. In patient 5, with an 8-contact lead, contacts 2-4 were in the STN. 260 

With all quadripolar leads, EP amplitudes were the largest when the cathode was set to the 261 

ventral two contacts (for patient 5, contacts 2-4 had the largest EPs) and the smallest (or absent) 262 

for contacts outside the STN (further explored below).  263 
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 In animal studies, hyperdirect activation has also been associated with multiple short 264 

latency peaks, and modelling studies suggest that the earliest is due to depolarization of 265 

pyramidal cells and their dendrites; while later ones are due to activation of recurrent collaterals 266 

or inhibitory interneurons (Li et al., 2007; Kumaravelu et al., 2018). If true in humans, we would 267 

expect amplitudes and latencies of these peaks to be strongly correlated. This was the case for 268 

EP1 and EP2, with an amplitude correlation coefficient (R2) of 0.48 (p-value < 0.00001).  269 

Pyramidal tract activation produces a very short latency cortical potential 270 

 Since our primary goal was to identify EPs corresponding unambiguously to antidromic 271 

hyperdirect activation, we had to consider the possibility that the spread of DBS current outside 272 

of the STN could activate the corticospinal/corticobulbar (CSB) tract, producing a very fast EP 273 

that could be confused with antidromic hyperdirect activation related to stimulation within the 274 

STN. Furthermore, the hyperdirect pathway may be formed in part by collaterals from the same 275 

pyramidal projection neurons that form the CSB tract (Kita and Kita, 2012) which would 276 

complicate the interpretation of the observed cortical potentials. We propose criteria to 277 

differentiate between these possibilities (CSB vs. hyperdirect activation). Stimulation induced 278 

activation of  CSB pyramidal fibers in the internal capsule should: (1) produce a slightly shorter 279 

latency cortical EP compared to hyperdirect fibers due to the very large diameter of pyramidal 280 

tract axons; (2) be uniquely associated with muscle activation as well as a cortical EP; (3) be 281 

producible by both STN and GP stimulation (since both structures are in close proximity to 282 

internal capsule, while only STN is thought to have hyperdirect input); and (4) have a different 283 

cortical topography from hyperdirect activation since the former originates almost exclusively 284 

from primary motor area while the latter is thought to originate from widespread areas of frontal 285 

cortex.   286 

We did detect a very short latency cortical potential with mean peak latency of 1.5±0.1 287 

ms from the start of the stimulation pulse, which met our criteria for pyramidal tract activation 288 

and was distinct from a slightly longer latency, putative hyperdirect EP. This putative pyramidal 289 

tract EP was detected in 4/10 patients (3 STN, 1 GP; Figure 4 A, B). As expected, these very 290 

short latency cortical potentials generally were associated with muscle activation. EMG EPs 291 

were identified in 3 patients who had very short latency cortical EPs (one patient did not have 292 
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EMG recordings available) but not in the 4 patients who did not have very short latency cortical 293 

EPs (two patients did not have EMG recordings). In general, the same stimulation settings that 294 

evoked EMG response also evoked the very early cortical response, and they were most often 295 

high amplitude or wide pulse width monopolar settings (Figure 4 C, D). Among the 3 patients 296 

who had both EMG and very early cortical responses, there were a total of 20 stimulation 297 

settings that evoked EMG and/or very early cortical response: 13 evoked both, 6 evoked EMG 298 

only and 1 evoked cortical only. Finally, these very short latency EPs were only present in 1-2 299 

cortical channels per patient (those spanning the posterior M1 or the central sulcus), while EPs 300 

corresponding to putative hyperdirect activation were detectable over a wider cortical area 301 

(Figure 3; Figure 4 E, F). 302 

Long latency cortical evoked potentials may reflect orthodromic basal ganglia 303 

activation 304 

  Long latency cortical EPs could arise from orthodromic activation of polysynaptic basal 305 

ganglia-thalamo-cortical pathways. These should be evoked by both STN and GP DBS, but 306 

presumably at slightly different latencies corresponding to the synaptic delay introduced by the 307 

STN-GP projections. We found that both STN and GP stimulation evoked long latency (10-100 308 

ms) EPs (Figure 5). The general waveform shape in M1 was similar for all STN and GP patients 309 

(Figure 5 A, B).  310 

 The STN DBS cortical response in M1 was characterized by previously described short 311 

latency EPs followed by a trough (T1) at 20±8 ms, then a peak (P1) at 38±11 ms, a trough (T2) 312 

at 56±15 ms and a peak (P2) at 71±16 ms (mean±std for all STN patients). The GP DBS resulted 313 

in a peak (P1) at 19±3 ms, then a trough (T2) at 29±4 ms followed by a peak (P2) at 44±9 ms 314 

(mean±std for all GP patients). In two GP patients, there was also an earlier trough (T1) at 10±2 315 

ms.  Thus, there was a similarity in cortical responses evoked by the two targets, with the STN 316 

lagging GP by 10-20 ms. Comparing GP evoked versus STN evoked latencies across different 317 

patients can only provide an approximate measure of the STN-GP synaptic delay given 318 

differences in brain morphology between subjects. However, in one patient who had both STN 319 

and GP electrodes, similar latencies were measured (8 ms lag for T1, 14 ms lag for P1, 19 ms lag 320 
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for T2, and 13 ms lag for P2; Figure 5D). The calculated lag may be too long to arise from a 321 

monosynaptic STN-GPi transmission and could include re-entrant loops between STN-GPe-GPi. 322 

The influence of DBS parameters on short latency cortical potentials  323 

 During clinical DBS programming, stimulation settings are systematically changed and 324 

therapeutic benefit or side effects noted, but without clear understanding of how these changes 325 

affect underlying neural activation. Therefore, we examined the relationship between short 326 

latency cortical potentials and DBS parameter changes. Stimulation settings that we altered 327 

included: location of negative contact (cathode), amplitude, pulse width, configuration 328 

(monopolar vs bipolar), polarity (cathode/anode arrangement), and frequency. For comparative 329 

analysis described below all other stimulation parameters were held constant (Figures 6, 7, Table 330 

2).  331 

 The larger DBS amplitude evoked larger EPs, but peak latency was unchanged, except 332 

for EP3 where lowest stimulation amplitude resulted in 1 ms slower latency compared to highest 333 

(Figures 6A and 7A). EP amplitude was significantly different between 4 stimulation contacts, 334 

which was due to amplitude being larger at the two most ventral contacts (Figures 6B and 7B). 335 

The peak latency did not differ between the contacts except for EP3, where the most ventral 336 

contact resulted in ~1 ms faster potential compared to the two dorsal contacts. The size of the EP 337 

could be further modulated by changing the stimulation pulse width so that longer pulse widths 338 

resulted in larger EPs, but peak latency was again unchanged (Figures 6C and 7C). High 339 

frequency stimulation evoked responses of similar amplitude and latency as low frequency 340 

stimulation (Figure 6F and 7D), arguing against potentiation or depotentiation of the EP 341 

amplitude by preceding pulse.  342 

 DBS studies often utilize bipolar instead of monopolar stimulation to reduce the 343 

stimulation artifact. It has been proposed that bipolar stimulation amplitude should be increased 344 

by approximately 30% to achieve similar volume of activation as monopolar stimulation 345 

(MacKinnon et al., 2005; Eusebio et al., 2009). We tested this assumption directly by comparing 346 

the size of EP1 during monopolar vs bipolar stimulation, and calculating bipolar amplitude 347 

necessary to produce the same size EP as 1 mA monopolar stimulation. This was 1.9 mA in 348 
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patient 4 and 1.8 mA in patient 6, thus bipolar amplitude had to be increased by at least 80% to 349 

achieve the same volume of activation for putative hyperdirect axons (Figure 6D). In patient 5 350 

who also had the longest EP1 latency, bipolar stimulation resulted in much smaller EP1 than 351 

monopolar so that comparable bipolar amplitude was 3.8 mA (280% increase). 352 

 In prior efforts to identify short latency EPs using scalp EEG, investigators have 353 

subtracted artifacts generated with opposite polarity stimulation, to isolate short latency EPs that 354 

would otherwise be obscured by the artifact (Baker et al., 2002; Walker et al., 2012). However 355 

this method assumes that the DBS effect is the same regardless of the order of cathode and anode 356 

(e.g. 1-2+ vs 2-1+). We tested this assumption by comparing EP1 responses for all stimulation 357 

setting pairs of opposite polarity (with other parameters held constant), and found they varied 358 

greatly (Figure 6E). Specifically, the amplitude of EP1 differed by more than ±25% between 359 

paired settings of opposite polarity in 378 (82%) waveforms where EP1 was detected. 360 

Clinical correlation  361 

 Finally, we assessed if the amplitude of cortical responses evoked by specific DBS 362 

contact correlated with its therapeutic effectiveness. We could not determine therapeutic benefit 363 

for multiple stimulation settings in the operating room due to time constraints. We therefore 364 

reviewed patients’ clinical records to determine which DBS contact(s) were used for chronic 365 

stimulation (settings were optimized using standard clinical programming methods). In all 7 STN 366 

patients, the DBS contact producing the largest EP1 in M1 intraoperatively was the same as (5/7) 367 

or adjacent to (2/7) the contact used clinically (Figure 7). In two patients the initial clinical 368 

contact was changed after several programming sessions and their final contact corresponded to 369 

the one with the largest EP1 intraoperatively (patient 2 went from contact 2 to contact 0; patient 370 

5 went from contact 2 to contact 3 then contact 4). Patient 7 had a suboptimally therapeutic STN 371 

lead which was replaced by GP lead (hence the opportunity to record from both leads), and 372 

interestingly he had very small short latency EPs evoked by STN, present at only two stimulation 373 

settings tested. The other short latency EPs (EP2 and EP3) and long latency EPs (T1, P1, T2, P2) 374 

were not as predicative of the final therapeutic contact, either at M1 or other locations.  375 

 376 
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DISCUSSION 377 

 In patients with Parkinson’s disease undergoing insertion of DBS leads in the awake 378 

state, we utilized temporary subdural recording strips to characterize cortical potentials evoked 379 

by STN and GP stimulation. We show that STN stimulation results in multiple short latency (2-380 

10 ms) evoked potentials consistent with activation of a cortico-subthalamic hyperdirect 381 

pathway, originating from primary motor, premotor and sensory areas, while no such response 382 

was present during GP stimulation. The amplitude of the early response (peak at 2.8 ms) in M1 383 

was predictive of the final therapeutic stimulation contact. The putative hyperdirect potentials 384 

were distinct from very short latency evoked potentials (at 1.5 ms peak latency) spatially 385 

localized to M1 and related to corticospinal and corticobulbar tract activation observed on EMG. 386 

Both STN and GP DBS evoked long latency cortical potentials consistent with activation of an 387 

orthodromic multi-synaptic pathway to the cortex. 388 

Cortico-subthalamic activation revealed by short latency evoked potentials   389 

 Unequivocal physiological evidence for a hyperdirect pathway in humans has been 390 

elusive. There have been several prior studies of cortical potential evoked by basal ganglia 391 

stimulation using  scalp EEG as the recording technique, during stimulation in STN (Ashby et 392 

al., 2001; Baker et al., 2002; MacKinnon et al., 2005; Eusebio et al., 2009; Kuriakose et al., 393 

2010; Walker et al., 2012) or GP (Tisch et al., 2008; Bhanpuri et al., 2014). However, in most of 394 

these, the stimulation artifact was too long and sampling frequency too low to observe cortical 395 

activation at latencies less than 2 ms due to both technical issues and biophysical limitations of 396 

extracranial recordings. Despite these limitations, several EEG investigators directly observed 397 

early EPs at 2-3 ms (Ashby et al., 2001; Kuriakose et al., 2010), but their analysis primarily 398 

focused on long latency potentials.  399 

Utilizing invasive cortical recording, here we demonstrate short latency (2.5-8 ms) 400 

potentials that are very likely to represent antidromic hyperdirect activation, based on several 401 

criteria: (1) they are not evoked by GP stimulation (which has not been shown to have 402 

hyperdirect cortical innervation), (2) they are distinct from longer latency EPs likely related to 403 

orthodromic activation (via GP and thalamus), and (3) they are clearly distinguishable from both 404 
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stimulation artifact and from very short latency EPs evoked by current spread to adjacent 405 

pyramidal fibers. The very short latency EP at 1.5 ms evoked by high intensity STN or GP 406 

stimulation is consistent with the known corticospinal conduction velocity of 40 m/s (Ashby et 407 

al., 1998) and approximate distance from M1 to internal capsule of 6 cm. In addition, we show 408 

that the cortical localization of the very short latency EP is restricted to M1 while that of the EPs 409 

proposed to arise from hyperdirect activation is more widespread.  410 

 The multiple short latency (2-10 ms) peaks usually occurred together. These could 411 

represent activations of different hyperdirect corticofugal bundles which contain axons of 412 

different diameters. Rodent histological tracings have shown that STN collaterals arise from 413 

thin-to-medium-sized axons but not from thick axons (Kita and Kita, 2012). As expected, 414 

hyperdirect conduction velocities are slower than the large-axon corticospinal tract and based on 415 

our findings range from 6-24 m/s. Alternatively, the later peaks could represent cortico-cortical 416 

activation through synaptic transmission at collaterals of antidromically activated axons as seen 417 

in rats (Li et al., 2007), and supported by a recent modeling study (Kumaravelu et al., 2018). 418 

Finally, the existence of monosynaptic projections from the STN to cortex has been reported, and 419 

activation of this monosynaptic pathway could also account for the later peaks (Degos et al., 420 

2008).  421 

Topography of cortical innervation of the basal ganglia 422 

 The cortico-subthalamic hyperdirect pathway in nonhuman primates originates from the 423 

frontal cortex, anterior to the central sulcus (Monakow et al., 1978; Nambu et al., 1996). Direct 424 

cortical projections from the sensory cortex into STN have not been described on histological 425 

tracings in primates (Smith Y., 2001). Here we show that antidromic activation readily occurs in 426 

the primary sensory cortex and to a lesser extent in the more posterior parietal regions, which 427 

raises the possibility of hyperdirect subthalamic projections from these cortical areas. This 428 

possibility is also supported by single-cell cortical recordings in non-human primates 429 

demonstrating antidromic invasion of sensory cortex at 2-5 ms latencies following STN 430 

stimulation (Gale, 2004). This finding may have implications for sensory symptoms in 431 

Parkinson’s disease and alterations in somatosensory processing with DBS (Jobst et al., 1997; 432 

Maruo et al., 2011). Although there is some evidence for a “hyperdirect” cortical projection to 433 
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the pallidum based on histological studies in rodents (Naito and Kita, 1994) and nonhuman 434 

primates (Smith and Wichmann, 2015), and a tractography study in humans (Milardi et al., 435 

2015), neither we nor nonhuman primate study (Devergnas and Wichmann, 2011) found short 436 

latency EPs from pallidal stimulation. This argues against the existence of direct cortical 437 

projections into the motor pallidum in primates.  438 

Orthodromic activation of cortex via basal ganglia output nuclei and mechanisms of 439 

DBS 440 

The long latency cortical responses observed here are likely to result from orthodromic 441 

activation of the basal ganglia motor pathway involving the STN, GPi/GPe, thalamus and cortex 442 

(Hashimoto et al., 2003). They are expected to occur with both STN and GP DBS since STN has 443 

a strong monosynaptic projection to GP in primates (Smith et al., 1994). The overall pattern of 444 

the cortical responses from the two DBS targets was similar, but STN peaks and troughs lagged 445 

behind GP by 10-20 ms which would account for additional synaptic connections since STN is 446 

further upstream in the motor loop. In previous EEG studies of long latency EPs, STN DBS most 447 

consistently resulted in initial ~20 ms response (MacKinnon et al., 2005; Eusebio et al., 2009; 448 

Kuriakose et al., 2010) which matches our T1 response at 21 ms. GP DBS in EEG studies of 449 

dystonia patients resulted in initial EPs at 20-28 ms, which is similar to our P1 and T2 responses 450 

at 19 and 29 ms, respectively (Tisch et al., 2008; Bhanpuri et al., 2014). However, earlier EP at 451 

10 ms has also been reported (Ni et al., 2018), comparable to T1 response seen in two of our 452 

patients.  453 

Although we used low frequency stimulation to measure EP amplitudes in this study, 454 

similar EP responses were observed at high, clinically-relevant frequencies (Figure 6F). There is 455 

considerable rodent evidence that antidromic hyperdirect activation produces a therapeutic effect 456 

(Dejean et al., 2009; Gradinaru et al., 2009; Li et al., 2012; Sanders and Jaeger, 2016). However, 457 

it is unlikely that hyperdirect cortico-subthalamic  activation is the unique therapeutic 458 

mechanism for basal ganglia DBS, as this would not explain the remarkable similarity of the 459 

clinical effects of STN and GP DBS in Parkinson’s disease (Mansouri et al., 2018) and in related 460 

disorders such as isolated dystonia (Ostrem et al., 2017).  461 
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Physiological predictors of therapeutic response  462 

 Identification of an objective physiological signal that predicts therapeutic response could 463 

improve our ability to program DBS devices in a more targeted fashion. Here, we demonstrate a 464 

close match between intraoperative DBS contact with the largest early cortical response and the 465 

contact that was eventually found to be clinically optimal based on standard empirical (trial-and-466 

error) programming.  467 

Several previous EEG studies have attempted to utilize cortical EPs to identify best 468 

therapeutic DBS contacts. This approach was successful in GP DBS in patients with dystonia, 469 

(Tisch et al., 2008; Bhanpuri et al., 2014), but inconsistent for STN DBS in Parkinson’s disease 470 

(MacKinnon et al., 2005; Kuriakose et al., 2010). In both GP and STN studies, prior 471 

investigators focused on medium latency responses at ~20ms. Our results indicate that 472 

correlation with therapeutic effectiveness in the STN needs to be investigated at earlier latencies 473 

that correspond to hyperdirect activation. Of note, activation of the hyperdirect pathway could be 474 

a surrogate marker of clinical response while the true therapeutic target population, such as 475 

neurons in the sensorimotor STN region and their efferent projections, could be optimally 476 

activated by the same settings. 477 

An alternative approach to objective physiological confirmation of effective therapeutic 478 

stimulation is to use the amplitude of beta band oscillatory activity in the STN LFP; since the 479 

region of highest beta band activity predicts the therapeutic DBS contact (Zaidel et al., 2010), 480 

and reduction in beta band activity induced by DBS correlates with clinical improvement (Kuhn 481 

et al., 2008). A potential advantage of utilizing cortical recordings over STN LFP recordings is 482 

that cortical EPs could also guide the avoidance of adverse effects (by minimizing very short 483 

latency EPs from pyramidal tract activation) and inform on other stimulation parameters such as 484 

the amplitude and pulse width to maximize hyperdirect pathway recruitment. A disadvantage is 485 

the need for chronic cortical sensing, but such sensing capability is now available utilizing a 486 

totally implantable bidirectional neural interfaces (Swann et al., 2018).  487 

Limitations 488 
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 We studied patients with Parkinson’s disease so these results may not be applicable to 489 

healthy humans. We had a relatively small number of patients (particularly in the GP group), but 490 

this is inevitable in most invasive intraoperative recording studies. Despite stimulation 491 

parameters that varied between patients, the findings were consistent. ECoG and EMG coverage 492 

was limited so we likely missed some EPs generated by DBS. The EPs were identified visually 493 

which could introduce bias and inconsistent selection, but analysis was done by the same 494 

investigator and without the knowledge of therapeutic contacts. We relied on clinically 495 

determined optimal contacts and did not systematically test all contacts for therapeutic benefit to 496 

correlate with intraoperative findings. We also did not quantify the degree of improvement that 497 

patients experienced with chronic stimulation. We could not compare stimulation amplitudes 498 

used clinically to those used in the operating room because impedances were not recorded during 499 

clinical visits when constant voltage stimulation was used. 500 

Conclusion 501 

 We provide the first physiological demonstration of the cortico-subthalamic hyperdirect 502 

pathway and its topography at high spatial resolution in humans. These findings should inform 503 

models of basal ganglia function and may prove useful in guiding lead placement and device 504 

programming. 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 
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FIGURE LEGENDS 690 

Figure 1. Recording and stimulation locations, and invariance of EP morphology to stimulus 691 

phase reversal.  A. Temporary subdural strip electrode was used to record EPs from the cortex 692 

(premotor, M1, S1, superior parietal lobule, ~3 cm from midline) during low-frequency STN or 693 

GP DBS. Strip location was confirmed with median nerve somatosensory evoked potential 694 

reversal (inset). White arrow indicates the central sulcus. B, C. DBS lead was implanted in the 695 

STN (B, axial slice, 4 mm below AC-PC plane) or GP (C, axial slice, at AC-PC plane) using 696 

standard microelectrode-guided technique. White arrow on MRI-CT co-registration indicates 697 

location of the lead used for evoking cortical responses. ECoG recording strip was ipsilateral to 698 

DBS lead used for stimulation. D. Changing DBS positive contact location reversed polarity of 699 

stimulation artifact, but cortical evoked potentials remained upgoing (patient 1, 3.4 mA, 60 μs). 700 

Asterisks denote EP peaks at 1.6, 3 and 5 ms.  701 

Figure 2. Morphology of short latency EPs evoked by STN DBS. A-C. The short latency EP 702 

(SL-EP) contained 1-3 peaks (examples from patients 4, 1, and 5). The first short latency peak 703 

was defined as EP1, and the following trough as EP1 trough. EP1 peak amplitude was defined 704 
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with respect to the preceding baseline. The subsequent peaks were defined as EP2 and EP3 with 705 

peak amplitude defined by the preceding trough. D. The number of short latency EP peaks varied 706 

by cortical location and was the highest in M1 (data from all STN patients).  707 

Figure 3. Topographic variation in latencies and amplitudes of short latency (2-10 ms) EPs. 708 

Latencies (top row) and amplitudes (bottom row) of EPs by recording region (mean ± st.dev; 709 

data from all 7 STN patients). Lines indicate statistically significant differences between M1 and 710 

other cortical regions (paired t-test, significant p-value 0.003 after Bonferroni correction). 711 

Figure 4. Very short latency EPs (VSL-EP) can be evoked by GP or STN stimulation and are 712 

associated with an EMG response, reflecting current spread to the pyramidal tract. Very short 713 

latency EPs (upgoing at ~1.5 ms) were present in M1 channels during high intensity GP DBS 714 

(panel A, red and black traces at high amplitudes; patient 10, C+0- 60 μs pulse width, 10 Hz) and 715 

STN DBS (panel B, black trace at high pulse width; patient 6, C+1- 3 mA, 10 Hz). They 716 

occurred together with EMG evoked potentials consistent with activation of corticobulbar (panel 717 

C, genioglossus muscle, red and black traces, latency 10.5 ms) and corticospinal tracts (panel D, 718 

first dorsal interosseous muscle, black trace, latency 28 ms). Low intensity DBS (blue traces and 719 

red trace in bottom figures) did not evoke ECoG or EMG response. The ECoG and EMG traces 720 

were recorded at the same time and are shown without smoothing. Panels A-D show single trial 721 

examples. E&F. Very short latency EPs were present only in channels overlying the M1 and 722 

central sulcus (CS). There was no statistical difference in EP latency and amplitude between 723 

these two regions (mean ± st.dev for 3 STN and 1 GP patient).  724 

Figure 5. Waveforms and latencies of late occurring EPs are consistent with orthodromic 725 

activation.  A,B. Typical appearance of long latency evoked potentials (LL-EP) in M1 from STN 726 

(panel A, patient 6) and GP (panel B, patient 10) using different DBS contacts (monopolar, 3 727 

mA, 60 μs, 10 Hz). The most consistent peaks and troughs are labeled T1, P1, T2, and P2. EP1-3 728 

refers to short latency peaks and troughs evoked by STN DBS only. C. Comparison of latencies 729 

of long latency M1 potentials evoked by STN or GP (mean ± st.dev. for all patients). D. Direct 730 

comparison of M1 cortical potentials evoked by STN (top) and GP DBS (bottom) in a patient 731 

with both targets implanted. Stimulation settings: STN DBS 2-1+, 3 mA, 60 μs, 2 Hz; GPi DBS 732 

0-1+, 3.2 mA, 60 μs, 2 Hz. Panels A, B and D show single trial examples. 733 
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Figure 6. Effects of changes in stimulation parameters on waveforms of short latency EPs. 734 

Single trial examples of short latency EP variation with changes in A, amplitude (patient 1, 1-2+ 735 

60 μs); B, negative contact choice (patient 1, 1.7 mA, 60 μs); C, pulse width (patient 4, 0-1+ 3 736 

mA); D, monopolar vs bipolar configuration (patient 6, 60 μs). Bipolar stimulation at 5 mA is 737 

similar to monopolar stimulation at 3 mA; E, contact polarity (patient 1, 3.4 mA, 60 μs); and F, 738 

stimulation frequency (patient 6, 2+1- 3 mA, 60 μs). EP amplitude, latency and number of peaks 739 

did not change with high vs. low frequency stimulation. 740 

Figure 7. Quantitative analysis of the effects of changes in stimulation parameters on EP1 741 

amplitude. A. EP1 amplitude at low (0.7-1 mA), medium (1.7-3 mA) and high (3.4-5 mA) 742 

stimulation current amplitude. Lines are connecting comparative trials where all other 743 

stimulation parameters were held constant. B. EP1 amplitude at 4 stimulation contacts 744 

(cathodes). Contact 0 was in ventral STN, contact 2 in dorsal STN, and contact 3 in zona incerta 745 

(except patients 1 and 2 where contact 2 was also outside STN). For patient 5, contacts 2-5 were 746 

plotted. C. EP1 amplitude at low (20-30 μs), medium (60 μs) and high (120 μs) stimulation pulse 747 

width. D. EP1 amplitude at low (10 Hz) and high (130-155 Hz) stimulation frequency. For 748 

panels A and B, data from only one M1 channel shown for clarity. For panels C and D, only 3 749 

patients had comparative trials and data from only M1 channels shown for clarity. 750 

Accompanying statistics are in Table 2.   751 

Figure 8. Relationship between amplitude of the short latency EP1 in M1 and eventual active 752 

contact choice for optimal motor improvement. EP1 amplitudes (from all contacts overlying M1) 753 

are grouped by negative (cathodal) stimulation contact for each STN patient. Cathodal contacts 754 

selected by a neurologist for chronic use after extensive empirical programming are indicated by 755 

green asterisks. Box plot central mark indicates the median, and the bottom and top edges of the 756 

box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme 757 

data points not considered outliers, and the outliers are plotted individually. 758 

 759 

 760 

 761 

 762 
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 773 

Table 1. Experimental setup for each patient 774 

Patient DBS 
Target 

ECoG 
side 

Number 
of 
ECoG 
contacts 

ECoG 
laterality 
at M1 
(mm) 

DBS  
contact 
spacing 

Stimulator 
used  

Stimulation 
frequency 

Number of 
stimulation 
settings 
tested 

DBS 
lead  
location* 

1 STN R 28 41.5 1.5 mm MDT 
digital 

10 Hz 18 12.7,-
2.4,-4.0 

2 STN R 28 22.6 1.5 mm MDT 
digital 

10 Hz 20 10.9,-
1.6,-4.6 

3 STN R 28 35  0.5 
mm 

MDT 
analog 

10 Hz 18 13.1,-
5.4,-6.1 

4 STN R 28 44 0.5 mm Neuro 
Omega 

10 Hz 34$ 13.4,-
1.3,-4.1 

5 STN R 28 27.5 0.5 
mm^ 

Neuro 
Omega 

10 Hz 27$ 9.3,-4.8,-
7.3 

6 STN R 28 34 0.5mm Neuro 
Omega 

10 Hz 34$ 12.1,-
4.9,-3.5 

7 STN, 
GP 

L 6 32.8 0.5, 
1.5mm 

IPG, MDT 
digital 

2 Hz 7, 6 -12.2,-
4.9,-2.6 
-
23.0,1.5,-
2.9 
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8 GP L 6 28 1.5 mm MDT 
digital 

10 Hz 7 -
20.2,1.0,-
4.4 

9 GP R 6 26.1 1.5 mm MDT 
digital 

2 Hz 4 19.1,0.8,-
4.8 

10 GP R 28 27.5 0.5 mm Neuro 
Omega 

10 Hz 34$ 21.9,2.0,-
2.4 

* x, y, and z coordinate of the most ventral DBS contact in the AC-PC space (with respect to mid-775 

commissural point) 776 

^ 8-contact Boston Scientific lead 777 

$ 2-10 additional high frequency settings were tested 778 

MDT = Medtronic; IPG = implantable pulse generator 779 

  780 



 

 

Table 2. The effect of STN stimulation parameter change on amplitude and latency of cortical short latency evoked 781 
potentials (group comparison statistics)  782 

 EP1 EP2 EP3 
 Amplitude Peak Latency Amplitude Peak Latency Amplitude Peak Latency 
DBS Amplitude  
(low, mid, high) 

F(2,1069)=255.7; 
p<10-6 

F(2,685)=1.04; 
p=0.35 

F(2,1029)=132.66; 
p<10-6 

F(2,586)=1.06; 
p=0.35 

F(2,717)=38.82; 
p<10-6 

F(2,467)=8.38; 
p=0.0003 

DBS Negative 
Contact  
(0, 1, 2, 3) 

F(3,613)=11.22; 
p<10-6 

F(3,602)=2.82; 
p=0.04 * 

F(3,545)=3.22; 
p=0.02 

F(3,529)=1.36; 
p=0.26 

F(3,455)=0.01; 
p=0.99 

F(3,444)=4.63; 
p=0.003 

DBS Pulse width^ 
(low, mid, high) 

F(2,192)=50.28; 
p<10-6 

F(2,129)=1.37; 
p=0.26 

F(2,147)=76.98; 
p<10-6 

F(2,89)=1.22; 
p=0.30 

F(2,141)=9.11; 
p=0.0002 

F(2,94)=0.08; 
p=0.93 

DBS Frequency^  
(low, high) 

T(114)=0.0638; 
p=0.95 

T(89)=-1.3028; 
p=0.19 

T(78)=1.9195; 
p=0.06 

T(53)=1.8959; 
p=0.06 n.a. n.a. 

Data from all cortical locations were used for analysis.  783 

^ only 3 patients had comparative trials of pulse width and high frequency 784 

* no significant differences on post hoc testing 785 

n.a. = not applicable because high frequency stimulation interpulse interval too short to observe EP3 786 

 787 


















