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SUMMARY

The ability to dynamically change motor outputs, such as stopping an initiated response, is an
important aspect of human behavior. A hyperdirect pathway between the inferior frontal gyrus and
subthalamic nucleus is hypothesized to mediate movement inhibition, but there is limited evidence
for this in humans. We recorded high spatial and temporal resolution field potentials from both the
inferior frontal gyrus and subthalamic nucleus in 21 subjects. Cortical potentials evoked by
subthalamic stimulation revealed short latency events indicative of monosynaptic connectivity
between the inferior frontal gyrus and ventral subthalamic nucleus. During a stop signal task,
stopping-related potentials in the cortex preceded stopping-related activity in the subthalamic
nucleus, and synchronization between these task-evoked potentials predicted the stop signal
reaction time. Thus, we show that a prefrontal-subthalamic hyperdirect pathway is present in
humans and mediates rapid stopping. These findings may inform therapies to treat disorders
featuring perturbed movement inhibition.

eTOC BLURB

Chen et al. identify a fast, non-stop pathway between the prefrontal cortex and subthalamic
nucleus in humans, using multisite invasive brain recordings. This pathway is critically involved in
the stopping of ongoing actions. Modulation of this pathway may be a means to treat disorders of
inhibitory control, such as impulsivity.
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INTRODUCTION

Stopping a movement that has already been initiated is critical for motor control. Movement
inhibition is thought to be mediated by a “hyperdirect” monosynaptic pathway between the
inferior frontal gyrus (IFG) and subthalamic nucleus (STN) (Aron et al., 2007; Nambu et al.,
2002). In non-human primates, anterograde tracer studies demonstrate a lateral prefrontal
projection to the ventral STN (Haynes and Haber, 2013). Due to methodological constraints,
however, there is limited evidence in humans that a monosynaptic IFG-STN pathway exists
or that hyperdirect activation is involved in stopping. Tractography studies have identified
white matter tracts between the IFG and STN (Aron et al., 2007), although imaging lacks the
ability to isolate pathways that are monosynaptic. Scalp electroencephalography (EEG)
studies have identified short latency evoked potentials in the frontal-central cortex elicited
from STN stimulation, indicating monosynaptic connectivity (Ashby et al., 2001; Baker et
al., 2002; Walker et al., 2012). However, EEG lacks the spatial resolution to discern whether
the pathway originates in the IFG or if it is a distributed pathway across the frontal-central
cortex.

Functionally, the IFG and STN are thought to be involved in stopping (Aron et al., 2016),
but activity in this pathway has not yet been characterized with high spatio-temporal
resolution. Initial functional imaging studies indicated that blood oxygenation in the STN
region and IFG were modulated during a stop signal task. Single-site invasive
electrophysiology studies showed that beta band (~11-30 Hz) activity in the field potentials
of the STN (Alegre et al., 2013; Kuhn et al., 2004; Ray et al., 2012) and IFG (Swann et al.,
2009; Swann et al., 2012), assessed independently, increased during successful stopping,
prompting the hypothesis that synchronized oscillatory activity in these structures mediates
movement inhibition.

We utilize high-resolution, invasive electrophysiology in botf1the IFG and STN to
characterize prefrontal hyperdirect topography and its functional relevance during stopping.
In Parkinson’s disease patients undergoing awake neurosurgery for implantation of deep
brain stimulation (DBS) electrodes, we used intraoperative electrocorticography (ECoG)
targeted to the IFG and DBS electrodes targeted to the STN. We performed evoked
potentials experiments to characterize monosynaptic connectivity, and we used the stop
signal task to characterize stopping-related activity. We provide physiological evidence for
the existence of a prefrontal-subthalamic hyperdirect pathway in humans, show that IFG and
STN are tightly synchronized during stopping, and that IFG-STN synchronization predicts
stop signal reaction time across subjects.

Neuron. Author manuscript; available in PMC 2021 May 20.
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We enrolled 21 subjects with Parkinson’s disease: 16 subjects participated in the evoked
potentials experiments and 15 subjects performed the stop signal task (10 subjects
participated in both) (Table S1, Table S2). Evoked potentials data from 2 subjects were
excluded due to technical failures. Stop signal task data from 5 subjects were excluded due
to violation of the race model, in which unsuccessful STOP reactions times were greater
than successful GO reaction times (Verbruggen et al., 2019). Subjects were off dopaminergic
medications for 12 hours. The mean DBS electrode coordinates for the right STN, aligned to
the anterior commissure-posterior commissure line, were: 10.7 + 0.6 (lateral), -3.5+ 1.7
(anterior-posterior), —6.2 + 1.4 (vertical). Coordinates for the left STN were: -11.5+ 0.7,
-3.4+1.1,-7.4 +1.5. The mean age of subjects was 67.5 + 6.3 years and mean disease
duration was 8.6 + 3.4 years.

STN stimulation evokes cortical potentials after ~2 ms

First, we found evidence for a prefrontal-subthalamic hyperdirect pathway in humans by
stimulating in the STN and examining antidromic evoked activity in the prefrontal cortex.
Short latency potentials in the cortex support the existence of a fast-conducting
monosynaptic connection. Figure 1 illustrates evoked cortical activity in a single subject
example. Contacts were localized both with imaging (Figure 1A,B) and electrophysiology
(Figure 1C). Bipolar stimulation in the right STN in the two most ventral STN contacts
evoked activity in the ipsilateral ECoG after ~2 ms (Figure 1D). Because the short latency
evoked potential was small in amplitude, we summed the evoked potentials elicited from two
stimulation settings with reversed anode and cathode configurations, similar to previous
EEG studies (Walker et al., 2012). We quantified the amplitude of the 2 ms evoked potential
to characterize the subthalamic and cortical topography of the hyperdirect pathway. We
found that ventral STN stimulation elicited larger amplitude potentials than dorsal STN
stimulation, suggesting stronger prefrontal-ventral STN connectivity (p=4.0*107%, Wilcoxon
signed rank; Figure 1E). Furthermore, greater evoked potential amplitudes were found in
channels covering the IFG regions compared to neighboring regions, suggesting stronger
hyperdirect connectivity for the IFG than more distant cortical regions (Figure 1F).

We ruled out artifactual contributions to this short latency, low amplitude event by
manipulating stimulation and recording paradigms. Reversal of the stimulating anode and
cathode reversed the stimulation artifact, but not the polarity of the evoked potential (Figure
1G). We performed additional control experiments in 5 subjects. Evoked potentials scaled
with stimulation current (Figure S1A), were invariant to ECoG referencing scheme (Figure
S1B), were not a cumulative effect of constant 10 Hz stimulation (Figure S1C), and did not
arise from pallidal stimulation (Figure S1D).

Across all subjects, we conducted matched analyses of evoked potential latency, subthalamic
topography, and cortical topography. The mean latency of the earliest cortical evoked
potential following STN stimulation was 2.2 + 0.2 ms (Figure 2A). Ventral STN stimulation
elicited larger amplitude evoked potentials than dorsal STN stimulation (p=4.9*1074,
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Wilcoxon signed rank test; Figure 2B). In the cortical regions that we covered, evoked
responses were greatest in the IFG and the perisylvian region of the superior temporal lobe,
with a tapering of amplitudes in peripheral regions (Figure 2C, Figure S2).

Hyperdirect evoked potentials were elicited in the hemisphere ipsilateral to the stimulated
STN, in subjects with left or right ECoG coverage. To compare evoked activity in both
hemispheres, we evaluated evoked potentials in a single subject who received both left and
right ECoG during two separate surgeries (Figure S3A). We found similar evoked responses
~2 ms after left and right STN stimulation, indicating that lateral projections to the STN are
not strongly lateralized (Figure S3B). The latency of the evoked response was earlier on the
right hemisphere than left (p=5.9*10~4, Wilcoxon rank sum; Figure S3C). Cortical
topography was similar on both sides (Figure S3D), with the smallest evoked responses in
contacts furthest from the IFG.

Following the 2 ms potential, the next distinct cortical evoked event occurred 6.0 £ 0.35 ms
after stimulation (Figure S4A). Even at this longer latency, conduction is still rapid enough
to be mediated by retrograde activation of hyperdirect fibers, so we also assessed the
topography of this longer latency potential. We found subjects in which the topography of
the 6 ms potential clearly differed from that of the 2 ms potential, with larger amplitudes
over dorsolateral prefrontal cortex than over the IFG, although in other subjects the
topographies did not differ (examples in Figure S4B). Across all subjects, the 6 ms potential
was more broadly distributed across the prefrontal cortex (Figure S4C). This suggests that a
more “diffuse” hyperdirect pathway from widespread prefrontal areas could utilize slightly
smaller diameter axons, while the largest diameter, shortest latency fibers are relatively more
restricted to IFG-STN pathway (Figure 2C).

Synchronized task-related potentials in the IFG and STN are correlated with stopping

speed

To characterize the role of the prefrontal-subthalamic hyperdirect pathway in movement
inhibition, subjects performed a visual stop signal task (Figure 3A). In 66% of trials, a left or
right arrow cued a left or right button press, respectively (GO trials). In 33% of trials, a stop
cue followed the go cue after a variable delay, signaling a halt in movement (STOP trials).
Across all subjects, mean GO trial accuracy was 86 + 10% and mean STOP accuracy was 66
+ 11% (Figure 3B). Mean GO reaction time was 779 + 193 ms, mean stop signal delay was
441 £ 209 ms, and estimated stop signal reaction time was 384 = 76 ms (Figure 3B).

We generated event-related potentials (ERPs) of cortical and STN evoked activity during the
task. After the STOP cue in successful stop trials, ERP deflections appear in both the cortex
and STN after ~200-300 ms (Figure 3C). To quantify the lag between cortical and
subthalamic ERPs, we calculated the cross correlation (Figure 3D). Across subjects, the
average cross correlation lag between all cortical-STN channel pairs was —90 £ 131 ms, with
cortex leading the STN (p=0.029, t-test; Figure 3E). We validated our metric for prefrontal-
STN lag by quantifying the temporal offset of cortical and STN ERPs with one alternative
method. In ECoG and STN channels where we could identify distinct, matching ERP
deflections, we calculated the difference in time between the deflection onset (maximum
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point in the upward deflection). Both calculations of cortico-STN ERP latency offset
indicate that cortical activity precedes subthalamic activity during stopping (Figure 3E).

Next, we asked if the degree of circuit co-activation was linked to behavior. The mean
prefrontal-subthalamic correlation across subjects was 0.46 + 0.15 (Figure 3F). Across
subjects, the degree of correlation was inversely related to the stop signal reaction time
(p=0.040, r=0.65, Spearman correlation; Figure 3G), suggesting that greater hyperdirect
circuit activity is linked to faster stopping. Although movement inhibition is impaired in
Parkinson’s disease (Gauggel et al., 2004), we did not find physiology or stopping behaviors
to be correlated with Parkinsonian severity: subjects’ total scores on the Unified Parkinson’s
Disease Rating Scale were not correlated with the stop signal reaction time (p=0.82,
r=0.084, Pearson correlation) or with cortico-STN correlation during stopping (p=0.72,
r=0.13, Pearson correlation).

Within subjects, we looked for physiological predictors of behavior that would differentiate
between successful and failed stop trials. We hypothesized three different models that could
produce success vs. failure: 1) IFG-STN activity is more correlated during successful
stopping, 2) IFG-STN lag is shorter during successful stopping, or 3) IFG-STN activity is
initiated more quickly during successful stopping. Within subjects, we did not find
differences in cortico-subthalamic correlation (p=0.73, t-test; Figure S5A) or IFG-STN lag
(p=0.93, t-test; Figure S5B) during successful vs. failed stopping. We found that cortical
ERPs during successful stopping preceded activity during failed stopping within subjects,
with a mean lag of —12 + 21 ms (p=0.050, one sample t-test; Figure S5C), suggesting that
faster initiation of IFG-STN activity is important for successful stopping.

IFG and STN modulate delta and beta frequencies during successful stopping

Previous studies characterizing single-site activity in either the IFG or the STN during
stopping have linked modulations of beta power to successful stopping (Alegre et al., 2013;
Kuhn et al., 2004; Ray et al., 2012; Swann et al., 2009; Swann et al., 2012). We therefore
conducted frequency domain analyses to characterize stopping related oscillatory activity in
the IFG and STN and stopping related coherence between these structures.

Figure 4A illustrates activity in a single cortical and single STN channel for an example
patient. In single trials, delta activity in the IFG and STN increases immediately after the
stop cue. The onset of delta power modulation has a consistent temporal relationship with
the onset of the STOP cue, and it does not appear after the GO cue (Figure S6A), suggesting
that it is a modulation specific to the stopping process. Beta power decreases after the GO
cue, and then increases after the STOP cue in the IFG and STN (Figure 4A, Figure S6A).
These delta and beta modulations were significant in the trial-averaged spectrograms (Figure
S6). The increase in beta power occurred after the estimated time of stopping. Pooled
activity across all subjects show similar modulations in the grand-averaged spectrograms
(Figure 4B). We used the grand average spectrograms to characterize the cortical topography
of stopping-related activity. In the regions covered, the IFG had the greatest task-related
delta and beta power (p<0.05 multifactorial ANOVA, with post-hoc Tukey’s HSD pairwise
comparisons; Figure 4C).

Neuron. Author manuscript; available in PMC 2021 May 20.
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Since stopping-related delta activity in the frequency domain analyses is of short duration, it
does not necessarily reflect an oscillatory phenomenon. This frequency domain modulation
likely reflects the same ERP captured in the time domain. In support of this, task-evoked
delta power was correlated with amplitude of the ERP (p=0.03, r=0.17, Spearman
correlation; Figure 4D).

Finally, we asked whether beta modulations in IFG and STN, or coherent beta band
interactions between IFG and STN, predicted stopping behaviors, either between or within
subjects. Beta power at each site individually, quantified in the 13-30 Hz range and in 250
ms window before and after the SSRT, was not predictive of SSRT (Bonferroni-corrected
p>0.05, Spearman correlation). Next, we analyzed beta in subject-specific narrow frequency
bands, assessing beta amplitude and beta bursts in both the IFG and STN. Beta amplitude,
burst rate, burst size, and burst duration (Hannah et al., 2019) in both sites were not
predictive of SSRT independently (Bonferroni-corrected p>0.05, Spearman correlation), or
in a combined multivariate regression model (p=0.22, R?=0.35). Within subjects, these
metrics also did not differentiate successful vs. failed stopping (Bonferroni-corrected
p>0.05, Wilcoxon signed rank). Furthermore, we did not find that beta amplitude or beta
bursts were predictive of GO reaction times in either the IFG or STN (Bonferroni-corrected
p>0.05, Spearman correlation).

Oscillatory coherence between the IFG and STN was also not predictive of SSRT in the beta
band (p=0.57, r=-0.21, Spearman correlation; Figure 4E), or in any other frequency range
(Figure S7). We also looked for oscillatory interactions between IFG and STN by analyzing
the power spectrum of the time-domain measure of synchronization discussed above, the
cross correlation of the IFG and STN ERPs. These power spectra were calculated across all
contact pairs then averaged for each patient. We found some patients with a visible peak in
the beta band, consistent with an oscillatory coherence between prefrontal cortex and STN
during stopping, though not all patients showed this peak (examples in Figure S8). However,
there was no difference in SSRT between patients with and without a beta peak (p=0.062,
Wilcoxon rank sum). Thus, in this population of PD patients off of dopaminergic
medication, we did not find evidence for a relationship between beta modulation and
stopping or going in this circuit.

DISCUSSION

We used invasive brain recordings in Parkinson’s disease patients to characterize the IFG-
STN circuit and its activity during stopping. By stimulating in the STN and recording in
prefrontal cortex, we identified a fast evoked potential that provides the first physiological
evidence of hyperdirect (monosynaptic) connectivity between the IFG and ventral STN in
humans. During a stop signal task, we show correlated stopping-related evoked activity in
both the IFG and STN, and the degree of co-activation of these structures is predictive of
stopping speed across subjects. Although we did find increases in IFG and STN beta at the
estimated time of stopping, beta coherence was not correlated with stopping speed. Our
study is the first to show that the hyperdirect circuit co-modulation is linked to stopping
behaviors, which has broad implications for stimulation-based therapies to treat maladaptive
movement inhibition.

Neuron. Author manuscript; available in PMC 2021 May 20.
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Short latency evoked potentials identify a prefrontal-subthalamic hyperdirect pathway in

humans

The hyperdirect pathway was initially proposed to be a rapid connection from motor cortical
regions to the STN, bypassing the striatum and providing rapid modulation of basal ganglia
output (Nambu et al., 2002). Subthalamic innervation from primary motor, supplementary
motor, and premotor afferents was first identified in non-human primates using
electrophysiological and histological techniques (Monakow et al., 1978; Nambu et al., 1996;
Nambu et al., 1997). In humans, subthalamic stimulation elicits fast latency evoked
potentials in motor cortical regions, recorded using EEG (Ashby et al., 2001; Baker et al.,
2002; Walker et al., 2012) and ECoG (Kelley et al., 2018; Miocinovic et al., 2018),
consistent with retrograde activation of a hyperdirect pathway. More recently, attention has
focused on a possible prefrontal-subthalamic pathway and its role in the cognitive control of
inhibition. Histological tracing in non-human primates have identified prefrontal projections
to the STN, with a topography favoring more ventral regions of the STN (Haynes and Haber,
2013). However, there has been limited anatomic or physiological characterization of this
pathway in humans.

Our study is the first to use invasive electrodes at both the origin and the termination of the
prefrontal-subthalamic hyperdirect pathway to show monosynaptic connectivity. Consistent
with evoked potentials latencies reported in the EEG literature, we found an average latency
of 2.2 ms for the earliest evoked event across all subjects. This evoked potential likely
reflects rapid axonal back-propagation, with a conduction time of about 25 m/s, assuming a
5 cm distance between the prefrontal cortex and STN. These fibers are slower than the large
axon fibers of corticospinal tract, which have conduction velocities of 41 m/s (Ashby et al.,
1998). This is consistent with rodent tract tracing studies showing that corticospinal fibers
that collateralize to the STN have smaller diameter fibers than corticospinal axons that do
not collateralize (Kita and Kita, 2012). We also found a longer latency evoked potential at 6
ms, suggesting hyperdirect fibers of different conduction velocities. Although a
monosynaptic projection of opposite directionality (STN to cortex) has been identified
histologically in rats (Degos et al., 2008; Jackson and Crossman, 1981; Kita and Kitai,
1987), evoked potentials at 2 ms and 6 ms are too fast to include both axonal conduction and
trans-synaptic events.

Using evoked potential amplitude as a surrogate metric for the density of axons extending
from the cortex to the STN (Buzsaki et al., 2012), we found that IFG regions had
preferential innervation with the faster hyperdirect fibers (2 ms latency) compared to
neighboring regions, including the rostral middle frontal area and portions of the superior
temporal lobe (Figure 2C). Evoked potentials from contacts covering superior temporal lobe
likely arise from IFG activation within the Sylvian fissure rather than from the temporal lobe
itself. The 6 ms evoked potential had a broader topographic distribution across the prefrontal
cortex, consistent with nonhuman primate tracing studies suggesting broad prefrontal
cortical innervation (Haynes and Haber, 2013). Furthermore, we found a topography of
stronger prefrontal projections to the ventral STN, consistent with anatomical (Haynes and
Haber, 2013) and functional (Pasquereau and Turner, 2017) evidence from nonhuman
primates. Dorsal STN stimulation did evoke the hyperdirect potential, but at a smaller

Neuron. Author manuscript; available in PMC 2021 May 20.
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amplitude. This may arise from current spread in this small nucleus, or from incomplete
segregation of motor and nonmotor pathways (Haynes and Haber, 2013).

IFG-STN hyperdirect pathway mediates rapid movement inhibition

The IFG and STN are thought to be involved in stopping, but we have lacked precise
physiological characterization of circuit activity during stopping in humans. Initial
functional imaging studies found increased blood oxygenation in IFG, STN, and pre-SMA
during successful stopping (Aron et al., 2007; Aron and Poldrack, 2006; Chambers et al.,
2009). Subsequent invasive studies in humans benefitted from higher temporal resolution
recordings, but only had coverage of either the IFG or STN. In each site, assessed
independently, successful stopping was associated with increased beta activity (Alegre et al.,
2013; Kuhn et al., 2004; Ray et al., 2012; Swann et al., 2009; Swann et al., 2012), leading to
the hypothesis that coherent beta activity between the IFG and STN mediates hyperdirect

stopping.

We provide the first human evidence of IFG-STN communication consistent with
hyperdirect modulation of stopping. First, the topography of stopping-related cortical
activation coincided with that of hyperdirect connectivity, with both centered in the IFG
(Figure 2C, Figure 4C). Second, a task-evoked potential (probably corresponding to delta
modulation in the frequency domain) appeared after the stop cue but before the estimated
time of stopping. Cortical and subthalamic ERPs were highly correlated, with cortical
activity leading the STN. Third, synchronization of evoked activity in the IFG and STN
predicted faster stopping (Figure 3G), indicating a link between stopping behavior and
activation of the hyperdirect pathway.

Similar to prior single site electrophysiology studies (Alegre et al., 2013; Kuhn et al., 2004;
Ray et al., 2012; Swann et al., 2009; Swann et al., 2012), we also found increases in cortical
and subthalamic beta band power during successful stopping. The beta modulation was
strongest in IFG regions (Figure 4C). However, we did not find a relationship between IFG-
STN coherence and stopping speed or successful versus failed stopping. In addition,
stopping related beta increases in IFG tended to occur later than the estimated time of
stopping, whereas an electrocorticography study in patients undergoing invasive monitoring
for epilepsy showed an earlier onset of the stopping-related beta increase (Swann et al.,
2009). While our data support a model in which IFG-STN interaction is mediated primarily
by a fast evoked potential rather than by oscillatory synchronization, the Parkinsonian state
does perturb beta band activity in the classical thalamocortical motor loop (Brittain and
Brown, 2014), and might likewise do so in the prefrontal cortex. This could reduce or delay
a putative beta-band modulation of hyperdirect stopping. Although levodopa medication is
not thought to affect SSRT (Obeso et al., 2011), our subjects’ GO and STOP reaction times
are slower than those previously reported, and Parkinson’s disease is associated with deficits
in behavioral inhibition (Frank et al., 2007; Jahanshahi et al., 2015). Alternatively, if not
causally involved in stopping, the beta modulation in the IFG and STN may reflect a
rebound of activity related to action termination, which has been described in other regions
involved in motor control, such as the sensorimotor cortex (Crone et al., 1998; Kuhn et al.,
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2004), supplementary motor area (Ohara, 2000), STN (Kuhn et al., 2004), and putamen
(Sochurkova and Rektor, 2003).

The prefrontal hyperdirect pathway is likely to function as a brake during inhibitory
processes beyond those probed in the stop signal task, such as during decision conflict
(Frank et al., 2007; Zavala et al., 2016; Zavala et al., 2014) and during surprising events
(Wessel and Aron, 2013). Thus a better understanding of the hyperdirect pathway is
important for developing therapies to treat maladaptive behavioral inhibition, such as
freezing of gait in Parkinson’s disease. Direct cortico-STN projections are thought to be
perturbed in Parkinson’s (Chu et al., 2017), and one therapeutic mechanisms of STN DBS is
hypothesized to arise from altering hyperdirect activity (Gradinaru et al., 2009). Modulation
of stopping-related activity in this pathway may be therapeutic.

STAR METHODS

Lead Contact and Materials Availability

Further information and requests for resources should be directed to and will be fulfilled by
the Lead Contact, Philip Starr (philip.starr@ucsf.edu). This study did not generate new
unique reagents.

Experimental Model and Subjects Details

We enrolled 21 subjects with Parkinson’s disease (19 male/2 female) with a clinical
indication for DBS surgery (Table S1, Table S2). Subjects were recruited from the
University of California San Francisco and the San Francisco Veterans Affairs Health Care
System. Inclusion criteria were: diagnosis of idiopathic Parkinson’s disease confirmed by
movement disorders neurologists, primary rigid-akinetic motor phenotype, Unified
Parkinson’s Disease Rating Scale Part |11 score = 30, and motor fluctuations on vs. off
dopaminergic medications. The mean age of subjects was 67.5 + 6.3 years and mean disease
duration was 8.6 *+ 3.4 years. Patients were off Parkinsonian medications for at least 12
hours prior to surgery. All patients consented to have a temporary ECoG strip for research
purposes during their DBS surgeries. Subjects provided informed consent prior to surgery,
per protocol approved by the Institutional Review Board.

Method Details

DBS and ECoG placement—Unilateral neural recordings were collected from each
subject, with a DBS electrode targeted to the basal ganglia and ECoG electrodes targeted to
the inferior frontal cortex. The ECoG strip was placed ipsilateral to the DBS electrode.

Subjects had DBS electrodes targeted to the STN, GPi, or the ventralis intermedius nucleus
of the thalamus. While the STN was the primary subcortical region studied, some subjects
with pallidal and thalamic electrodes were also studied for comparison. STN DBS leads
contain 4 electrodes of 1.5 mm length and 1.27 mm diameter, spaced 0.5 mm apart
(Medtronic Model 3389), and GPi and thalamic leads contain 4 electrodes of 1.5 mm length
and 1.27 mm diameter, spaced 1.5 mm apart (Medtronic Model 3387). DBS electrodes were
placed under standard surgical protocol (Starr, 2002). The intended depth of STN leads was

Neuron. Author manuscript; available in PMC 2021 May 20.
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determined by the location of the dorsal and ventral borders of STN, mapped
intraoperatively by single unit microelectrode recordings (Starr, 2002). The most dorsal
contact (contact 3) was placed outside of, and immediately dorsal to, the dorsal border of the
STN. Contact 2 was placed in the dorsal (motor) territory of the STN; while contacts 1 and 0
were in the ventral STN.

A temporary, high-resolution, subdural ECoG strip (Ad-tech, Racine, WI) was inserted in
the cortex ipsilateral to the STN electrode, through the same 15 mm burr hole used for DBS
insertion (Panov et al., 2017). The 28-contact ECoG strip consisted of 2 rows of 14 contacts.
Each contact was 1.2 mm in diameter and spaced 4 mm center-to-center. The strip was
targeted to one of the three regions of the IFG: pars opercularis, pars triangularis, or pars
orbitalis. Stereotactic targeting was performed with preoperative MRI using surgical
planning software (Medtronic Framelink v5.1, Minneapolis, MN). Neural recordings began
at least 30 min after cessation of propofol, after which it does not affect neuronal activity
(Herrick et al., 1997; Raz et al., 2010). No other sedatives were used during awake neural
recordings.

Anatomic localization of electrodes—To anatomically localize ECoG and basal
ganglia contacts, we fused intraoperative CT images with the preoperative MRI (Panov et
al., 2017). The preoperative T1 MRI was used to reconstruct individual cortical surface
models in FreeSurfer (Dale et al., 1999; Fischl et al., 2002). We projected ECoG contacts on
to the cortical surface mesh using the /mg_pipetoolbox (Hamilton et al., 2017) and a surface
vector projection method (Kubanek and Schalk, 2015). Individual cortical surfaces were fit
to the Desikan-Killiany atlas brain to generate cortical anatomy labels for each ECoG
contact (Desikan et al., 2006).

Evoked potentials stimulation—To assess hyperdirect topography in the STN, each
subject received ventral and dorsal STN stimulation while ipsilateral cortical activity was
recorded. Each stimulation block was 30 s in duration, using 10 Hz pulses and biphasic
square waves with 100 ps pulse width. We tested multiple stimulation settings at each site,
varying the stimulation current and electrode configuration, to ensure that evoked potentials
were not artifactual. We tested stepped stimulation currents between 3 and 6 mA to see if
evoked responses scaled with current. We tested stimulation paradigms that reversed the
polarity of the stimulation artifact and assessed the polarity of the evoked potentials. For
bipolar stimulation, we reversed the cathode/anode configuration. For monopolar
stimulation, we tested two biphasic square wave designs: negative phase followed by
positive phase and vice versa.

Stop signal task—A visual stop signal task was programmed using PsychToolbox for
MATLAB (Mathworks, Natick, MA). Subjects performed 196-288 total trials, depending on
intraoperative time constraints. During GO trials (66% of all trials), subjects were presented
with an arrow pointing left or right, instructing a left or right button press, respectively.
Subjects performed the task with the hand ipsilateral to the recorded side, unless there was
significant tremor in that hand. During STOP trials (33% of all trials), a stop cue appeared
after a variable stop signal delay, and subjects were instructed to halt movement. A staircase
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procedure was used to adjust stop signal delays in order to achieve approximately 50%
stopping success for each subject (Verbruggen et al., 2019).

Signal recordings—Evoked potential experiments were conducted using the Neuro
Omega system (Alpha Omega, Nazareth, Israel), which delivered stimulation through the
STN channels and simultaneously recorded ECoG potentials. Custom MATLAB scripts
were written to implement stimulation. The Neuro Omega signals were recorded at a 22
KHz sampling rate and 0.075- 3500 Hz bandpass filtered. Neural data during the stop signal
task were collected on either the Neuro Omega or TDT PZ5 (Tucker Davis Technologies,
Alachua, FL). The TDT signals were recorded at 3 kHz and 0.45-1350 Hz bandpass filtered.
We recorded ECoG potentials with two different referencing schemes to rule out the
contributions of the reference electrodes to the evoked potentials. All ECoG potentials were
recorded referenced to either an ipsilateral scalp needle placed subcutaneously in the vertex
or scalp needles placed bilaterally in the mastoids.

Evoked potentials analysis—To generate the cortical responses to subthalamic
stimulation, 250 of the 300 total ECoG epochs were time-locked to stimulation and
averaged. The 50 trials near the onset and offset of the entire stimulation block were
discarded due to potential artifacts. The evoked responses were smoothed using a moving
average filter. Peaks and troughs, and their associated amplitudes, were identified using
MATLAB function finapeaks. To normalize evoked potential amplitudes per patient, the
largest amplitude evoked potential was identified per ECoG strip. All other evoked potential
amplitudes across the ECoG strip were normalized as a percentage of that maximum evoked
potential. We excluded ECoG electrodes with high impedances or high amplitude noise.

Stop signal task analysis—Behavioral data were analyzed to ensure that the
assumptions of the race model were met. Subjects were excluded when their mean
unsuccessful STOP reactions times were greater than their mean successful GO reaction
times (Verbruggen et al., 2019). In subjects who did not violate the race model, the stop
signal reaction time was estimated by subtracting the mean stop signal delay from the mean
go reaction time.

Temporal and spectral properties of the neural data were assessed during the task. To
generate event-related potentials (ERPS), time series data were first low pass filtered below
250 Hz to remove high frequency intraoperative noise. Epochs of ECoG and STN potentials
were time-locked to the STOP cue and averaged. To assess the similarity and time lag of
cortical and STN potentials, cross correlations were generated for the averaged ECoG and
STN ERPs. Statistical analyses of cross correlations were performed using bootstrapping,
with 10000 surrogate cross-correlations time-locked to shuffled points. To verify the lag
calculated using cross correlations, the temporal offset between cortical and STN ERPs were
also calculated with a second method: in channel pairs where we could identify distinct
matching deflections in the ERPs, we calculated the time lag between the maxima of the
deflections in the cortex and the STN. Spectral properties of the cross-correlations were
assessed by calculating the power spectral density using Welch’s periodogram.
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To generate task-related spectrograms, data were down-sampled to 1000 Hz. Frequency
decomposition was performed using wavelet convolution (Canolty et al., 2007). Data were
filtered with Gabor wavelets into 128 center frequencies ranging from 2.5-250 Hz. Epochs
of data were time-locked to either the GO or STOP cue. We randomly sub-selected the trials
for each condition to equalize the total number of trials that contributed to GO and STOP
spectrograms. The epochs were averaged and each frequency in the spectrogram was
baseline corrected by subtracting the average power of a 500 ms window in the preceding
inter-trial interval. Spectrograms were z-score normalized with bootstrapping: we generated
a surrogate distribution of task-related activity time-locked to 10000 shuffled points. Within
subjects, an average spectrogram per anatomic region was calculated by averaging all
contacts within the same region. Grand averaged spectrograms were then generated by
averaging across all patients. Task-related power was quantified for the following frequency
ranges: delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), gamma (50-150
Hz). To calculate task-related coherence, we calculated beta coherence between each IFG
contact and the ventral STN in each subject. We averaged coherence in all channel pairs per
patient.

For analysis of patient-specific narrow band beta modulation, we first identified the channel
with the maximum task-modulated beta power per patient: based on the z-scored trial-
averaged spectrograms, we selected the channel with the maximum mean 13-30 Hz beta
modulation in the 500 window surrounding the SSRT. For this single channel per patient, we
specified a patient-specific narrow band beta by identifying the maximum frequency in the
peak of the power spectra, within the 13-30 Hz range. We took a 6 Hz window around that
peak frequency and filtered the data in that frequency band. Beta burst thresholds were
identified using the empirical method (Shin et al., 2017) and bursts were identified as events
that crossed that threshold. We quantified beta amplitude, burst rate, burst size, and burst
duration across all trials in the 250 ms window before and after the SSRT and as well as
before and after the GO RT. These metrics were averaged across trials per patient.

Quantification and Statistical Analysis

Data are represented as mean = standard deviation. Kolmogorov-Smirnov tests for normality
were used to determine whether parametric (t-test) or non-parametric (Wilcoxon signed
rank, Wilcoxon rank sum) statistical tests were used. Pearson correlation was used for
correlations between two continuous variables, and Spearman correlation was used for
correlations involving ordinal variables. Bootstrapping was used to identify significant task-
related modulations. A p-value < 0.05 (corrected for multiple comparisons where
appropriate) was considered statistically significant. Statistical tests are reported in the main
text.

Data and Code Availability

The datasets supporting the current study have not been deposited in a public repository
because they contain patient information, but are available from the Lead Author on request.
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HIGHLIGHTS
Demonstration of a monosynaptic, prefrontal hyperdirect pathway in humans

Fastest fibers between the inferior frontal gyrus and ventral subthalamic
nucleus

Stopping elicits co-activation of the origin and target of this pathway

Degree of co-activation predicts stopping speed
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Figure 1.

A fast cortical potential evoked by STN stimulation demonstrates retrograde hyperdirect
activation (example from a single subject). A) 3D reconstruction of ECoG channel locations
from intraoperative CT. B) DBS lead location in the STN (marked with arrow) in an axial
view of the preoperative MRI fused with the intraoperative CT. C) Placement of DBS lead
(right) according to microelectrode map (left). Single units with 20-50 Hz irregular
discharge, marked with dots, are used to define the borders of the STN. Cells that responded
to passive arm or leg movements (red dots) localized the dorsal (motor) STN. D) Cortical
evoked potentials in channels 1-14 elicited from ventral subthalamic stimulation (C0-C1+, 6
mA). Earliest latency potentials occur at ~2 ms. E) Ventral STN stimulation elicits larger
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amplitude evoked potentials than dorsal STN stimulation. F) Cortical topography of evoked
potential amplitudes in this subject. Amplitudes are higher over inferior frontal regions. G)
Reversal of the stimulating anode and cathode reverses the polarity of the stimulation artifact
(see inset), but not the polarity of the 2 ms potential, arguing against an artifactual origin of
the 2 ms potential. See also Figure S1.
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Figure 2.
Prefrontal cortical evoked potentials across all subjects show topography of the hyperdirect

pathway. A) Histogram of latencies for the earliest evoked potential across all patients (mean
2.2 £ 0.2 ms). B) Larger potentials from ventral stimulation in most subjects. The mean and
standard deviation of the difference between ventral versus dorsal evoked potential
amplitudes are plotted for each subject. C) Composite 3D heatmap of the normalized evoked
potential amplitudes. Color indicates the EP amplitude compared to the highest amplitude
recorded in the same ECoG strip. The highest amplitudes are within the IFG regions (dotted
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black line) or perisylvian temporal cortex in close proximity to IFG. Sulci appear larger in
the atlas brain compared to an individual brain. See also Figures S1-S4.
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Figure 3.

Stopping-related potentials in the cortex and STN are correlated and their correlation
predicts stop signal reaction time. A) Schematic of visual stop signal task. B) Behavioral
performance on the task. C) Averaged event-related potentials of 41 successful stop trials
time-locked to the stop cue in a single subject. Potentials were recorded from the ventral
STN and from one cortical contact (location indicated with arrow on the brain reconstruction
on the left). D) Cross correlation between cortical and subthalamic potentials for the subject
in C. Red region indicates significant cross correlation. E) Cortico-subthalamic lag during
stopping, calculated using two analytic methods, showing that prefrontal potentials precede
those in the STN. Using cross correlation, the distribution of lags for all cortico-subthalamic
channel pairs had a median lag of =71 + 297 ms (blue). In channels with clear ERP
deflection onset, we calculated the offset between ERP deflections, and the median lag was
—-61 + 113 ms (red). Boxplot on the right shows the distribution of mean cross correlation
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lags for each subject. F) Maximum correlation during stopping. All cortico-subthalamic
channel pairs with significant cross correlation plotted in the left histogram, and boxplot on
the right shows distribution of mean cross correlation values for each subject. G) The
average cortico-subthalamic cross correlation during stopping is inversely correlated with
estimated stop signal reaction time. See also Figure S5 and Figure S8.
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Figure 4.

Beta power is modulated during stopping, but IFG-STN beta coherence is not correlated
with stopping behavior. A) In a single subject example, trial-by-trial modulation of delta
(top) and beta (bottom) power during stopping, in the IFG (location indicated with arrow in
brain reconstruction on the left) and STN. Trials are aligned to the STOP cue. B) Grand-
averaged task-related spectrograms for all subjects. C) Quantification of task-related power
modulation in the delta and beta frequencies for all subjects. Power in each frequency range
was quantified in the 500 ms window surrounding each subject’s stop signal reaction time.
D) Correlation between stopping-related delta power and ERP peak amplitude for single
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ECoG channels. Delta power and ERP peak amplitudes are z-score normalized per patient.
E) Average stopping-related beta coherence (in 500 ms window surrounding stop signal
reaction time) is not correlated with stop signal reaction time. See also Figure S6 and Figure
S7.
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