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The therapeutic mechanisms of subthalamic nucleus (STN) deep brain stimulation (DBS) may depend on antidromic activa-
tion of cortex via the hyperdirect pathway. However, hyperdirect pathway neurons cannot reliably follow high-stimulation fre-
quencies, and the spike failure rate appears to correlate with symptom relief as a function of stimulation frequency. We
hypothesized that antidromic spike failure contributes to the cortical desynchronization caused by DBS. We measured in vivo
evoked cortical activity in female Sprague Dawley rats and developed a computational model of cortical activation from STN
DBS. We modeled stochastic antidromic spike failure to determine how spike failure affected the desynchronization of patho-
physiological oscillatory activity in cortex. We found that high-frequency STN DBS desynchronized pathologic oscillations via
the masking of intrinsic spiking through a combination of spike collision, refractoriness, and synaptic depletion. Antidromic
spike failure shaped the parabolic relationship between DBS frequency and cortical desynchronization, with maximum
desynchronization at ;130Hz. These findings reveal that antidromic spike failure plays a critical role in mediating the de-
pendency of symptom relief on stimulation frequency.
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Significance Statement

Deep brain stimulation (DBS) is a highly effective neuromodulation therapy, yet it remains uncertain why conventionally
used stimulation frequencies (e.g.,;130Hz) are optimal. In this study, we demonstrate a potential explanation for the stimu-
lation frequency dependency of DBS through a combination of in vivo experimental measurements and computational model-
ing. We show that high-frequency stimulation can desynchronize pathologic firing patterns in populations of neurons by
inducing an informational lesion. However, sporadic spike failure at these high frequencies limits the efficacy of the informa-
tional lesion, yielding a parabolic profile with optimal effects at;130Hz. This work provides a potential explanation for the
therapeutic mechanism of DBS, and highlights the importance of considering spike failure in mechanistic models of DBS.

Introduction
Deep brain stimulation (DBS) in the subthalamic nucleus (STN)
is an effective treatment for the motor symptoms of Parkinson’s
disease (PD) (Weaver et al., 2009; Follett et al., 2010), but the
mechanism(s) of symptom relief remain uncertain (Lozano et al.,
2019). The motor symptoms of PD are correlated with highly

synchronous beta band oscillatory activity throughout the cortico-
basal ganglia-thalamic network, and effective DBS appears to dis-
rupt this synchronous oscillatory activity (Kuhn et al., 2008; Q. Li
et al., 2012; Stein and Bar-Gad, 2013; Weiss et al., 2015; Sanders
and Jaeger, 2016; Lozano et al., 2019; Johnson et al., 2020). STN
DBS initiates action potentials (APs) not only in the axons of local
neurons that propagate orthodromically to other basal ganglia
nuclei but also in afferent axons that propagate antidromically via
the hyperdirect pathway to motor cortex (M1). However, while
antidromic activation of M1 alone may be sufficient to ameliorate
hypokinetic symptoms in rats (Gradinaru et al., 2009; Sanders and
Jaeger, 2016), it is unclear how antidromic activity contributes to
desynchronization of cortical beta band activity. We conducted in
vivo measurements of evoked cortical activity and developed a
computational model of antidromic activation of cortex during
STN DBS to analyze the potential effects of antidromic activity on
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cortical activity. The results reveal, surprisingly, that antidromic
spike failure reduces the desynchronization of cortex by STN DBS,
and these findings provide a compelling explanation for the strong
dependence of symptom relief on stimulation frequency that is
observed clinically.

The effects of DBS on symptoms are strongly dependent on
stimulation frequency, with high-frequency stimulation (HFS)
between 130 and 185Hz typically required to treat tremor and
bradykinesia (Limousin et al., 1995; Moro et al., 2002; Fogelson
et al., 2005), and this led to the hypothesis that DBS creates an
informational lesion in the stimulated region (Grill et al., 2004).
According to this theory, a combination of collision, refractori-
ness, and synaptic depletion during HFS masks the intrinsic ac-
tivity of the stimulated neurons, thus functionally disconnecting
them from the rest of the network (Grill et al., 2004). The infor-
mational lesion theory also explains why irregular stimulation is
less effective (McConnell et al., 2016) and why the effects of DBS
mimic those of a surgical lesion (Gross and Lozano, 2000).
However, this theory does not explain the decline in therapeutic
efficacy at stimulation frequencies.200Hz (Moro et al., 2002;
Q. Li et al., 2012) and assumes that the activated axons reliably
follow HFS. In contrast, single-unit recordings in M1 demon-
strate that hyperdirect pathway neurons activated antidromically
by STN DBS are unable to follow HFS reliably for long periods
of time (S. Li et al., 2007; Johnson et al., 2020). This led to an al-
ternative theory: that sporadic failure of antidromic spikes dur-
ing HFS results in asynchronous antidromic activation of
cortical neurons, leading to desynchronization of pathologic
oscillations and consequent reduction of symptoms (Q. Li et al.,
2014).

We combined in vivomeasurements and computational mod-
eling to quantify the consequences of spike failure and test the hy-
pothesis that sporadic antidromic spike failure contributes to the
desynchronization of cortex during STN DBS. Surprisingly, anti-
dromic spike failure reduced the desynchronization of beta band
activity by DBS, and the greatest desynchronization occurred in
scenarios with no spike failure. When spike failure was accounted
for, the model predicted peak cortical desynchronization at
;130Hz, and desynchronization declined at higher frequencies
because of high rates of spike failure, closely matching the estab-
lished range of DBS therapeutic efficacy (Limousin et al., 1995;
Q. Li et al., 2012; Johnson et al., 2020). These results indicate that
spike failure plays an important role in shaping the frequency
profile of cortical desynchronization during DBS.

Materials and Methods
We developed a computational model of the antidromic effects of DBS
on cortical neural activity, and validated the model with in vivo experi-
mental data from the 6-hydroxydopamine (6-OHDA) hemi-lesioned rat
(Betarbet et al., 2002; Deumens et al., 2002), which exhibits changes in
symptoms because of regular (Limousin et al., 1995; McConnell et al.,
2012) and nonregular temporal patterns of DBS (Brocker et al., 2017)
similar to those observed in humans with PD. Nine female Sprague
Dawley rats (250-300 g) were implanted unilaterally with stimulating
microelectrodes in the STN and a bone screw above the motor cortex for
electrocorticography (ECoG). The rats were rendered hemi-parkinso-
nian via unilateral infusion of 6-OHDA into the medial forebrain bun-
dle. The ECoG was recorded during an awake, freely moving state while
different stimulation parameters were applied, and these data were used
to quantify cortical activation for model tuning and validation.

Electrode implantation and 6-OHDA lesioning
All animal care and experimental procedures were approved by the
Duke University Institutional Animal Care and Use Committee. When

not performing experiments, animals were housed under USDA- and
Association for Assessment and Accreditation of Laboratory Animal
Care-compliant conditions, with free access to food and water with a 12
h/12 h light/dark cycle. Rats were single-housed after implantation but
provided extra environmental enrichment. We conducted stereotactic
surgery under 3.0%-3.5% sevoflurane anesthesia using aseptic technique
and coordinates from a rat brain atlas (Paxinos and Watson, 2007).
Heart rate, oxygen saturation, and body temperature were monitored
throughout the surgery, and the body temperature was maintained
between ;35°C and 37°C with a heated water blanket. For analgesia,
meloxicam (2mg/kg s.c.) and bupivacaine (,2mg/kg) were adminis-
tered ;15min before incision. To prevent infection, baytril (5-10mg/kg
s.c.) was administered both before incision and 24 h after, and antibiotic
ointment was applied to the incision site after implantation. The cannula
and electrode were implanted unilaterally and ipsilateral to each other,
with the hemisphere randomized between the rats. Implantations were
performed using a stereotaxic electrode manipulator and inserted man-
ually at a rate of ;100mm/s. One stimulating microelectrode array
(2� 2, platinum-iridium, 75mm diameter, 0.3 mm interelectrode spac-
ing, and 10 kV impedance; Microprobes) was implanted in the STN [3.6
mm posterior (P), 2.6 mm ML from bregma; 6.6-6.9 mm DV from sur-
face of brain]. A cannula (23 gauge stainless-steel needle, cut to 1.9 cm
length) was placed in the medial forebrain bundle [2.0 mm P, 2.0 mm
ML from bregma; 8.5 mm from surface of skull]. In addition, stainless-
steel bone screws (Fine Science Tools) were used to secure the headcap,
with one bone screw located above M1 [2.5 mm anterior, 2.5 mm ML
from bregma] used to record the M1 ECoG. A bone screw located above
the cerebellum was used as a reference for voltage recordings. Rats were
given an additional dose of meloxicam 24 h after the first dose and were
monitored closely.

At 1 week after implantation, rats were lesioned under 3.0%-3.5%
sevoflurane anesthesia to cause unilateral degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNc). Sixty minutes
before lesioning, the rats were pretreated with 50mg/kg pargyline and
5mg/kg desipramine injected intraperitoneally (i.p.). The 6-OHDA solu-
tion (Sigma-Aldrich; 5mg 6-OHDA/3 ml 0.9% NaCl) was prepared im-
mediately before use, and 10ml was infused through the cannula at a rate
of 1ml/min. Rats were left to recover at least 1 week before any additional
measurements. Lesions were assessed via methamphetamine-induced
circling (see below), and circling of at least 3 turns/min in the direction
ipsilateral to the lesion indicates .90% loss of dopaminergic neurons in
the SNc (Ungerstedt and Arbuthnott, 1970; So et al., 2012). If this crite-
rion was not met, rats were lesioned again, up to a total of 3 times, and
secondary administrations were required in most rats.

There were two primary exclusion criteria for the implanted rats,
decided a priori. The first was whether the rats were not adequately
lesioned after three separate 6-OHDA administrations. The second was
whether the stimulation electrodes were improperly placed. Improper
placement was determined whether either the contact testing revealed
no effective stimulation contacts or whether the postmortem histology
revealed the electrode tips were outside the STN. Of the 9 rats, 4 were
successful and used in this study and 2 were excluded because of
improper electrode placement. Additionally, 3 were excluded because of
reaching humane endpoints that required euthanasia (2 rats had skin
lesions and 1 exhibited seizures following the 6-OHDA lesion).

Experimental characterization of the cortical response to STN DBS
Simultaneous STN stimulation and ECoG recording were performed
while the rats were in an awake, freely moving state in their home cages.
To characterize cortical activation during stimulation, we quantified the
short-latency cortical evoked potential (cEP) following stimulation,
which represents the aggregate, synchronous firing of the antidromically
activated M1 projection neurons (Walker et al., 2012; Hartmann et al.,
2018; Kumaravelu et al., 2018; Miocinovic et al., 2018; Awad et al., 2020;
Gunalan and McIntyre, 2020; Johnson et al., 2020). We used the relative
changes in cEP magnitude as a proxy for changes in antidromic spike
success rate. For all experiments, the stimulation contacts and amplitude
for each rat were those determined to be therapeutically effective during
contact testing (see below).
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In one set of experiments, we quantified the refractory period of the
cEP. We performed a paired-pulse stimulation protocol using interpulse
intervals (IPIs) from 0.5 to 1000ms, with ones between the start of each
pair of stimuli, and a total of 120 stimuli pairs applied over 2 min. The
order of each 2 min stimulation session was randomized, and a 5 min
washout period elapsed between sessions. The cEP magnitudes gener-
ated by the second pulse in each pair, normalized to the cEP magnitude

at 1Hz, were fit to a sigmoid, y ¼ 1

11e t50�tð Þpslope to determine the refrac-

tory period of the cEP. We used MATLAB’s Curve Fitting Tool to per-
form the sigmoid fitting. From this dataset, we also quantified the
average cEP latency at 1Hz to determine the antidromic propagation
time from the STN to the cortex. Each experiment was performed once
in each animal.

In a second set of experiments, we characterized the cEP during eight
different 3 min patterns of stimulation and used the cEP responses to
each pattern to tune and validate the computational model. Of the eight
patterns, five were constant frequencies [13, 50, 75, 130, 200Hz] and
three were nonregular temporal patterns of stimulation. Two of the three
nonregular patterns had six 30 s blocks of constant frequency stimula-
tion, with each block using a different constant stimulation frequency.
The blocks for the first of these patterns had ascending frequencies [13,
75, 130Hz], and the blocks for the second pattern had descending fre-
quencies [130, 75, 13Hz], with each set of frequencies repeated once.
The third nonregular pattern had random IPIs between 5 and 500ms,
with each IPI repeated for 1 s. Each of the eight patterns were applied
twice in each rat, with the order randomized and 5 min elapsed between
stimulation patterns. The cEP magnitude evoked by each stimulation
pulse was first averaged across the two trials for each pattern, after which
we applied a moving window of 200ms to reduce noise. Finally, to aver-
age across animals, we normalized the cEP magnitude in each trial to the
average value of the cEP during the lowest frequency trial, 13Hz, for
each animal, and then averaged across animals. This yielded a normal-
ized value of the cEP magnitude for every stimulation pulse during each
of the eight stimulation patterns.

Electrical stimulation, recording, and analysis
Stimulation was conducted using an isolated voltage to current conver-
tor (A-M Systems) controlled by MATLAB software. Charge balanced
biphasic pulses (pulse width 90 ms/phase) were applied at set stimulation
frequencies, with a dc filter (0.03Hz) used to remove any dc offset.
Bipolar stimulation was applied between two of the four electrodes. The
stimulation amplitude and electrode contacts were determined for each
rat before the start of experiments using a contact testing protocol
that evaluated sustained motor responses during 130Hz stimulation,
including increased contralateral turning, decreased ipsilateral turning,
increased activity, and a lack of motor side effects, including involuntary
muscle contractions of the limbs and neck (So et al., 2012). Stimulation
amplitudes typically varied between 50 and 100mA.

During electrophysiological recordings, the ECoG signal was
sampled at 100 kHz using a multichannel acquisition processor system
(Plexon) with a 50� gain. The ECoG was analyzed offline using
MATLAB. We averaged the cEP from 0 to 5ms after stimulation and
found the value and latency of the short-latency cEP peak by using
MATLAB’s findpeaks function (with default parameters) within the
range of 1-3ms after stimulus. We then quantified the magnitude,
defined as the range in millivolts from the cEP peak to the point 5ms
after stimulus. This measure of magnitude, as opposed to simply the
peak value, was more reliable as it was less affected by noise, and was
also used to quantify human cEP magnitude (Levinson et al., 2021).

Histology
After the completion of experiments (2-6months after implant), rats
were deeply anesthetized with urethane (1.8 g/kg, i.p.) and perfused
transcardially with 0.1 M PBS followed by 4% PFA in 0.1 M PBS. The
brain was postfixed overnight in 4% PFA and then transferred to 30%
sucrose. The brains were frozen in optimal cutting temperature com-
pound and cut into 50mm sections in either the coronal or horizontal
planes using a cryostat (CM3050S, Leica Microsystems) and processed

for two sets of staining: TH and cresyl violet. TH immunohistochemistry
was used to verify the extent of degeneration of dopaminergic neurons
in the SNc and electrode locations (McConnell et al., 2012; So et al.,
2012; McConnell et al., 2016). Briefly, after three rinses in PBS, brain sec-
tions were first incubated for 10min in 3% hydrogen peroxide. The sec-
tions were rinsed and blocked for 1 h at room temperature in blocking
solution containing 10% goat serum. The sections were then incubated
in anti-TH antibody (AB152; 1:1000, Vector Laboratories) overnight at
4°C in PBS with 10% goat serum and 0.25% Trion X-100. After three
rinses in PBS, the sections were incubated with biotinylated goat antirab-
bit secondary antibody (BA-1000, 1:250, Vector Laboratories) with 10%
goat serum and 0.25% Trion X-100 in PBS for 1 h at room temperature.
After rinsing, the sections were incubated in a VECTASTAIN Elite ABC
kit (Vector Laboratories) solution for 1 h and then visualized using DAB
solution. Cresyl violet counter staining was used to help verify electrode
locations that were compared with a rat brain atlas (Paxinos and
Watson, 2007).

Computational model of the effects of STN DBS on cortical
synchronization
We used a point process model (Fig. 1) composed of two groups of 250
hyperdirect pathway neurons that intrinsically fired synchronously in
the beta band, and the model was implemented in MATLAB R2020b.
APs propagated from the soma to two locations: down the main axon to
the STN and, via a branch point, out to a single collateral synapse in the
cortex. At the collateral synapse, we used a published model of stochastic
vesicle release to quantify the postsynaptic conductance of each neuron
(Rosenbaum et al., 2014). The postsynaptic conductances were summed
across each group to produce the population conductance, which we
used as a proxy of the local field potential (LFP). In one group, we intro-
duced APs elicited by DBS in the STN that propagated antidromically
up the main axon back to the soma and, via the collateral, to the synapse.
As the DBS-evoked APs propagated antidromically they interacted with
the intrinsic APs via collision and refractory periods. Antidromic APs
that invaded the soma also altered the future firing of the soma (Q. Li et
al., 2012). Finally, we introduced a model of stochastic failure of the anti-
dromic APs that was tuned using our experimental data. Depending on
the model version, spike failure was modeled to occur either at the STN
branch point or at the soma.

Intrinsic somatic spiking. Intrinsic somatic spiking activity was mod-
eled to match the experimental data fromQ. Li et al. (2012), which quan-
tified single-unit spiking of M1 corticofugal projection neurons
antidromically activated by STN DBS in 6-OHDA-lesioned rats (Q. Li et
al., 2012). In the lesioned condition without stimulation, these neurons
had an average firing rate of ;2.5Hz, exhibited synchronized bursts at
;0.25Hz, had ;22% of spikes in these burst discharges, and displayed
strong spectral power in the beta band from 20 to 30Hz. We generated
spike times in our model neurons using a Poisson distribution with an
oscillating rate parameter to match these features. The rate parameter was
the average of two waveforms: one for the b oscillations and one for the
low-frequency bursting. The beta band oscillation was generated using a
sinusoid with a randomly selected frequency drawn from a normal distri-
bution with mean 25 and SD 1.5, and the same frequency was used for all
neurons to produce strong beta band synchronicity. For this case, we used
MATLAB’s normrnd function, but unless specified otherwise, all other
random numbers were drawn from a random uniform distribution using
MATLAB’s rand function. Each time the model was run, a different ran-
dom beta band frequency was chosen, with the intent that the model be
run multiple times to assess the effect of stimulation across the whole b
range. The beta band oscillation waveform was generated used the equa-
tion beta osc ¼ sinð2p p oscfreq p tÞ, where oscfreq was the randomly
selected beta band frequency. The low-frequency bursting oscillation was
generated using a sinusoid with a frequency of 0.25Hz, but with the phase
randomly set between 60.5p for each neuron to match the experimental
data that showed slightly offset bursts between neurons (Q. Li et al., 2012).
We randomly determined a burstiness coefficient for each neuron and
raised the burst oscillation to the power of the coefficient, thus matching
the experimental data that showed varying degrees of burstiness between
neurons (Q. Li et al., 2012). The burstiness coefficients for each neuron
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were drawn from a random uniform distribution between 0 and 8,
which was selected to match the experimental data of the average per-
centage of spikes in burst discharges. The resulting burst oscillation wave-

form used the equation burst osc ¼ sinð2p p 0:25t 1 rand p
p

2
Þrandp8.

Burst discharges were quantified using the Poisson Surprise method
(Legendy and Salcman, 1985) with a threshold of 5, which is the same
method used in Q. Li et al. (2012). Finally, we averaged the two oscillations
and normalized them to produce a Poisson rate parameter with the
desired average firing rate, which was randomly determined for each neu-
ron according to an exponential distribution with mean 2.5Hz.

It is worth clarifying that, although we refer to the above firing activ-
ity of the modeled cortical neurons as intrinsic, we are not proposing
that this activity was entirely self-generated. Rather, it is assumed that
this firing activity is the result of various synaptic inputs. Thus, the origin
or generator of the synchronous beta band activity in the cortex is not
assumed to be the cortical neurons themselves, but instead may occur
elsewhere in the larger motor network and propagate to the cortex.

Interactions between intrinsic activity and DBS-evoked APs. To
model the interactions between DBS-evoked APs and intrinsic APs orig-
inating from the soma, we needed to know the relative refractory pe-
riod of the neurons and the propagation time from the STN to the

cortex. We used our experimental measure-
ments of the cEP refractory period to gen-
erate a probability density function from
which to determine randomly the refrac-
tory period for each neuron, bounded
by 60.5 ms of the mean refractory period
(0.996 0.5ms). We used a two-term Gaussian

distribution y ¼ a1 p e�
t�b1
c1ð Þ2 1 a2pe�ðt�b2

c2 Þ2 , with
[a1=0.0043, b1=0.9913, c1=0.6077, a2=0.0029,
b2=0.9846, c2=1.057, t=0.49-1.49ms]. We used
the latency of the cEP evoked by 1Hz STNDBS to
determine the propagation time, which we set to
1.31ms (cEP latency=1.31ms, SEM = 0.02ms).
Using these 2 times, we modeled spike failure
because of collision and refractory periods, with
collision eliminating both spikes and the refractory
period only eliminating the second spike.

For DBS-evoked antidromic APs that suc-
cessfully invaded the soma, we modeled
changes in future firing probability of each cort-
ical neuron. In addition to the refractory period,
which was accounted for above, antidromic
spikes elicit both short- and long-term increases
in firing probability (Q. Li et al., 2012). For each
successful antidromic spike, we used a Poisson
distribution to add new future somatic spikes
according to the timing and firing rate deter-
mined experimentally in (Q. Li et al., 2012).
The rate parameters for both time courses were
fit to Gaussian distributions l ¼ ape�ðt�b

c Þ2 ,
with [a= 8.42, b=2.43, c=0.72, t= 1.6-3.25ms]
for the short-term response and [a= 5.28,
b= 43.35, c= 8.79, t=35-51ms] for the long-
term response.

Stochastic spike failure. Prior attempts to
model the mechanism of spike failure during
HFS did not match experimental data (Q. Li
et al., 2012; Anderson et al., 2018) and pre-
dicted findings contradictory to one another
(Bellinger et al., 2008; Guo et al., 2018). We
implemented a probabilistic model of sto-
chastic spike failure designed to reproduce
accurately the experimental findings, not to
represent the underlying mechanism(s) of
spike failure, as these are poorly understood.
The model was based on a time-varying
spike success probability (SSP) for each neu-
ron that declined by a fixed amount for every

successful AP and then recovered exponentially between APs. These
parameters, the decrement and the recovery time constant, were
tuned to match our experimental cEP data at different stimulation fre-
quencies. However, our experimental cEP data revealed that there were
three distinct time-scales for spike failure: a short-latency component that
peaked between 1 and 2 s and only occurred during HFS, a medium-la-
tency component that peaked between 30 and 60 s, and a long-latency
component that peaked beyond ;300 s and caused a slow but steady
decline in cEP magnitude during HFS. To match these three time-scales,
we used three sets of tuning parameters, each composed of its own decre-
ment and recovery time constant, and the resultant SSPs from each pa-
rameter set were multiplied together to yield the overall SSP. We also
found in the tuning process that, for each set of tuning parameters, a third
term was needed, a smaller secondary decrement that occurs after failed
spikes (the primary decrement only occurred after a successful spike).
Physiologically, this represents the subthreshold changes in transmem-
brane potential during failed spikes that still cause ion fluctuations and
electrical potential changes within the neuron, albeit to a lesser degree
than successful spikes.

To tune these 9 parameters, we used the model to predict the anti-
dromic spike success rate (ASSR) at five different stimulation

Figure 1. Model of the effects of antidromic activation of the hyperdirect pathway and spike failure on cortical neuron ac-
tivity. Blue represents intrinsic APs. Orange represents antidromic APs evoked by STN DBS. Red circles represent potential
locations for antidromic spike failure. Failure was modeled stochastically with a time-varying SSP that decreased after each
successful AP and exponentially recovered between APs. A, The 500 hyperdirect neurons were tuned to spike intrinsically
with bursting behavior that was synchronized across neurons. B, Half of the neurons (250) were activated by DBS in the STN
collateral (green axons). These APs then propagated antidromically up the main axon to the soma and cortical collateral. C,
The first possible location for antidromic spike failure was at the STN branch point because of impedance mismatch. D, The
antidromic APs interacted with intrinsic APs via collision and refractoriness. E, At the soma, antidromic APs invaded the soma
to cause somatic firing, which altered the future somatic firing probabilities. The second potential location for antidromic
spike failure was at the axon hillock. In this failure mode, APs successfully propagated to the cortical collateral synapse but
failed to invade the soma. Only one location of antidromic spike failure was used at a time. F, At the cortical collateral syn-
apse, both antidromic and intrinsic APs caused synaptic vesicle release, which resulted in a postsynaptic conductance wave-
form. G, The postsynaptic conductances for each neuron in each of the two groups were summed to yield population
conductances, which we used as a proxy for the LFP for each group.
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frequencies [13, 50, 75, 130, 200Hz] over time, with
each stimulation frequency modeled for 180 s. Single-
unit recordings indicated that at 13Hz the ASSR is
;80% (Q. Li et al., 2012), and we normalized our ex-
perimental cEP magnitude data so the 13Hz data had
an average value of 0.8. We then quantified model fit-
ness by comparing the ASSR to the normalized cEP
magnitude data. For our cost function we quantified
the average difference (AD) in experimental versus
modeled spike success rate at each stimulation fre-
quency with
AD ¼ meanð1000p movmean exp�mod; 2=dt

� �� �2Þ,
using MATLAB’s movmean function. We then used
particle swarm optimization to tune the parameters,
implemented with MATLAB’s particleswarm function
and parallelized using the Duke Compute Cluster. We
ran the particle swarm optimization 3 times using a
swarm size of 100 and then took the 30 best parameter
sets from each run for a final comparison. Because of
the randomness in the model, we rescored these 90 pat-
terns 25 times each, quantifying the AD as well as a sec-
ond metric, the cumulative difference (CD), and
selected the set of tuning parameters that had the low-
est AD and CD scores. The CD metric quantified
steady-state differences between the model and experi-
mental data. First, we took the difference between the
modeled and experimental success rates over time, and
then then accumulated the difference across successive
time points in which the difference kept the same sign,
resetting the accumulation factor at every sign change. In
this way, modeled success rates that made more frequent
intersections with the experimental success rate scored bet-
ter than those that maintained a steady-state offset. The
CDwas quantified with the following procedure:

vdiff = movmean(exp,1/dt) –movmean(mod,1/dt)

for i= 1: length(vdiff)

if the sign of vdiff changes

CD(1)= 01 abs(vdiff (1))

else

CD(1) = CD (i-1)1 abs(vdiff (1))

end

end

CD = mean(CD)

For validation, we tested the performance of the tuned model in pre-
dicting a second set of cEP experimental data obtained from the three
sets of nonregular stimulation patterns [13-75-130Hz, 130-75-13Hz,
random] and quantified performance using the AD and CDmetrics. We
also quantified the model’s performance in predicting the changes in sin-
gle-unit spiking behavior during stimulation from Q. Li et al. (2012),
specifically the antidromic spike success rate, the change in somatic fir-
ing rate, and the change in somatic bursting.

Collateral synapse. Antidromic spike failure can be set to occur either
at the STN branch point or at the soma. If failure occurs at the STN
branch point, then the antidromic spikes do not propagate to the cortical
collateral synapse, while if failure occurs at the soma, then the anti-
dromic spikes do propagate to the cortical collateral synapse. At the
collateral synapse, we modeled stochastic vesicle release using the
methods from Rosenbaum et al. (2014). Each neuron was modeled
with one synapse with its own store of vesicles for release. Each AP
released a maximum of one vesicle, with the probability of release de-
pendent on the number of docked vesicles ready at that time. Released
vesicles then redocked over time. Each successfully released vesicle
yielded a postsynaptic conductance waveform, and these were summed
over the duration of stimulation. Finally, the postsynaptic conductan-
ces of each synapse were summed to yield the population conductance.
We added 1/f noise to the population conductance and used the

resulting signal as a proxy for the LFP, as the LFP is predominantly re-
flective of postsynaptic currents (Buzsáki et al., 2012). The specific pa-
rameters of the model were taken from Rosenbaum et al. (2014) [t1 =
4ms, t2 = 1ms, l = 800ms, Uw = 0.06, N0 = 5, and J = 0.1]. We also
conducted a sensitivity analysis on the parameters of the synapse
model, and this showed that the primary model results were not de-
pendent on our specific parameters.

Model outputs. Unless otherwise specified, each model was run for
120 s, and the first 30 s of each LFP (the wash-in period of stimulation)
was excluded from the analysis. The primary outputs of the model were
the two LFPs from the group of neurons affected by DBS and from those
neurons unaffected by DBS. We were primarily interested in the beta
band synchrony between these two LFP signals, as this indicates the
degree to which DBS desynchronizes a target population of neurons rel-
ative to those around it. We quantified this synchronization by calculat-
ing the coherence and cross power in the beta band between the two
signals using the coherencyc function from the Chronux MATLAB pack-
age (http://chronux.org/) (Mitra, 2007). Additionally, we were interested
in how DBS affected synchronization just within the activated popula-
tion, and we also quantified the synchronization metrics just within the
group of neurons activated by DBS by randomly splitting the neurons in
this group in two. In addition to these metrics of synchronization, we also
quantified the spiking rates of the model neurons to determine the relation-
ship between antidromic spike failure and any changes in beta band syn-
chrony. From the antidromic spiking at the soma, we quantified the ASSR;
and from the spiking at the collateral synapse, we quantified the overall rate
of spikes per second, which is the ASSR multiplied by the average stimula-
tion frequency (termed cortical activation per second [CAPS]).

Model analysis patterns.We used our model to analyze the effects of
constant frequency patterns with varying stimulation frequency and ran-
dom patterns with varying degrees of pattern randomness on the beta
band. For each stimulation pattern, we ran the model for 120 s. For the
constant frequency patterns, we applied stimulation frequencies from 0

Figure 2. In vivo measurements of the cortical response to STN DBS in rats. Magnitude of the cEP as a function
of paired-pulse interval (n= 4). A, The average latency of the cEP evoked by 1 Hz STN DBS for each animal
(mean = 1.31ms, SEM = 0.02ms, n= 4). Box plot represents the median, lower and upper quartiles, and the
minimum and maximum values. B, The average cEP waveform across paired-pulse intervals in a representative
animal. The waveform from ;0 to 1.0 ms is the stimulation artifact. C, Each cEP magnitude normalized to its
value during 1 Hz stimulation. Colors represent individual values from each rat. A sigmoid was fit to the data with
maximum value capped at 1 to determine the relative refractory period, which was t(50) = 0.99ms (dashed line).
D, The sigmoid from C was fit using a two-term Gaussian probability density function to determine randomly re-
fractory periods for each model neuron.
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to 400Hz, with the range from 0 to 200Hz spaced every 10Hz and the
range from 200 to 400Hz spaced every 25Hz. For the random patterns,
we designed seven patterns to have random IPIs and an average fre-
quency of 130Hz. The distribution of IPIs for each pattern had increas-
ing coefficients of variation (CV) between 0 and 4.5, testing varying
degrees of pattern randomness. The patterns were generated using the
methods fromMcConnell et al. (2016).

Experimental design and statistical analysis
We applied stimulation trains with varying patterns of IPIs to assess the
average cEP responses. In one experiment (n=4), we repeatedly applied
120 paired-pulses of varying IPIs, and the cEPs were averaged for each
rat. These data were used to determine the refractory period and latency
of the cEP. In another experiment (n=3), we applied eight different
3min patterns of stimulation, repeated twice per rat, to assess the cEP

during prolonged stimulation with different IPIs.
The cEP responses were averaged across trials and
rats (for details, see Experimental characterization of
the cortical response to STN DBS) and subsequently
used for tuning the computational model. Unless
otherwise stated, experimental data are presented as
the mean6 SEM, and modeled data are presented as
the mean6 SD. No further statistical tests were per-
formed. We performed all data extraction from prior
studies using WebPlotDigitizer version 4.4 (https://
automeris.io/WebPlotDigitizer); and for some data,
we quantified the z score to normalize data for plot-
ting. The experimental cEP data used in Figures 2, 3,
and 6 are available in the Duke Digital Repositories
with the identifier DOI 10.7924/r41n85692.

Code accessibility
The code for the computational model used in this
study is available in the Duke Digital Repositories
with the identifier DOI 10.7924/r41n85692.

Results
Cortical response to STN DBS
We quantified the antidromic latency, refrac-
tory period, and the rates of antidromic spike
failure from the short-latency cEP, which
reflects the synchronous firing of hyperdirect
neurons antidromically activated during STN
DBS (Walker et al., 2012; Hartmann et al.,
2018; Kumaravelu et al., 2018; Miocinovic et
al., 2018; Awad et al., 2020; Gunalan and
McIntyre, 2020; Johnson et al., 2020). We
measured the latency of cEPs at 1Hz to deter-
mine the propagation time (mean= 1.31, SEM
= 0.02, n=4, Fig. 2A). We quantified the re-
fractory period using a paired-pulse paradigm
with IPIs from 0.5 to 1000ms (Fig. 2B). We
normalized the magnitude of the cEP to the
magnitude evoked at 1Hz and fit a sigmoid

y ¼ 1

11 e t50�tð Þ p slope to determine the refrac-

tory period (Fig. 2C), which was t(50) = 0.99ms
(95% CI [0.89, 1.10], n=4).

In the second set of experiments (n=3), we
characterized the cEP using eight different pat-
terns of DBS. The cEP amplitude declined dur-
ing constant rate HFS and plateaued after ;60
s (medium-latency, Fig. 3A). The dynamics of
the cEP also exhibited two additional phases:
a near-instantaneous decline in amplitude
within the first few seconds (short-latency)

and a long-term decline in amplitude over multiple minutes
(long-latency), both of which occurred predominantly with
stimulation frequencies� 130 Hz. During nonregular pat-
terns of DBS, periods of higher-frequency stimulation
resulted in smaller cEP magnitudes, and large changes in
stimulation frequency were accompanied by abrupt changes
in cEP magnitude of a similar time scale to the short-latency
effects observed at the onset of constant frequency patterns
(Fig. 3B). When cEP data were normalized individually to
the cEP evoked at 13 Hz in each rat, there was very little var-
iation between rats, even for the nonregular stimulation
patterns, highlighting the utility of this dataset for tuning
and validating the model.

Figure 3. In vivo measurements of the properties of the cortical response to STN DBS in rats. Magnitude of the cEP
across STN DBS rates and patterns. Each stimulation pattern was delivered for 180 s, and the cEP magnitudes for each
animal (n= 3) were normalized to the average value for that animal during 13 Hz DBS. Black represents the average
normalized cEP magnitude across animals. Yellow represents the total range of normalized cEP magnitudes across ani-
mals. A, The five constant frequency patterns: 13, 50, 75, 130, and 200 Hz. B, The three nonregular stimulation pat-
terns. In the first two, six 30 s blocks of constant frequency stimulation were applied: 13, 75, 130 Hz in the top and
the opposite order of 130, 75, 13 Hz in the bottom. Each group of three frequencies was repeated once. In the third
nonregular pattern, we applied random IPIs varying from 5 to 500 ms (i.e., 2-200 Hz), with each IPI repeated for 1 s.
The random pattern was the same for all 3 animals and resulted in a highly consistent response across animals.
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Tuning of model parameters
We tuned parameters such that the computational model
matched the single-unit spiking characteristics under basal (no-
stimulation) conditions reported in Q. Li et al. (2012), and the
ASSR matched our experimental cEP magnitude data during
constant frequency STN DBS. For the basal case, the spiking of
each neuron was modeled using a Poisson distribution with an
oscillating rate parameter tuned to match the average firing rate,
burstiness, and beta band power of the experimental data (Fig.
4A). The firing rate and burstiness were close matches (Fig. 4B,
C), and the model captured the broad increase in beta band
power (Fig. 4D). Future somatic firing probability was drawn

from a Poisson distribution when an antidromic AP invaded the
soma, and the neuron refractory periods were determined by
randomly drawing from a two-term Gaussian probability density

curve, y ¼ a1pe
�ðx�b1

c1
Þ21a2pe

�ðx�b2
c2

Þ2 , fit from the sigmoid of the
experimental refractory period data (Fig. 2D, a1= 0.004295,
b1=0.9913, c1=0.6077, a2=0.002862, b2=0.9846, c2= 1.057).
When antidromic spikes did not invade the soma to cause so-
matic spikes, there was no changes in spiking probability (Fig.
4E). Successful antidromic spikes generated short-term (Fig. 4F)
and long-term (Fig. 4G) increases in future somatic firing proba-
bility consistent with experimental data (Q. Li et al., 2012). The
short-term changes are thought to be because of changes in

Figure 4. Characteristics of model cortical neuron activity without stimulation compared with experimental data from Q. Li et al. (2012). A, Example spike raster of 100 neurons, with red
lines indicating bursting periods. The synchronized bursting across neurons matched that reported in Q. Li et al. (2012). B, The average firing rate of the model neurons (mean = 2.46, SD =
0.13 Hz) versus those reported experimentally in Q. Li et al. (2012) (mean = 2.53, SEM = 0.17 Hz). C, The average percentage of spikes in bursts of the model neurons (mean = 20.4, SD =
1.6%) versus those reported experimentally in Q. Li et al. (2012) (mean = 21.5, SEM = 1.7%). D, The average spectral power of the population conductance when averaged across 200 runs of
the model. In each run, the beta oscillation frequency was randomly chosen from a normal distribution with mean 25 Hz and SD 1.5 Hz. The results closely match those seen in Q. Li et al.
(2012). E-G, The changes in future somatic spiking following successful antidromic invasion, which replicate the changes seen experimentally in Q. Li et al. (2012). Representative peristimulus
time histograms (PSTHs) during 130 Hz stimulation, with the red lines indicating the notable time periods given in Q. Li et al. (2012). Spikes that occurred within the window around 1 ms indi-
cated a successful antidromic spike. In Q. Li et al. (2012), time 0 was set to the time at the trough of the stimulus artifact waveform, while in our cEP recordings and model we set time 0 to
the start of stimulation. Therefore, we adjusted time-zero on the x axis by 0.3 ms to account for that difference. E, The PSTH when antidromic spikes failed to cause somatic spikes. In this case,
there were no changes in spiking probability. Spiking from 0 to 1 ms was blanked to match the results from Q. Li et al. (2012), which could not record spikes in this window because of the
stimulation artifact. F, G, The PSTH for successful antidromic spikes, which caused short-term (F) and long-term (G) increases in future somatic firing. Each somatic spike also resulted in an
;1 ms somatic refractory period (F).
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intrinsic excitability caused by the antidromic AP, while the
long-term changes are thought to be indicative of the delayed
cortical effects of stimulation as a result of the orthodromic
transmission of the AP from the STN and through the basal gan-
glia circuit back to cortex (Q. Li et al., 2012).

To model antidromic spike failure, we used a stochastic
method composed of three different SSPs multiplied together,
each tuned to represent a different time-scale [short-, medium-,
and long-latency] (Fig. 5). Each of these three SSPs included
three parameters: the recovery time constant, the primary decre-
ment, and the secondary decrement, and the optimized parame-
ter set matched the experimental data well using our AD and CD
cost functions (Fig. 6A-C).

Validation of the model by replicating experimental data
We quantified how well the model replicated the changes in so-
matic spiking during STN DBS as reported in Q. Li et al. (2012),
as these data were not used in the model tuning process. The
model replicated the changes in somatic firing rate, percentage of
spikes in burst discharges, and the ASSR at different stimulation
frequencies (Fig. 7). As well, the model closely matched our ex-
perimental cEP data during the three nonregular temporal pat-
terns of stimulation that were not used in the tuning process,
with AD and CD scores equivalent to those during constant fre-
quency stimulation (Fig. 6D-F).

Model-based analysis of effects of DBS and spike failure on
cortical desynchronization
Our cortical model was designed with two versions, spike failure
at the STN branch point or spike failure at the soma, and two
potential outputs, beta band cross power and beta band coher-
ence. To determine which combination of model version and
outputs best matched experimental data, we ran each model
combination with various stimulation frequencies and stimula-
tion patterns and compared the results with experimental data
(Fig. 8A,B). We first ran the models with varying stimulation fre-
quencies from 0 to 400Hz. There was no difference in trends
between beta band cross power and coherence, but there were
differences in trends for the two spike failure locations. When
spike failure occurred at the STN branch point, the model pre-
dicted peak efficacy at ;130Hz (i.e., greatest reductions in co-
herence and cross power). Alternatively, when spike failure
occurred at the soma (i.e., all antidromic spikes propagated to
the synapse), the model predicted a monotonic reduction in
cross power and coherence with an asymptote at ;180Hz. We
next compared these model trends with experimental data. DBS
efficacy in rats (Q. Li et al., 2012) and humans (Moro et al.,
2002) improves with increasing stimulation frequency, with
maximum efficacy between 130 and 185Hz, followed by reduced
efficacy at higher frequencies (Fig. 8C). This matches the results
with spike failure at the STN branch point, but not at the soma.
We also conducted a sensitivity analysis to determine whether
our findings were dependent on the specific parameters used in
our collateral synapse model. Importantly, the model trends of
coherence and beta band cross power as a function of stimula-
tion frequency were largely agnostic to the specific parameters of
stochastic synaptic release (Fig. 9).

We also quantified the cross power and coherence as a func-
tion of the degree of randomness of the stimulation pattern.
Both model versions predicted reduced coherence with increas-
ing CV, followed by an increase in coherence with higher CV
patterns (Fig. 8D). Conversely, both model versions predicted
increased cross power with higher CVs, indicating weaker

desynchronizing effects of high CV stimulation patterns (Fig.
8E). This seemingly incongruous result was because of the high
CV patterns causing a strong increase in low-frequency power in
the LFP. The coherence is the cross power normalized to the
spectral power of each LFP, and despite the increase in beta band
cross power with high CV patterns, the even larger increase in
overall low-frequency power caused a decline in coherence.
Stimulation patterns with highly variable IPIs are less effective
than constant frequency stimulation (So et al., 2011; McConnell
et al., 2016) (Fig. 8F), which the cross power metric accurately
replicated but coherence did not.

In the above results, we quantified beta band synchronization
between a group of neurons activated by DBS and a group not
activated by DBS, as this is representative of the physiologically
realistic scenario in which DBS activates only a subpopulation of
projections to the target nucleus. We also quantified the synchro-
nization metrics within just the group of neurons activated by
DBS. The trends were largely similar to the synchronization met-
rics between groups, although the high CV patterns yielded
much stronger coherence and cross power, even above the no-
stimulation baseline, because of a broadband increase in syn-
chronization across all frequencies. These increases in synchroni-
zation, as reflected in the coherence and cross power are
consistent with the decrease in efficacy with high CV patterns

Figure 5. Example SSPs during 13 Hz (A) and 130 Hz (B) stimulation. Three sets of SSPs
are quantified over time to capture the short-latency, medium-latency, and long-latency
effects of stimulation. The overall SSP is the product of the three individual sets.
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seen experimentally in humans (Birdno et al., 2008; Dorval et al.,
2010).

We next sought to determine the relationship between anti-
dromic spike failure and stimulation-induced desynchronization
between the activated and nonactivated neurons, with the hy-
pothesis that the antidromic spike failure rate (the inverse of the
ASSR) would correlate with desynchronization. The model com-
bination with spike failure at the branch point and beta band
cross power as the output best matched the experimental data
(Fig. 8). Therefore, we used the branch point spike failure model
to quantify two metrics of spike failure, the ASSR and CAPS, and
assessed their relationships to the beta band cross power across
the same set of stimulation frequencies and stimulation patterns
used previously (Fig. 10). The ASSR showed an approximately
exponential decline with increasing frequency (Fig. 10A) and
also declined as pattern CV increased (Fig. 10B). These patterns
of antidromic spike success correlated quite poorly with the
beta band cross power (r2 = 0.003, Fig. 10C). In contrast, the
CAPS initially increased with stimulation frequency, peaked at
;130Hz, then declined during higher-frequency stimulation,
and, as well, declined during stimulation with higher CV pat-
terns (Fig. 10D,E). These patterns of cortical activation strongly
correlated with the beta band cross power (r2 = 0.913, Fig. 10F).

In contrast to our hypothesis, our model predicted that higher
rates of antidromic spike failure do not contribute directly to
cortical desynchronization; rather, the model predicted that the
primary driver of cortical desynchronization was the overall rate

of antidromic APs (the CAPS). Thus, for a given average stimula-
tion frequency, the strongest beta band desynchronization
occurred with the lowest rate of antidromic spike failure (or
highest ASSR). It is worth highlighting, however, that the
CAPS and ASSR are intrinsically related, as the CAPS is sim-
ply the ASSR multiplied by the stimulation frequency.
Indeed, the pseudo-parabolic shape of the CAPS curve with
its peak at ;130 Hz was a consequence of the shape of the
exponentially decaying ASSR curve. If there was no anti-
dromic spike failure, the ASSR would be a flat line and the
CAPS would simply increase linearly with increasing stimu-
lation frequency. Thus, the rate of antidromic spike failure as
a function of stimulation frequency played a critical role in
shaping the frequency profile of cortical desynchronization
during STN DBS.

Discussion
We conducted in vivo measurements of the cortical response to
STN DBS, developed a model of the effects of antidromic activa-
tion during STN DBS on cortical neuron synchronization, and
demonstrated that the model replicated a broad range of published
single-unit recordings and our cEP measurements. Quantifying
the effects of DBS on cortical activity revealed that, in contrast to a
previous hypothesis, antidromic spike failure reduced, rather than
enhanced, desynchronization of cortex by STN DBS. Further, the
influence of antidromic spike failure varied across stimulation

Figure 6. Comparison of model spike success rate during constant frequency stimulation (A-C) and nonregular stimulation (D-F) to experimental cEP data. Model results represent a single
representative run of the model. A, D, Model (orange) versus experimental spike success rate (blue) over time during each stimulation pattern. The experimental spike success rate was calcu-
lated by taking the relative change in the cEP magnitude over time, normalized to an average spike success rate of 0.8 during 13 Hz stimulation. Dotted black lines indicate separate stimulation
patterns that were tested independently, but the results were concatenated to quantify the difference metrics. B, E, The AD metric, which quantifies the average instantaneous difference
between the model and experimental results. Above each plot is the average value across the whole trial. C, F, The CD metric, which quantifies steady-state differences between the model
and experimental results. Above each plot is the average value across the whole trial. The model was just as effective at predicting the nonregular patterns in the validation dataset as it was
at predicting the constant frequency patterns in the dataset used for tuning.
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frequencies, resulting in peak desynchronization at ;130Hz.
These findings provide a compelling explanation for the strong de-
pendence of symptom relief on stimulation frequency.

Mechanisms of antidromic spike failure
Low-frequency STN DBS causes reliable antidromic activation of
hyperdirect pathway neurons, but activation is unreliable during
HFS (Q. Li et al., 2012; Johnson et al., 2020). The mechanism(s)
or location(s) of antidromic spike failure are unclear. Models
predict that some cortical neurons cannot maintain high
rates of somatic invasion (Yi and Grill, 2018). However, anti-
dromic spike failure in corticofugal neurons still occurred
when the soma was sufficiently depolarized to guarantee

somatic invasion, and failure was found most likely at the col-
lateral branch point (Chomiak and Hu, 2007). A model that
included somatic invasion failure but not failure along the axon
(Anderson et al., 2018) did not match experimental antidromic
spiking (Q. Li et al., 2012). These studies suggest that failure of
somatic invasion alone is insufficient to account for experimen-
tally observed antidromic spike failure.

Alternatively, there is experimental support for conduction
failure along the axon. In addition to the aforementioned study
showing antidromic spike failure at the branch point (Chomiak
and Hu, 2007), conduction failure in the orthodromic direction
during HFS has been observed elsewhere in cortex (Iremonger et
al., 2006; Jensen and Durand, 2009; Feng et al., 2014, 2017) and
from STN to other basal ganglia nuclei (Zheng et al., 2011;
Rosenbaum et al., 2014). Because conduction failure is more
likely in the antidromic than orthodromic direction (Mulloney
and Selverston, 1972), likely because of impedance mismatches

Figure 7. Characteristics of model cortical neuron activity during stimulation compared
with experimental data. A, The average firing rate of the model neurons at 0, 10, and
125 Hz versus those reported in Q. Li et al. (2012). The average firing rate does not include
antidromic spikes. B, The average percentage of spikes in bursts of the model neurons at 0,
10, and 125 Hz versus those reported in Q. Li et al. (2012). C, The antidromic success rate of
the model versus those reported in Q. Li et al. (2012). A, B, Error bars are given in SD. C,
Error bars represent the total range in values reported experimentally in Q. Li et al. (2012),
and the range in values from 500 runs of the model at stimulation frequencies from 10 to
250 Hz.

Figure 8. Beta band coherence and beta band cross power in model cortical neurons dur-
ing different stimulation frequencies and patterns. (A) Coherence and (B) cross power as a
function of stimulation frequency from 0 to 400 Hz. (D) Coherence and (E) cross power with
random stimulation at an average stimulation frequency of 130 Hz with varying CVs of the
IPIs. Colors represent the location of spike failure. Each value is the average of 500 runs of
the model. C, F, Experimentally reported symptom reduction during DBS as a function of
stimulation frequency (C) and CV of the IPIs (F), with the colors representing the species and
the symbols representing the measured behavior. C, The human results are taken from Moro
et al. (2002), and the rat results are taken from Q. Li et al. (2012). F, The results are taken
from So et al. (2011).
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Figure 9. Sensitivity analysis of the effects of stochastic synaptic release model parameters on cross power in the beta band (A) and coherence in the beta band
(B). The base value of each parameter was taken from Rosenbaum et al. (2014), and each of the six stochastic tuning parameters were individual altered by seven
different multipliers [1.06 0.0, 0.1, 0.25, 0.5], with the cross power and coherence quantified at five different stimulation frequencies [13, 50, 130, 200, 500 Hz].
Some parameter changes resulted in large absolute differences in cross power and coherence, but the relative differences between stimulation frequencies were
unchanged.

Figure 10. The relationship between antidromic spiking metrics and stimulation-induced desynchronization. Top row (A-C) plots the ASSR. Bottom row (D-F) plots the
CAPS. Left column (A,D) plots each metric as a function of stimulation frequency from 0 to 400 Hz. Middle column (B,E) plots each metric during random stimulation at
an average stimulation frequency of 130 Hz but varying CVs of the IPIs. Right column (C,F) plots the beta band cross power as a function of each metric, superimposing
both the data across stimulation frequencies and across the CVs of IPIs (datasets represented by different colors). We also plotted the line of best fit for each combined
dataset, which yielded a strong linear relationship between the CAPS and cross power (r2 = 0.913), while there was no linear relationship between the ASSR and cross
power (r2 = 0.003).
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at branch points (Grill et al., 2008), these examples of ortho-
dromic spike failure strongly suggest that antidromic spike fail-
ure is also likely. Additionally, HFS can cause accumulation of
potassium beneath the myelin that may result in conduction fail-
ure along the main axon (Bellinger et al., 2008; Brazhe et al.,
2011; Guo et al., 2018). Finally, prior studies found spike failure
was because of conduction block and not spike initiation failure
(Robinson and Nielsen, 1990; Jensen and Durand, 2009), and
thus failure to elicit a distal AP during stimulation also seems
unlikely.

Our results support the location of spike failure at the STN
collateral. When spike failure occurred at the soma, the model
predicted sustained cortical desynchronization at stimulation
frequencies.200Hz, but when spike failure occurred at the
STN branch point, maximum desynchronization occurred at
;130Hz and declined at higher frequencies. STN DBS at stim-
ulation frequencies.200Hz is less effective than at 130-185Hz
in rats (Q. Li et al., 2012) and humans (Moro et al., 2002), con-
sistent with our model results only when failure occurred at the
STN branch point (Fig. 8).

Stimulation-induced desynchronization
Excessive beta band synchronization throughout the cortico-ba-
sal ganglia-thalamic network is correlated with motor symptoms
in PD, and effective DBS reduces this synchrony (Kuhn et al.,
2008; Q. Li et al., 2012; Stein and Bar-Gad, 2013; Weiss et al.,
2015; Sanders and Jaeger, 2016; Lozano et al., 2019; Johnson et
al., 2020). It is not known where the beta band oscillations are
initiated, but potential sources include alterations in STN–GPe
coupling (Holgado et al., 2010; Pavlides et al., 2012), long-loop
resonance between the cortex and basal ganglia (West et al.,
2018), and aberrant striatal–GP firing (McCarthy et al., 2011;
Crompe et al., 2020). We do not propose an initiator of beta
band activity, but instead assess how DBS may disrupt ongoing
synchronous beta band activity within the cortex, wherever it
may originate. The motor cortex is of interest because it
expresses excessive beta activity that is ameliorated by DBS (Q.
Li et al., 2012), and antidromic activation of cortex during STN
DBS appears to play a critical role in therapeutic mechanisms
(Gradinaru et al., 2009; Sanders and Jaeger, 2016; Yu et al.,
2020).

In our work, we demonstrate that high-frequency STN DBS
desynchronized local populations of cortical neurons without
having to engage network-dependent mechanisms; this desynch-
ronization was characterized by three main trends.

First, contrary to the hypothesis of Q. Li et al. (2014),
desynchronization was not increased by antidromic spike failure
but rather was approximately linearly related to the overall acti-
vation rate of the cortical collateral synapse (Fig. 10F). Cortical
desynchronization thus resulted from masking intrinsic spiking
through a combination of spike collision, refractoriness, and syn-
aptic depletion, consistent with the informational lesion (Grill et
al., 2004).

Second, although desynchronization was primarily a function
of the CAPS, it also was affected by stimulation pattern regular-
ity. Stronger desynchronization was caused by more regular
stimulation patterns, as nonregular patterns with the same CAPS
as constant frequency patterns generated less desynchronization
(Fig. 10F).

Third, the CAPS is a function of average stimulation fre-
quency and antidromic spike failure rate, and both features are
critical to consider. Prior modeling of the informational lesion
did not include spike failure and predicted maximal efficacy

across high-stimulation frequencies (Grill et al., 2004). This is
akin to our model with spike failure at the soma, which predicted
the same trend. However, when we modeled a realistic location
and rate of antidromic spike failure, the masking effect from the
informational lesion was no longer monotonic with stimulation
frequency, and desynchronization instead followed a parabolic
curve with its peak at;130Hz (Fig. 8A), a pattern that matched
DBS efficacy with frequency in rats (Q. Li et al., 2012) and
humans (Moro et al., 2002). The shape of this parabolic relation-
ship was because of the synaptic activation rate being the product
of two approximately linear, yet opposite, relationships: the stim-
ulation frequency and the spike failure rate. Antidromic spike
failure thus does not appear to promote desynchronization, as
was hypothesized, but spike failure remains critical in shaping
the frequency profile of symptom reduction. These results thus
support the mechanism of the informational lesion but provide a
critical upper limit after which efficacy declines because of failure
of antidromic DBS-evoked spikes.

Implications for orthodromic activation
These results indicate that DBS can desynchronize target popula-
tions of neurons, and this desynchronization may contribute to
the therapeutic mechanism of DBS. We focused on antidromi-
cally activated cortical neurons, as optogenetic studies demon-
strated sufficiency of activating projections to STN to produce
therapeutic effects (Gradinaru et al., 2009; Sanders and Jaeger,
2016). Nonetheless, activation of STN orthodromic projec-
tions may also contribute to the symptom reduction, and
high-frequency optogenetic activation of only the ortho-
dromic projections from STN is sufficient to cause symptom
reduction (Yu et al., 2020). However, orthodromic APs are
also susceptible to conduction failure during HFS, although
failure rates are challenging to assess as they must be distin-
guished from synaptic failure (Zheng et al., 2011; Rosenbaum
et al., 2014). Our results suggest considering the effects of axo-
nal spike failure on orthodromic mechanisms by incorporat-
ing models of spike failure (Rosenbaum et al., 2014) in
network models of DBS (Kumaravelu et al., 2016, 2018;
Farokhniaee and Lowery, 2021).

Scope and limitations
Our model incorporated a phenomenological representation of
antidromic spike failure, as the underlying mechanisms are
unclear and biophysically realistic models of hyperdirect pathway
activation do not reproduce experimental levels of spike failure
(Q. Li et al., 2012; Anderson et al., 2018). Importantly, the objec-
tive was not to model the mechanism of spike failure, but rather
to determine the potential consequences of spike failure, and our
comprehensive validation of our model provided confidence in
predicting physiological rates of antidromic spike failure.

Our cEP measurements revealed three time-scales in the dy-
namics of antidromic spike failure, and all three occurred at the
same location in the model. However, the three time-scales may
relate to different mechanisms of spike failure that may occur at
different locations, including at the branch point (Chomiak and
Hu, 2007), along the main axon (Guo et al., 2018), or at the soma
(Yi and Grill, 2018). Unfortunately, with the available experi-
mental data, it was not possible to tune model versions accurately
with spike failure occurring at multiple locations, as there were
numerous model versions that all matched the same experimen-
tal data (not shown).

The model did not include potential recurrent mechanisms
from the output back onto model neurons. This ensured a
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conservative estimate of the desynchronizing effects of DBS, as
the intrinsic spiking drove high levels of b synchronization
regardless of desynchronization of the output. Given the im-
portance that the cortico-basal ganglia feedback loop provides
in propagating and maintaining beta band synchronization
(West et al., 2018), presumably a reduction in b synchroniza-
tion in the model outputs would reduce the recurrent drive of
cortical beta band synchronization, thereby further increasing
desynchronizing.
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