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A B S T R A C T   

The subthalamic nucleus (STN) receives input from various cortical areas via hyperdirect pathway (HDP) which 
bypasses the basal-ganglia loop. Recently, the HDP has gained increasing interest, because of its relevance for 
STN deep brain stimulation (DBS). To understand the HDP’s role cortical responses evoked by STN-DBS have 
been investigated. These responses have short (<2 ms), medium (2–15 ms), and long (20–70 ms) latencies. 
Medium-latency responses are supposed to represent antidromic cortical activations via HDP. Together with 
long-latency responses the medium responses can potentially be used as biomarker of DBS efficacy as well as side 
effects. We here propose that the activation sequence of the cortical evoked responses can be conceptualized as 
high frequency oscillations (HFO) for signal analysis. HFO might therefore serve as marker for antidromic 
activation. Using existing knowledge on HFO recordings, this approach allows data analyses and physiological 
modeling to advance the pathophysiological understanding of cortical DBS-evoked high-frequency activity.   

1. Introduction 

The subthalamic nucleus (STN) receives both indirect cortical input 
via the basal-ganglia loops (Albin et al., 1989; DeLong, 1990) as well as 
direct excitatory input from layer V cortical neurons (Coudé et al., 2018; 
Hartmann-von Monakow et al., 1978; Haynes and Haber, 2013; Nambu 
et al., 1996). This latter pathway has been termed the cortico- 
subthalamic hyperdirect pathway (HDP) due to bypassing the stria
tum. A number of studies have argued that HDP activation is key for 
STN-DBS efficacy (Anderson et al., 2018; Chen et al., 2020; Gradinaru 
et al., 2009; Kuriakose et al., 2010; Li et al., 2012; Miocinovic et al., 
2018; Sanders and Jaeger, 2016; Walker et al., 2012a), suggesting the 
HDP’s involvement in the pathology of Parkinson’s disease (PD). The 
main physiological role of the HDP seems to be action inhibition (Chen 
et al., 2020; Gradinaru et al., 2009; Gurney et al., 2001; Nambu, 2005). 

Historically, descriptions of such cortical projections to the STN had 
already been made at the end of the 1930s and were reported in non- 

human primates (NHP) in 1978 (Hartmann-von Monakow et al., 
1978). In humans, electrophysiological evidence for hyperdirect cortical 
projections derives from DBS evoked cortical responses (eCR). These 
eCR occur as a sequence, with initial latencies as short as 1 ms, followed 
by components with a periodicity of ~2 ms, suggesting antidromic 
activation of the HDP (Chen et al., 2020; Hartmann et al., 2018; Mio
cinovic et al., 2018; Walker et al., 2012a). For the purpose of signal 
analysis, such eCR sequences can be treated as a particular case of high- 
frequency oscillations (HFO) rather than a sequence of separate peaks. 
HFO analysis could then be fruitfully employed to first characterize the 
HFOs due to STN-DBS and to then discriminate antidromic activation 
from orthodromic effects, effectively creating a biomarker of antidromic 
activation. While theoretically straightforward, detecting HFOs is 
practically very challenging with standard EEG or MEG paradigms, 
because the signal-to-noise ratio (SNR) of the HFO is low. We will 
therefore provide guidelines on how to detect HFOs in such setups. 

We start this review by first summarizing current studies on the HDP 

* Corresponding author at: Heinrich-Heine University Düsseldorf, Institute of Clinical Neuroscience and Medical Psychology, Universitätstr. 1, 40225 Düsseldorf, 
Germany. 

E-mail address: Esther.Florin@hhu.de (E. Florin).  

Contents lists available at ScienceDirect 

Experimental Neurology 

journal homepage: www.elsevier.com/locate/yexnr 

https://doi.org/10.1016/j.expneurol.2022.114031 
Received 31 March 2021; Received in revised form 1 February 2022; Accepted 28 February 2022   

mailto:Esther.Florin@hhu.de
www.sciencedirect.com/science/journal/00144886
https://www.elsevier.com/locate/yexnr
https://doi.org/10.1016/j.expneurol.2022.114031
https://doi.org/10.1016/j.expneurol.2022.114031
https://doi.org/10.1016/j.expneurol.2022.114031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expneurol.2022.114031&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Experimental Neurology 352 (2022) 114031

2

in humans and animals in Section 2. In Section 3 we will discuss both the 
physiological and the pathological role of the HDP. In Section 4, we will 
argue that post-DBS-eCRs should be analyzed as HFO and provide 
guidelines on how to record and extract such HFO non-invasively. 

2. Anatomical and electrophysiological characterization of the 
HDP 

The first anatomical studies using radiographic tracing in NHP 
investigated frontal and precentral cortical connections to the STN and 
described a somatotopic organization of these pathways (Hartmann-von 
Monakow et al., 1978; Künzle, 1978). While the lateral STN receives 
direct input from the primary motor cortex (M1), the medial STN re
ceives projections from the supplementary motor area (SMA) (Nambu 
et al., 1997, 1996). M1 innervation of the STN originates from cortico
fugal axons with a diameter of 2–3 μm in NHP, which in turn give rise to 
collaterals of 0.5–1.5 μm that form synapses with the sensorimotor 
subregion of STN (Coudé et al., 2018). In addition, the primary so
matosensory region (S1) and the prefrontal cortex (PFC) project to the 
STN (Canteras et al., 1990, 1988; Haynes and Haber, 2013). All of these 
connections are part of the cortico-subthalamic HDP. In humans, the 
HDP has been identified anatomically using MRI tractography (Akram 

et al., 2017; Chen et al., 2018; Petersen et al., 2017; Plantinga et al., 
2016). 

In line with those anatomical studies, electrophysiological studies 
also indicate the existence of cortico-STN projections and STN sub
sections (Giuffrida et al., 1985; Kitai and Deniau, 1981; Maurice et al., 
1998; Rouzaire-Dubois and Scarnati, 1985). PFC stimulation in rats 
leads to excitation of medial STN neurons (Maurice et al., 1998). 
Conversely, the stimulation of medial STN neurons leads to an anti
dromic spike in layer V neurons of the PFC at a latency of 2 to 9 ms 
(Maurice et al., 1998), consistent with studies indicating that cortico- 
STN projections originate in layer V (Donoghue and Kitai, 1981; Giuf
frida et al., 1985; Kumaravelu et al., 2018). 

Various studies have investigated the HDP’s existence in rodents by 
stimulating within the STN (Dejean et al., 2009; Devergnas and Wich
mann, 2011; Kumaravelu et al., 2018; Li et al., 2007), reporting eCRs in 
a range of 1.4 to 2.5 ms. Corticospinal tract (CST) stimulation in rats led 
to eCRs with similar latencies as STN stimulation (Porter and Sanderson, 
1964), suggesting that corticospinal collaterals projecting to the STN can 
account for the eCR latencies of 1.4–2.5 ms (Kita and Kita, 2012; Li et al., 
2007). Results from 6-OHDA lesioned rats suggest that eCRs are not 
influenced by substantia nigra (SN) dopaminergic degeneration 
(Kumaravelu et al., 2018), whereas a recent study in NHP found that 

Table 1 
Overview of EP latencies in PD, essential tremor and dystonia.  

Authors Target Short latency 
(ms) 

Medium latency (ms) Long latency (ms) Sampling rate 
(kHz) 

Low-pass 
filter (kHz) 

EP0/R1 EP1 EP2a EP2b/ 
R2 

EP3 T1/R3 P1 T2 P2   

Limousin et al. 
(1998) 

STN      19.0 ±
1.0      

Ashby et al. (2001) STN   3.3 ±
0.5 

5.4 ±
0.9 

7.5 ±
0.7      

1.0 

Baker et al. (2002) STN 1.0–2.0   8.0 14.0 29.0   70 0.6 0.25 
MacKinnon et al. 

(2005) 
STN     12.5 ±

2.2 
23.2 ±
3.7    

5.0 1.0 

Eusebio et al. 
(2009) 

STN      21.4 ±
1.9    

1.5 0.3 

Kuriakose et al. 
(2010) 

STN   3.7 ±
0.6  

7.4 ±
0.9 

22.2 ±
1.2    

5.0 0.5 

Walker et al. 
(2012a) 

STN 1 ± 0.4   5.7 ±
1.1 

10.0 3 22.2 ±
1.8    

10.0 3.0 

Miocinovic et al. 
(2018) 

STN 1.5 ± 0.1 2.8 ±
0.3 1  

5.8 ±
1.0 1 

7.7 ±
1.8 

20 ± 8 38 ±
11 

56 ±
15 

71 ±
16 

22.0 3.5 

2.3 ±
0.2 2 

4.1 ±
0.6 2  

24.42 10.0 

Hartmann et al. 
(2018) 

STN ~ 1  4 ± 0  11 ± 1 27 ± 6    5.0  

Romeo et al. 
(2019) 

STN 0.89 ± 0.09     20    25.0 10.0 

Chen et al. (2020) STN  2.2 ±
0.2  

6.0 ±
0.35      

22.0 3.5 

Irwin et al. (2020) STN 0.5–1.44   R2  R3    50.0 10.0 
Limousin et al. 

(1998) 
GP      25.4 ±

0.4      
Tisch et al. (2008) GP     10.9 ±

0.77 
26.6 ±
1.6      

Bhanpuri et al. 
(2014) 

GP      20 ± 8      

Ni et al. (2018) GP     10 25      
Miocinovic et al. 

(2018) 
GP 1.5 ± 0.1    10 ± 2 3 19 ± 3 29 ±

4 
44 ±
9  

22.0 3.5 

Limousin et al. 
(1998) 

VIM     8.2 15.1 ±
0.3      

Walker et al. 
(2012b) 

VIM 0.9 ± 0.2 2.6 ±
0.5  

5.6 ±
0.7 

8.6 ±
0.8 

13.9 ±
1.4    

10.0 3.0 

Hartmann et al. 
(2018) 

VIM ~ 1     13 ± 1 40 ±
9 

77 ±
13 

116 ±
13 

5.0   

1 latency over M1, 
2 latency over S1. 
3 value estimated visually from plot. 
4 latency depending on anaesthesia state and stimulation voltage. 
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especially long-latency eCRs become progressively delayed with 
advancing Parkinsonian state (Campbell et al., 2021). 

In humans, the HDP can be antidromically activated via DBS (Chen 
et al., 2020; Hartmann et al., 2018; Irwin et al., 2020; Miocinovic et al., 
2018; Romeo et al., 2019; Walker et al., 2012a). The findings of the 
different studies on eCR latencies for humans are summarized in Table 1 
and are discussed within the remainder of this section. In general, eCR 
due to STN-DBS result in short-latency (<2 ms), medium-latency (2–15 
ms), and long-latency (20–70 ms) responses (Miocinovic et al., 2018; 
Walker et al., 2012a), each of which can be linked to a different trans
mission pathway. As illustrated in Fig. 1 eCR latencies can be attributed 
to either antidromic hyperdirect or CST activation and recent work has 
focused on electrophysiologically differentiating these two pathways 
(Hartmann et al., 2018; Miocinovic et al., 2018; Walker et al., 2012a). 
This differentiation has even been used to validate connectome 
modeling studies (Howell et al., 2021). 

Short-latency EP as reported in most recent STN-DBS studies 
(Table 1) are thought to result from activation of pyramidal fiber tracts 
(Irwin et al., 2020; Miocinovic et al., 2018). These short-latency re
sponses are mainly located within primary motor areas, whereas later 
responses exhibit a broader cortical distribution (Miocinovic et al., 
2018). The short-latency EP can also be observed for pallidal and 
thalamic DBS (Hartmann et al., 2018; Miocinovic et al., 2018; Walker 
et al., 2012b), where the target areas are in close proximity to the in
ternal capsule. Short-latency eCR may therefore be caused by 

stimulation current spreading to the large diameter pyramidal fibers of 
the internal capsule (Miocinovic et al., 2018; Walker et al., 2012a). 
Short-latency EP are less variable in timing than the later responses 
(Walker et al., 2012a) and are accompanied by motor evoked potentials 
(MEP) in most of the studies co-registering electromyography (EMG) 
(Ashby et al., 2001; Irwin et al., 2020; Miocinovic et al., 2018). More
over, if the first eCR has a very short latency (<1 ms), this is indicative of 
motor side effects (Irwin et al., 2020). This relationship between MEP 
and eCR further supports the idea that cortical responses at short la
tencies occur due to CST activation (Irwin et al., 2020; Miocinovic et al., 
2018). 

According to a computational model, a conduction velocity of 85 m/s 
with fiber diameters of 15 μm is necessary to explain an antidromic 
activation of layer V pyramidal neurons at 1.5 ms, implying that earlier 
cortical responses are incompatible with action potential biophysics 
(Gunalan and McIntyre, 2020). Still, several human studies report short- 
latency eCR of less than 1.5 ms and in some the eCR latency and 
amplitude correlate with clinical effects (Hartmann et al., 2018; Irwin 
et al., 2020; Romeo et al., 2019; Walker et al., 2012a). Nevertheless, eCR 
at latencies of less than 1 ms may represent a volume-conducted signal 
from the STN rather than cortical activation, because large-amplitude 
activity (termed evoked resonant neural activity, ERNA) occurs locally 
during STN-DBS at short latencies of 0.3 ms (Awad et al., 2021; Gunalan 
and McIntyre, 2020; Sinclair et al., 2018). 

Medium-latency eCR due to STN-DBS are considered 

Fig. 1. Medium-latency evoked cortical responses (eCR) (top left, orange) result from hyperdirect pathway (HDP, orange fibers) activation. Short-latency eCR (top 
right, green) originate from corticospinal tract (CST, green fibers) activation. Orange and green eCR example traces are schematic drawings that do not refer to any 
particular recording modality. Example electrode trajectories inside the subthalamic nucleus (STN) and cortical surface were visualized using Lead-DBS (lead-dbs. 
org, RRID:SCR_002915) (Horn and Kühn, 2015). Subsections of the STN colored in orange (motor), blue (associative) and yellow (limbic) as well as fiber tracts of 
HDP (orange) and CST (green) were visualized with subcortical atlases pre-installed in Lead-DBS (Ewert et al., 2018; Meola et al., 2016; Middlebrooks et al., 2020). 
All structures are overlaid an axial section of the BigBrain dataset (Amunts et al., 2013) at z = − 12 mm. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

B.H. Bahners et al.                                                                                                                                                                                                                             

http://lead-dbs.org
http://lead-dbs.org
rridsoftware:SCR_002915


Experimental Neurology 352 (2022) 114031

4

electrophysiological evidence for antidromic HDP activation (Chen 
et al., 2020; Eusebio et al., 2009; Miocinovic et al., 2018). Given a fiber 
diameter of 5.7 to 10 μm and conduction velocities of 25 to 55 m/s, 
computational modeling supports hyperdirect activation leading to eCR 
at latencies of 3 to 5 ms (Gunalan and McIntyre, 2020). Additionally, 
medium-latency responses were not observed with pallidal and thalamic 
stimulation (Bhanpuri et al., 2014; Devergnas and Wichmann, 2011; 
Limousin et al., 1998; Miocinovic et al., 2018; Ni et al., 2018; Tisch 
et al., 2008), with one notable exception (Walker et al., 2012b). The 
absence of medium-latency eCR for pallidal stimulation indicates that 
they are likely to represent HDP activation (Miocinovic et al., 2018), 
which would also be consistent with the broad cortical distribution of 
medium-latency eCR (Canteras et al., 1988; Miocinovic et al., 2018; 
Nambu et al., 1997). 

Most electrocorticography studies were able to detect three separate 
medium-latency eCR (Ashby et al., 2001; Chen et al., 2020; Miocinovic 
et al., 2018) (Table 1). While most EEG and MEG studies employing a 
low sampling rate do not report a third medium-latency response (Baker 
et al., 2002; Hartmann et al., 2018; Kuriakose et al., 2010; MacKinnon 
et al., 2005; Walker et al., 2012a), a third medium response became 
apparent with EEG with a high sampling rate (>20 kHz) (Irwin et al., 
2020; Romeo et al., 2019). A necessity to have such high sampling fre
quency in order to see eCR, further validates the idea to conceptualize a 
sequence of evoked responses as HFO. The three separate medium- 
latency eCR may reflect the activation of hyperdirect fiber bundles 
with different diameters (Gunalan and McIntyre, 2020; Miocinovic 
et al., 2018). Alternatively, the second and third medium-latency re
sponses may be caused by cortico-cortical synaptic transmission (Mio
cinovic et al., 2018). 

A potential caveat when analyzing medium-latency eCR is scalp EMG 
activity (Romeo et al., 2019). MEP for facial muscles occur with a similar 
latency as medium-latency eCR (Mahlknecht et al., 2017; Miocinovic 
et al., 2018) and thus could be mistaken for medium-latency eCR due to 
subcortical stimulation. Still the medium-latency eCR is captured mainly 
by parietal EEG channels ipsilateral to the stimulation target (Romeo 
et al., 2019). On the other hand, the corticobulbar tract innervates 
cranial muscles bilaterally, so unilateral stimulation can evoke bilateral 
MEP. Therefore, controlling for this potential source of spurious cortical 
response by recording facial EMG is recommended. 

Finally, long-latency responses around 20 ms are consistently found 
in most studies on STN and pallidal DBS (Table 1). These long-latency 
eCR might represent orthodromic synaptic transmission in the basal 
ganglia (BG)-thalamo-cortical loop (Miocinovic et al., 2018). However, 
a study combining computational modeling with a rodent model of PD 
argues that these long-latency eCR reflect cortico-thalamo-cortical syn
aptic transmission rather than the BG-thalamo-cortical loop (Kumar
avelu et al., 2018). 

3. The HDP’s relevance for DBS and physiological function 

The HDP is involved in both physiological cortical functions as well 
as PD pathophysiology. Human and animal studies attribute its physi
ological function to action inhibition (Chen et al., 2020; Gradinaru et al., 
2009; Gurney et al., 2001; Nambu, 2005). The HDP significantly mod
ulates the temporal dynamics of motor planning through global inhibi
tion (Kumaravelu et al., 2018). In humans, synchronization between the 
STN and inferior frontal gyrus predicts stopping speed, indicating that 
prefrontal-STN projections modulate rapid inhibition (Chen et al., 
2020). However, the HDP is also involved in PD pathophysiology. M1- 
STN connectivity as determined with tractography relates to tremor, 
whereas SMA-STN connectivity strength relates to bradykinesia and ri
gidity (Akram et al., 2017). Given the diverse role of the HDP found in 
these studies, the wide array of STN-DBS effects may not be surprising. 

Activation of the HDP via high-frequency stimulation is considered 
an important mechanism of STN-DBS (Anderson et al., 2018; Chen et al., 
2020; Gradinaru et al., 2009; Kuriakose et al., 2010; Miocinovic et al., 

2018; Walker et al., 2012a). A computational model suggests that DBS 
causes functional disconnection of the cortex from the STN, reducing 
motor inhibition as well as the cortical generation and propagation of 
pathological oscillatory activity (Anderson et al., 2018). Antidromic 
activation of the HDP reduces cortical beta oscillations in rodents and is 
associated with therapeutic effects in PD rodent models (Dejean et al., 
2009; Gradinaru et al., 2009; Sanders and Jaeger, 2016). Similarly, the 
antidromic spiking of layer V cortical M1 neurons positively correlates 
with reduced Parkinsonian symptoms in 6-OHDA rats (Li et al., 2012). 
At the same time, functional disconnection of hyperdirect cortical pro
jections to the STN seems to not mono-causally explain therapeutic ef
fects. For example the therapeutic effect of DBS remains in 1-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine (MPTP) treated NHP even though 
antidromic M1 activation fades after an interval of 4 h (Johnson et al., 
2020). Moreover, pallidal DBS has similar effects on motor symptoms in 
PD, but does not involve stimulating the HDP (Miocinovic et al., 2018). 

Latencies and amplitudes of eCR at short (<2 ms), medium (2 to 7 
ms), and long (> 20 ms) latencies have shown some predictive power for 
the therapeutic effects of DBS. The amplitude of short-latency eCR due to 
STN stimulation over the ipsilateral sensorimotor cortex is non-linearly 
modulated by the underlying stimulation voltage (Walker et al., 2012a). 
These short-latency eCR also predict the occurrence of motor side effects 
and co-occur with MEP (Irwin et al., 2020), consistent with the eCR’s 
generation from current spread to pyramidal fibers at higher stimulation 
amplitudes (Miocinovic et al., 2018). Such current spread to pyramidal 
fibers is well-known to cause motor side effects (Dembek et al., 2017). 
Due to its relation to DBS side effects, occurrence of MEPs may be able to 
guide electrode placement (Nikolov et al., 2021; Shils et al., 2021). With 
respect to medium-latency eCRs, highest amplitudes are elicited by 
clinically-used 130 Hz DBS stimulation (Miocinovic et al., 2018). This 
conforms well to GPi stimulation results in adult and adolescent dysto
nia patients where the amplitude of eCR around 20 ms correlates with 
the clinically most effective contact inside the GPi (Bhanpuri et al., 
2014; Tisch et al., 2008). Finally, turning to longer latency eCRs, a large 
amplitude at about 20 ms following STN-DBS in PD patients is predictive 
for postoperative motor side effects (Romeo et al., 2019). Given the 
relationship between eCR and DBS (side) effects, future clinical research 
should focus on the applicability of eCR as therapeutic markers for 
optimized DBS. 

Even though only high-frequency DBS elicits a therapeutic effect, 
there is a relationship between the amplitude of cortical responses 
evoked by low-frequency – non-effective – stimulation and the best 
clinical contact as assessed at high-frequency therapeutic DBS (Mioci
novic et al., 2018). The responses with a clinical relationship had a la
tency of less than 3 ms (namely EP1, 2-3 ms, see Table 1) and therefore 
occur within the inter-pulse interval of therapeutic 130 Hz DBS (Mio
cinovic et al., 2018). Moreover, according to the literature medium- 
latency eCR in the time range of the inter-pulse interval of a stimula
tion at 130 Hz (~7 ms) are similar for both, high- and low-frequency 
DBS (Miocinovic et al., 2018). Therefore, the analysis of short- and 
medium-latency eCR does not appear to be affected by the DBS fre
quency. Long-latency eCR, that occur after the therapeutic DBS inter- 
pulse interval, rather relate to the occurrence of motor side effects 
than therapeutic efficacy (Irwin et al., 2020; Romeo et al., 2019). So 
even though, long-latency eCRs do not reflect all mechanisms of high- 
frequency DBS, they still seem to represent valuable markers for con
tact selection (Irwin et al., 2020). 

Besides eCR, several studies have investigated local STN, GPi and 
VIM responses which were evoked by the stimulation of the respective 
target (Awad et al., 2021; Ozturk et al., 2021; Sinclair et al., 2019, 
2018). These stimulation-evoked local responses are either termed 
evoked compound activity (ECA) or evoked resonant neural activity 
(ERNA) and resemble a decaying oscillation following the DBS pulses 
(Ozturk et al., 2021; Sinclair et al., 2019). They have peak latencies of 
0.3 and 4 ms respectively and show a decay frequency of about 300 Hz 
(Awad et al., 2021; Ozturk et al., 2021). While stimulating in the STN 
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and GPi evokes ERNA at short (0.3 ms) and medium latencies (4 ms), 
thalamic stimulation only evokes short-latency ERNA at 0.3 ms (Awad 
et al., 2021). 

So far, it has not been investigated how these local STN and cortical 
responses after a DBS pulse relate to each other. The highest amplitude 
of both ERNA at 4 ms and eCR at 2 ms are observed when the stimulation 
is applied to the best clinical DBS contact (Miocinovic et al., 2018; 
Sinclair et al., 2018). Amplitude and frequency of ERNA even correlate 
with the improvement of bradykinesia and rigidity scores (Sinclair et al., 
2019). Based on the temporal order ERNA might result from a returning, 
orthodromic activation from the cortex with a similar latency as the 
antidromic activation (EP1 ~ 2 ms) adding up to a peak latency of 4 ms 
for the ERNA (Gmel et al., 2015). This could explain that short latency 
responses both in STN and cortex are predictive of the best clinical 
contact (Miocinovic et al., 2018; Sinclair et al., 2018). To test this hy
pothesis combined STN LFP-EEG/MEG recordings during low and high- 
frequency DBS are needed. 

4. Perspective on the analysis of cortical high-frequency 
activation and high gamma activity as proxy for spiking activity 

4.1. Somatosensory evoked high-frequency oscillations – lessons learned 
from a model system 

As described in the previous section STN stimulation leads to direct 
antidromic activation of the motor cortex, manifested in electro
corticographic recordings as a series of short- and medium-latency eCR 
(Miocinovic et al., 2018). The earliest of these eCR occurs at a latency of 
about 1 ms after the stimulus - incompatible with synaptic transmission - 
and is followed by a sequence of components lasting for about 2.5–3 
cycles with a period length of ~2 ms. Similar eCR but with a less refined 
morphology were also observed in scalp EEG (Ashby et al., 2001; Walker 
et al., 2012a). While these eCRs comprise distinct components, using a 
signal-analysis perspective, such short-interpeak-latency sequence of 
activation can be conceptualized as high-frequency oscillation (HFO) 
with an energy peak at ~500 Hz, motivating the search for an experi
mental paradigm that helps optimizing the yield from such non-invasive 
high-frequency recordings. 

Notably, while standard EEG and MEG recordings provide excellent 
time-resolved information on post-synaptic low-frequency neuronal 
mass activity <200 Hz, a critical shortcoming is their limited ability to 
reflect high-frequency activity (>200 Hz) reliably. One prominent 

Fig. 2. High-frequency somatosensory evoked potentials, elicited by repetitive electric stimulation of the right median nerve at the wrist. (A): Averaged wideband 
responses (N = 5385) at electrode C5 with a reference at Fz show a negative peak at around 20 ms (“N20”). Notably, the slopes of that peak show a high-frequency 
series of humps and notches. (B): High-frequency somatosensory evoked potentials can be isolated by high-pass filtering around 600 Hz. The peaks and troughs of the 
resulting oscillation correspond to the humps and notches of the low-frequency response (dashed vertical lines), excluding an exclusive generation of the oscillation 
by filter artifacts. (C): Spatial decomposition of high-frequency somatosensory evoked potentials by Canonical Correlation Average Regression (cf. main text) depicts 
a bipolar source pattern across the left central sulcus (left), consistent with a tangential source in the somatosensory hand cortex (Brodmann Area BA 3b) and, 
additionally, a monopolar source pattern (right), consistent with radially oriented projections of thalamocortical afferents and/or a source in BA 1. (D): Single-trial 
response activity projected through the bipolar pattern in panel C (left) with polarity/amplitudes coded in color/saturation. (E) Zoom-in of panel D. Consecutive 
responses (ordinate) show significant variability with fluctuations of response latencies (abscissa) and, especially in the second half of the burst, partial reductions of 
response components. 
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exception has been characterized in the somatosensory system where a 
burst of averaged HFO (600–900 Hz) evoked by conventional repetitive 
electric peripheral nerve stimulation can be non-invasively detected 
(Fig. 2; Curio, 2000; Waterstraat et al., 2015a). Even though eCRs and 
somatosensory HFO do not reflect the same physiological mechanisms, 
similarities between eCRs and somatosensory HFO in terms of fre
quency, electric stimulus artifact, and spatially finite source origin 
render the analysis of non-invasive cortical 600 Hz-oscillations as 
optimal model paradigm for studying medium-latency eCRs. 

Early MEG recordings proved that their generating source is located 
in S1 (Curio et al., 1994; Hashimoto et al., 1996), and subsequent studies 
in awake NHP demonstrated that these macroscopic HFO wavelets 
corresponded to synchronized evoked spike bursts as detected by 
simultaneous microelectrode recordings in an ensemble of single cells in 
S1 (Baker et al., 2003). Moreover, converging evidence from human 
non-invasive studies utilizing stimulus rate variations (Klostermann 
et al., 1999) and animal studies employing cortical applications of 
glutamate receptor antagonists (Ikeda et al., 2002) revealed that the 
600 Hz HFO burst contained (i) early pre-synaptic components 
(reflecting repetitive population spikes ascending via thalamocortical 
fibers towards S1), and (ii) later wavelets contributed by a first-order 
post-synaptic intracortical population spiking of stimulus-driven neu
rons. Specifically, macroscopic EEG HFO-bursts were shown to covary 
with single-cell spike burst patterns simultaneously recorded in cortical 
S1 neurons (Teleńczuk et al., 2011), and synaptic refractoriness together 
with cortical excitability fluctuations were identified as critical com
ponents in a neurocomputational model explaining the observed vari
able spike burst responses in S1 (Teleńczuk et al., 2017). Although 
different parts of these oscillations in this context represent distinct 
neurophysiological processes, nonetheless signal analysis often con
ceptualizes the whole activation sequence as single HFO thus facilitating 
their temporal and spatial extraction – a similar idea is suggested here 
for the short- and medium-latency eCR in case of STN stimulation. 
Furthermore, recent improvements in reducing the white noise level in 
EEG as well as MEG recording systems have enabled the non-invasive 
detection of spike-like human somatosensory evoked responses in a 
frequency range even above 1 kHz, demonstrating a further step towards 
non-invasive multi-unit spike recordings (Fedele et al., 2015). Finally, 
these hardware refinements combined with tailor-made algorithmic 
tools (see below) permitted for the first time a non-invasive single-trial 
EEG detection of evoked human neocortical population spikes along 
with their variability over time (Waterstraat et al., 2015a, 2016, 2021). 
Thus, these accumulated experiences from somatosensory HFO re
cordings, data analyses and physiological modeling could be leveraged 
to advance the non-invasive detection and pathophysiological under
standing of cortical DBS-evoked high-frequency activity. 

4.2. High-frequency oscillations in the context of STN-DBS 

According to a modeling study peaks of evoked responses observed at 
2, 3 and 5 ms corresponded to the activation of axons with 15, 10 and 
5.7 μm diameter, respectively (Gunalan and McIntyre, 2020). Since at 
least to a certain extent antidromic cortical activation could be due to 
the stimulation of the CST (Devergnas and Wichmann, 2011), it is worth 
mentioning that a previous study on antidromic cortical activation via 
stimulation of the CST at the level of the medullary pyramids in cats 
revealed a complex sequence of quickly changing peaks with a fre
quency of 500–1000 Hz (Jabbur and Towe, 1961). Yet only initial 
negative and positive peaks were identified as being of purely anti
dromic activation. In the text below, by HFO in the context of antidromic 
activation we mean DBS-evoked high-frequency activity. 

On a methodological level, non-invasive EEG technology allows the 
discrimination of different components of HFO (Klostermann et al., 
2000a, 2000b, 1999) which may in turn allow investigation of both 
antidromic and polysynaptic components of HFO typically associated 
with HDP activation (Devergnas and Wichmann, 2011). It is also 

important to note that previous studies directly assessing cortical acti
vation due to STN stimulation have used rather standard techniques for 
the registration and analysis of neuronal activity with an amplitude of a 
few microvolts. There were no attempts to specifically analyze low- 
amplitude HFO in the frequency range > 300 Hz extending potentially 
to 1 kHz. Our previous results have shown that somatosensory HFO 
(Waterstraat et al., 2015a) are considerably smaller, being at best only 
hundreds of nanovolts and thus their detection depends heavily on the 
use of special EEG amplifiers with very low levels of electronic noise and 
the application of advanced signal processing (see below). 

As mentioned earlier, antidromic stimulation of the cortex should 
lead to the activation of pyramidal cells in cortical layer V according to 
anatomical studies in rats (Li et al., 2012). Since these pyramidal cells 
are large and oriented perpendicular to the surface, the resulting elec
tromagnetic fields should be sufficiently strong to allow even noninva
sive detection of weak antidromic activation. 

Important to note is that antidromically evoked responses have so far 
mostly been measured with a limited spatial coverage using either only a 
few intracortical or scalp EEG electrodes, and therefore a spatial spread 
of evoked responses (and HFO) is still not known. At the same time, it is 
known that, apart from the motor cortex, many other areas project to 
STN including SMA, PMC, and non-motor areas of the frontal cortex 
(Canteras et al., 1990; Devergnas and Wichmann, 2011; Nambu et al., 
1997, 1996). Therefore, cortical activation due to STN stimulation can 
be best captured with whole-head multichannel EEG and MEG systems, 
permitting the application of advanced spatial filtering techniques 
(described below) for the extraction of separate spatial and temporal 
components of HFO. 

Direct recordings of cortical spiking activity due to antidromic 
cortical activation have been previously performed in 6-OHDA lesioned 
rodents (Li et al., 2012) and in the non-human primate MPTP model 
(Johnson et al., 2020). Typical criteria for deciding whether spiking 
activity is due to antidromic activations were: short latency (<3 ms) 
spikes and low temporal jitter. Neurons classified as being activated 
antidromically demonstrated firing rates of about 370 Hz (Johnson 
et al., 2020) which is the frequency range we advocate for the use of 
HFO as a biomarker of antidromic activation. The presence of HFO 
might thus be useful for discriminating direct cortical activation from 
the general excitatory or inhibitory changes due to cortical activation 
which can also reflect orthodromic effects of STN activation. 

Another important aspect of STN-DBS in a primate model (Johnson 
et al., 2020) was that it strongly attenuated synchronization of sponta
neous spiking activity between neurons in M1, and the authors even 
suggested that such reduced synchronization might be the basis of the 
therapeutic efficacy of STN-DBS. HFO are manifested not only in rela
tively sharp spectral peaks but also as a relatively diffuse spectral 
elevation >300 Hz (Fedele et al., 2012). Since local synchronization of 
spontaneous spiking activity leads to larger measurable electromagnetic 
fields (Teleńczuk et al., 2015), an attenuation of spatial neuronal syn
chronization should vice versa result in the attenuation of broadband 
HFO which could be detected even non-invasively with scalp EEG using 
appropriate technology (see below). 

4.3. Recording high-frequency oscillations – technology and methods 

When measured invasively (Baranauskas et al., 2012; Semenova 
et al., 2021) and non-invasively (Freeman et al., 2003; Pritchard, 1992), 
the amplitude of neuronal oscillations scales in a relation inversely 
proportional to the oscillatory frequency. Noteworthy, however, it is not 
the amplitude itself but the SNR of HFO determining their detectability 
in recorded data. Here, the SNR is understood as the ratio of signal 
amplitude and the amplitude of all simultaneously measured activity in 
the same frequency range. This frequency range can be isolated by band- 
pass filtering. Yet, the filter passband would unavoidably include HFO 
and noise activity (of biologic and electronic origin), and filtering might 
introduce undesirable filtering effects and artifacts (Widmann et al., 
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2015; Widmann and Schröger, 2012). 
Describing the effective SNR warrants an individual assessment of 

both constituents, signal and noise. The noise power in the frequency 
range < 100 Hz is dominated by biological ‘background activity’ (Scheer 
et al., 2006), and since also the amplitude of this background activity 
decreases at higher frequencies, the SNR remains approximately con
stant until a few hundred Hz (typically <200 Hz depending on modality 
and measurement technology). In agreement with this reasoning, 
modeling studies have confirmed the observation that “epileptic” ripple 
band HFO (80–200 Hz) generated from a cortical region of approx. 1 
cm2 are detectable in conventional surface EEG recordings (von Ellen
rieder et al., 2014). Confirmed in the same study, the spatial source 
resolution of EEG is, however, not constrained by elementary biophys
ical principles or the adverse skull conductivity but exclusively deter
mined by the SNR: In the complete absence of concurrent signal activity 
or noise, any signal could be detected independent of its amplitude, and, 
in a multichannel set-up, be precisely localized. Distinguishing between 
closely co-localized eCRs thus requires an optimization of the SNR. 

Complicating EEG/MEG analysis at frequencies >500 Hz, however, 
the spectral 1/f trend is superseded by a spectrally flat white noise floor 
which is composed of sensor noise, noise of the measurement device 

(Scheer et al., 2006), and - in case of MEG - thermal body noise (Myers 
et al., 2007; Storm et al., 2019). Using somatosensory HFO ~600 Hz as a 
model system, their SNR in an individual subject was demonstrated to be 
directly linked to the noise of the EEG amplifier used in these recordings 
(Waterstraat et al., 2012). In consequence, usage of low-noise amplifier 
technology enabled the single-trial detection of somatosensory HFO 
(Waterstraat et al., 2015a, 2016). 

On the numerator of the SNR, HFO signal power is pre-determined by 
subject and experimental condition. Advantage can, however, be taken 
from the distributed spatial field of HFO. Depending on its configura
tion, standard referential or bipolar montages may not provide the 
optimal SNR. Spatial filtering generalizes the concept of montages to 
arbitrary channel weightings, and optimal spatial filters can be designed 
targeting different signal properties such as: mutual independence be
tween sources (ICA) (Hyvärinen and Oja, 2000), the SNR of neuronal 
oscillations (Nikulin et al., 2011), power or phase coupling (Dähne et al., 
2014; Waterstraat et al., 2017), canonical coherence (Vidaurre et al., 
2019) or generally non-linear interactions between signals (Idaji et al., 
2020). 

Spatial filtering with channel weights obtained by Canonical Corre
lation Average Regression (Fig. 2C; CCAvReg) (Fedele et al., 2013) or 

Fig. 3. Short- and medium-latency eCRs evoked by 130 Hz DBS in the left STN enhanced by spatial filtering with Canonical Correlation Average Regression 
(CCAvReg) after band-pass filtering 300–1200 Hz (1st order IIR filter applied in forward and backward direction). 8-channel low-noise surface EEG obtained from a 
PD patient with bilaterally implanted depth electrodes in the STN during unilateral left-sided stimulation (lowest contact against 2nd lowest contact; 60 μs stimulus 
width; 4.6 mA constant current intensity). (A): eCRs recorded by non-invasive surface EEG (average reference) suffer from large electric stimulation artifacts that 
reverse polarity according to the inversion of the stimulus polarity (purple/green lines). Averaging across an equal number of trials with opposite stimulus polarity 
cancels the electric stimulus artifact to a large degree. However, due to a possible asymmetry of the electric stimulation artifact in both stimulation conditions, 
potentially genuine eCRs cannot be safely discerned from spurious components (black lines). (B1–B4): CCAvReg was simultaneously trained on data from both 
stimulation polarities to extract components with maximum correlation between single-trial responses and their own average. If eCRs are present, this algorithm finds 
components with maximum eCR contribution while minimizing the contribution of the electric stimulation artifact. (B1): CCAvReg components are sorted according 
to decreasing canonical correlation coefficients between single-trial responses and average response. The first (‘best’) and second (‘2nd best’) component are 
indicated in ocher and rosy color, respectively. (B2): Spatial patterns of the first (left) and second (right) CCAvReg components. (B3): Continuous data before spatial 
filtering (top; electrode Cz) and after spatial filtering with the filters of the first (middle row) and second (bottom; rosy color) component. Amplitude is in arbitrary 
units (a.u.). While data before spatial filtering is strongly affected by the electric stimulus artifact, optimized spatial filtering can almost completely remove it. (B4): In 
the first CCAvReg component (left), responses have the same polarity despite opposite stimulus polarity, indicating an effective rejection of the stimulus artifact by 
spatial filtering. The analysis uncovers an early response (<1 ms) followed by a series of medium-latency eCRs of low amplitude. In the second CCA component right, 
the stimulus artifact appears to be removed incompletely, and, hence, it remains uncertain whether the obtained average component is a genuine eCR. A more 
systematic investigation of recordings is needed to enable an interpretation of these findings. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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the xDAWN algorithm (Rivet et al., 2009) maximizes the correlation of 
single-trial responses to the average stimulus response and is therefore 
specifically suited for the analysis of evoked HFO such as conceptualized 
in the context of STN-DBS. Multiple uncorrelated source components 
can be extracted simultaneously and are sorted according to their degree 
of stimulus locking and latencies/phase shifts. Optimal spatial filtering 
approximately leads to a doubling of the SNR in case of somatosensory 
HFO (Waterstraat et al., 2015a, 2015b). 

Furthermore, spatial filtering methods provide information about 
the localization of a source component. For every spatial filter, a cor
responding activation pattern can be obtained indicating the strength 
and polarity of the represented source at every sensor (Haufe et al., 
2014). This information can in turn be used for improved inverse source 
reconstruction of the extracted components. 

Altogether, a promising recipe (Waterstraat et al., 2015b) for an 
optimized detection and analysis of HFO is composed of: (I) signal- 
tailored band-pass filtering in the frequency range of interest, (II) low- 
noise recording technology, and (III) optimal spatial filtering to utilize 
and determine the distributed spatial field of HFO sources. An example, 
applying this analysis recipe to non-invasive surface EEG data during 
130 Hz STN-DBS, is given in Fig. 3. 

5. Conclusion 

The HDP can be characterized anatomically as well as electrophys
iologically. In the physiological state the HDP is mainly relevant for 
sending inhibitory signals to the STN. Anatomical studies indicate a 
widespread cortical distribution of fibers that project to the STN (Can
teras et al., 1990; Nambu et al., 1996). In line with this medium-latency 
eCR due to STN-DBS exhibit a wide cortical distribution that depends on 
the stimulated subsection of the STN (Miocinovic et al., 2018). These 
medium-latency eCR might even serve as potential biomarker for ther
apeutic effects of STN-DBS. In addition, the connectivity between STN 
and cortical areas relates to the efficacy of STN-DBS (Akram et al., 2017; 
Maurice et al., 1998). 

We propose that the activation sequence of eCR can be conceptual
ized as HFO of about 500 Hz for the purpose of signal analysis. However, 
standard experimental paradigms do not trigger electromagnetic fields 
as strong as STN-DBS, rendering the non-invasive recording of the eCR- 
HFO technically challenging. A successful detection of low amplitude 
HFO requires a recording technology with a low inherent noise level, 
band-pass filtering in the frequency range of interest, and well adapted 
spatial filtering. Applying this approach, the SNR can be substantially 
improved and HFO can even be detected on a single-trial level (Water
straat et al., 2015b). 
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Waterstraat, G., Teleńczuk, B., Burghoff, M., Fedele, T., Scheer, H.J., Curio, G., 2012. Are 
high-frequency (600 Hz) oscillations in human somatosensory evoked potentials due 
to phase-resetting phenomena? Clin. Neurophysiol. 123, 2064–2073. https://doi. 
org/10.1016/j.clinph.2012.03.013. 

Waterstraat, G., Burghoff, M., Fedele, T., Nikulin, V., Scheer, H.J., Curio, G., 2015a. Non- 
invasive single-trial EEG detection of evoked human neocortical population spikes. 
NeuroImage 105, 13–20. https://doi.org/10.1016/j.neuroimage.2014.10.024. 

Waterstraat, G., Fedele, T., Burghoff, M., Scheer, H.-J., Curio, G., 2015b. Recording 
human cortical population spikes non-invasively–An EEG tutorial. J. Neurosci. 
Methods 250, 74–84. https://doi.org/10.1016/j.jneumeth.2014.08.013. 

Waterstraat, G., Scheuermann, M., Curio, G., 2016. Non-invasive single-trial detection of 
variable population spike responses in human somatosensory evoked potentials. 
Clin. Neurophysiol. 127, 1872–1878. https://doi.org/10.1016/j. 
clinph.2015.12.005. 

Waterstraat, G., Curio, G., Nikulin, V.V., 2017. On optimal spatial filtering for the 
detection of phase coupling in multivariate neural recordings. NeuroImage 157, 
331–340. https://doi.org/10.1016/j.neuroimage.2017.06.025. 

Waterstraat, G., Körber, R., Storm, J.H., Curio, G., 2021. Noninvasive neuromagnetic 
single-trial analysis of human neocortical population spikes. Proc. Natl. Acad. Sci. U. 
S. A. 118, 2017401118. https://doi.org/10.1073/pnas.2017401118. 
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