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Abstract

Parkinson’s disease (PD) is a complex neurodegenerative disorder, associated with dopaminergic
denervation of the basal ganglia (BG), resulting in aberrant activity patterns of surviving neurons. Early
electrophysiological recordings in parkinsonian animals at both cortical and BG level helped in investigating
cortico-thalamo-BG-cortical circuit dysfunction and developing the models of PD-related changes in neuronal
activity (rate, rhythm, or synchronization). In addition, invasive recordings in PD patients during Deep Brain
Stimulation (DBS) procedure, apart from verifying a lot of characteristics of the models, contributed to the
identification of neurophysiological parameters that could play the role of a biomarker. In the field of DBS
neurophysiology, the term biomarker is commonly used to describe a brain activity pattern that provides
information, apart from the pathophysiological changes, for a specific clinical condition or a therapeutic
effect. Local field potentials (LFPs) represent synchronized presynaptic and postsynaptic activity of large
neuronal populations in direct vicinity to the implanted electrode. LFPs from DBS electrodes could give
direct insight into electrophysiological dynamics of affected network nodes targeted by DBS. This review
will discuss some potential biomarkers that characterize the neurophysiological changes in PD and their
possible utility for monitoring and treatment of the corresponding PD symptoms.

Key Words: Parkinson’s Disease, biomarkers, cerebral cortex, basal ganglia, neurophysiology, oscillatory activity,
phase-amplitude coupling, local field potentials.

NEYPOOYZIOAOTIIKOI BIOAEIKTEZ AINMO TON ETKE®A-
NAIKO ®AOIO KAI TA BAZIKA TAITAIA £THN NOzO TOY
NMAPKINZON.
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MNepiAnyn

H véoos tou Mdépkivoov (NIM) eival pia ouvBetn veupoegkpuioukn diatapaxh, cuoxeuldPevn Pe T viona-
HIVEPYIKA anoveUpwon twv Bacikwv yayydiwv (Bl), nou obnyei o avopania potifa dpactnpidtntas twv
dlaocwBévwv veupmvwy twv Bl Mpwipes NAEKTPOPUCIONOYIKES KATaypaPES O NAPKIVOOVIKE {wIKA poviEna
BonBnoav otn digpelivnon ts ducneitoupyias twv KukAwpdtwy pAolou-Banduou-Br-gpAolol kar npdteivav
poviéna nou nepigéypagav us afiayés tns veupwvikhs Spaoctnpidtntas (ouxvotntd, pubuods h cuyxpoviopds
ekpopticewv) nou oxetidovtal pe tnv NIM. Enindéov, ol enepPatkés kataypapés o acbeveis pye PD katd
n Oidpkeia tns diadikaoias tns Ev tw BaBel Eykepanikns Aiéyepons (DBS), enannBeucav noAnd ané ta
xapaknplioukd twv napandvw poviénwy, oupPfdniovias napdidnia otnv avédeign veupoPuaoionoyikmV
napapétpwy, nou Ba pynopoucav va nai€ouv 1 pénio Biodeikin. Yn veupopuoionoyia tou DBS, o 6pos
Blodeikns xpnaoiponolgital cuxvd yia va nepiypdyel éva npdtuno sykepanikhs dpaotnpidtntas, nou napé-
X€l NANPOQOPIES YIa CUyKekpIPEva oupntpata h Bepaneutkd anoteféopata. Ta tonikd duvapikd nedi-
ou (LFPs) avunpoowneUouv TV CUyXpOoVIOUEVN NPOCUVANUKA Kal Jetacuvanukh dpactnpiétnta peydnwy
nNANBUOPWV VEUpWVWY OE AUEON VeIviaon PE ta epQuUTIEUPéva nAektpddia. H kataypaph twv LFPs and ta
nAektpddIa Ba unopouoe va Npoopépel dueon nNAnpo@dpNoN yia td nAektpo@ualonoyikd dedopéva twv
KUKAWPAETWY Kal twv nuphvwy — otoxwv tou DBS. Ytnv avackénnon auth Ba yivel avapopd o€ mbavous
Blodeiktes nou xapaktnpifouv us v Ndyw veupopualiofoyikés adfayés otnv NI kal th xpnolpyétnta tous yid
v napakoiouBnon kal tn Bepaneia twv cUPNTWHPAETWY Nou OXETIoVIal e AUTES.

Né€eis kNe1d1a: Nooos MNdpkivoov; Biodeiktes; Baoikd yayynia; eykepanikos pAoids;veupopualonoyia; vEupwvikh 6pa-
otnpI6TNTa; Tonika duvapika nedia;
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Introduction

Parkinson’s disease (PD) is a common and disabling
movement disorder owing to dopaminergic denerva-
tion in basal ganglia (BG). The core pathology is the
degeneration of the dopaminergic neurons in the
substantia nigra pars compacta (SNc) that project
to the striatum. Striatum is the major gate of the
basal ganglia, receiving inputs from thalamus and
the cerebral cortex and projecting to the pallidonigral
system." Therefore, cortical mode and thalamocorti-
cal coupling, being the major carriers of information,
could play a major role for basal ganglia function.
An early raised question was how the basal ganglia
translate cortical inputs under physiological con-
ditions and consequently how is this transformed
under abnormal conditions. This ‘reading’ of cortical
activity has been extensively studied in both animals
and humans, especially during operations for DBS
treatment of PD patients. Physiological studies of
simultaneously recorded neurons in basal ganglia,
cortex and cerebellum gave us a window for brain
dysfunction in PD.

Cortical Dynamics

The recording of neuronal signals directly from
the cortical surface of the brain was first reported
in rabbits and monkeys by the British physician Rich-
ard Caton in 18752 and in humans by the German
psychiatrist Hans Berger in 1924.3 Recording of brain
potentials by means of electroencephalography and
recordings by means of electromyography (mainly
during surgical interventions for the treatment of
epilepsy) were historically the first organized record-
ings of the electrical activity of the human cerebral
cortex.

The early years

There have been several early reports concern-
ing electroencephalography (EEG) in PD. In most
of them, EEGs have been diagnosed as abnormal
in up to 30-50% of the cases.*>%7 These early re-
cordings were analogic and their analysis consisted
of simple visual qualitive inspection of the signals.
Therefore, only rough conclusions could be drawn,
concerning obvious signal changes on a restricted
time scale. Generally speaking, the most prominent
and frequent findings of these early works were an
increase in the sum of lower frequencies as well as a
slowing of a rate. These findings were non-specific.®

In the following years, EEG studies in PD patients
noticed that a general disturbance of the EEG, to-
gether with some other indicators of brain dysfunc-
tion, is related to an increased risk of a progres-
sive dementing process.® In 1988, Neufeldt et al.
reported a significant association between occipital
background slowing and motor disability in non-de-
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mented patients.” In 1991, Soikkeli et al. suggested
that the absolute and relative amplitudes of delta,
theta, alpha and beta bands and the peak and mean
frequency differed significantly in Parkinson’s demen-
tia patients. An interesting finding of the study was
the increase of delta activity in Parkinsonian patients
without dementia, and the theta activity. The fre-
guencies were slower than in controls.?

Digital era

Since the 1990s, the use of digital devices for sig-
nal storage and the use of large-scale computational
methods for data processing have led to the most
profound and most extensive investigation of CNS
electrical potentials. Apart from the development of
computing power through digital devices, invasive
recordings in PD patients, which occurred from the
development of invasive treatments for the disease,
provided direct information concerning PD neuro-
physiology. Since the mid-1990s, studies of electrical
brain potentials in PD - and movement disorders in
general - have been steadily increasing.''213

Scalp EEG versus electrocorticography

Scalp EEG is limited by poor source localization
and low signal amplitude, which is problematic for
studying higher frequencies and is also poisoned by
heaps of spurious potentials (movements, etc.).'
The electrocorticography technique, in contrast,
has high signal amplitude, excellent spatial
localization, and, in the context of movement
disorders surgery, does not require additional brain
penetrations or surgical exposure. Furthermore,
broadband spectral gamma power in cortical local
field potentials is thought to reflect underlying
pyramidal cell spiking activity, suggesting that
electrocorticography may provide a new technique
for assessment of underlying neuronal activation
state in human movement disorders.'> Although
widely used in studies of the “normal” physiology
of the sensorimotor cortex in humans with epilepsy,
electrocorticography had not been applied
extensively to the study of the most common
movement disorders.'617:18.19

Central oscillations

Neurophysiological recordings were used to
highlight the role of central oscillators in tremor in
Parkinson’s disease. Oscillatory activities have been
reported at a variety of frequencies between 4 and
60 Hz.2° After a series of animal and human studies,
especially during Deep Brain Stimulation (DBS) pro-
cedures, several discrete forms of oscillatory activity
in the basal ganglia have been demonstrated.?! In
addition, electroencephalography (EEG) and mag-
netoencephalography (MEG) studies have shown
oscillatory activity at the tremor frequency through-
out the cerebellar-thalamic-cortical circuit.?22?*These
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oscillations play an important role in both normal
function and the pathophysiology of movement dis-
orders.?42>26|n 2003, Timermann et al. demonstrated
tremor-related oscillatory activity within a cerebral
network, with abnormal coupling in a cerebello-
diencephalic-cortical loop and cortical motor and
sensory areas contralateral to the tremor hand. The
main frequency of cerebro-cerebellar coupling cor-
responded to double the tremor frequency.?? The
hypotheses for many of the above studies was that
excessive oscillatory synchronization in the basal gan-
glia-thalamocortical motor network at or near 20
Hz is a clear and distinctive feature and may underlie
bradykinesia."?”? Hammond et al. demonstrated in
2007 that in Parkinsonian patients an abnormally
synchronized oscillatory activity occurs at multiple
levels of the basal ganglia-cortical loop. Notably,
this excessive synchronization correlates with motor
deficit, and its suppression by dopaminergic thera-
pies, ablative surgery, or DBS might provide the basic
mechanism whereby diverse therapeutic strategies
ameliorate motor impairment in PD patients.’

Increased cortical beta power

EEG and MEG studies suggest that advanced PD
is associated with pathologically increased cortical
beta power.?° This association between beta cortical
power and PD has also been demonstrated in animal
models of PD with dopamine depletion.?® However,
increased cortical beta power has also been demon-
strated in early PD, especially in bilateral primary sen-
sorimotor cortices.?' In particular, Crowell et al., using
corticography during DBS surgery for PD, demon-
strated that primary motor cortex broadband spectral
power is increased in those patients.?’ This increase
extended over a very broad frequency range, from as
low as 20 Hz to >200 Hz, always taking into account
the specific conditions under which the recordings
were made (“off” state, during surgery etc.). Broad-
band spectral power changes are thought to reflect
asynchronous spiking activity in the region underlying
the recording electrode.’ However, we should keep
in mind that cortical broadband local field potential
(LFP) power also correlates with the blood oxygen
level-dependent (BOLD) signal on functional MRI
studies.*? Following this finding, the question raised is
whether this is related to the metabolic disorder and
not to a real change in neurophysiological pattern.

Cortical desynchronization seems to be a consist-
ent finding and could have different interpretations.
Since recordings concern DBS surgeries, we are deal-
ing with patients with advanced disease, and it is not
therefore clear if cortical desynchronization reflects a
primary abnormality or a compensatory mechanism.
Delong proposed from early 90's that the original
‘rate model’ of basal ganglia and cortical function in
PD posited resting state cortical hypoactivity, driven

by excessive inhibitory basal ganglia output.3* Crowell
et al., based on corticocortical recordings, proposed
another hypothesis for the increased subthalamic
nucleus single unit discharge that is characteristic of
the parkinsonian state: subthalamic nucleus hyper-
activity may be driven by an overactive cortical area,
via the cortico-subthalamic ‘hyperdirect’ pathway.?

Corticography also carries some limitations since
its findings depend on the underlying cortical signal
generators. How much does brain atrophy affect
outcomes in Parkinson’s disease? How much are
outcomes affected by levodopa administration or
the existence or non-existence of tremor? Another
disadvantage of corticography studies - not only
in Parkinson’s disease - is the lack of controls, i.e.
healthy controls.

B-synchronization

At this point, it should be noted that in a series
of studies with transcranial alternating current there
were conflicting results. For example, Timmermann
et al. demonstrated worsening of Unified Parkin-
son’s Disease Rating Scale (UPDRS) scores with STN
DBS at 10 Hz but not at 20 Hz, compared to no
stimulation.?® Chen et al., studying the increasing
slope in a reaction time catch task, demonstrated a
reduction with 20 Hz but not with 5 or 10 Hz STN
DBS compared to no stimulation.?' Eusebio et al.
reported that finger tapping rate was reduced with
STN DBS at 5 Hz and 20 Hz but not at 10 Hz.3**The
above findings suggest that no single pathological
frequency may reflect all parkinsonian motor symp-
toms. It is possible that specific frequency bands
are associated with specific motor performance pa-
rameters.3’ This led to the concept that measures of
brain physiology reflecting B-synchronization could
be potential “biomarkers” for the pathophysiology
of PD. Such objective measures of PD symptoms
would have enormous clinical potential for diagnos-
ing, monitoring, and tailoring patient treatments. In
particular, the cortical B-waveform shape may indi-
cate the summation of synchronous inputs (perhaps
from the basal ganglia via the thalamus) to cortical
pyramidal neurons.3®

Phase-Amplitude Coupling (PAC)

Another biomarker under investigation in move-
ment disorders is the phase-amplitude coupling
(PAC). PAC is the coupling of the phase of slower
electrophysiological oscillations with the amplitude of
faster oscillations and is thought to facilitate dynamic
integration of neural activity in the brain.**While
conventional signal processing measures, such as
B power, have failed to reliably differentiate PD as
a function of cortical severity or diagnosis, phase-
amplitude coupling (PAC) between B and broadband
y (50-150 Hz) seems more promising.*®#'Specifically,
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phase-amplitude coupling (PAC) over the motor cor-
tex, detected using electrocorticography (ECoG),
is increased in PD compared to other groups and
decreased with DBS in a clinically relevant manner.2
Interestingly, after characterizing PAC with ECoG, it
was shown that increased PAC can also be detected
non-invasively with scalp electroencephalography
(EEG).* In addition, PAC recorded with scalp EEG
could differentiate PD patients on and off medication
and differentiate PD patients off medication from
healthy controls. Increased beta-gamma PAC in PD
was first found with interventional electrocorticog-
raphy (ECoG) studies,*>4' and subsequently demon-
strated in EEG studies.** Increased beta-gamma PAC
in the sensorimotor cortex was found in untreated
PD patients compared to healthy controls and those
taking medication.*?

Pattern of B-oscillations

The pattern of beta oscillations could be con-
sidered as another neurophysiological biomarker.
PD patients’ brain activity is characterized by beta
oscillations with a non-sinusoidal shape. Further-
more, the pattern changes with medication status,
as greater sharpness asymmetry and slope asymmetry
of regular beta oscillations over sensorimotor cortex,
were found in drug-free PD patients as opposed to
those on medication. Specifically, B oscillations in
areas above sensorimotor cortex in untreated PD
patients had greater sharpness and slope asymmetry
compared to patients on medication. These findings
suggest that new ways of measuring B-synchrony
incorporating waveform shape could improve the
detection of PD pathophysiology in noninvasive re-

cordings.*

Parkinson’s Disease: Possible
neurophysiological biomarkers at basal
ganglia level.

The principal goal of Deep Brain Stimulation (DBS)
of the subthalamic nucleus (STN) or internal globus
pallidus (GPi) is the improvement of major clinical
motor symptoms of Parkinson’s disease (PD) such
as tremor, bradykinesia and rigidity, along with im-
provement of motor response complications.4>4
However, the success of DBS depends fundamentally
in placing the DBS electrodes with high precision into
the sensorimotor region of the STN corresponding
to the dorsolateral posterior part of the nucleus, or
the GPi corresponding to its posteroventral part.#’ To
achieve a high precision implantation in this region,
intraoperative microelectrode recordings (MER) of the
neuronal electrical activity from targeted structures
are widely used. The main principle underlying this
procedure is that in hypo-dopaminergic (parkinso-
nian) state increased firing rates and discharge pat-
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terns of neurons both in the STN and the GPi are
so characteristic that constitute the hallmark of the
nuclei.*®4°

The increased firing rates of STN and GPi are in
concordance with the so-called “rate” or “classical”
model of basal ganglia (BG). The classical model of
basal ganglia function has critically helped under-
standing of how dopamine contributes to motor
output and how loss of midbrain dopamine neurons
leads to circuit-level changes underlying the motor
symptoms of PD.5%5" |ts basic assumption, generating
several (but not all) testable predictions regarding
changes in firing rate throughout the basal ganglia
in Parkinson's disease, is that information is encoded
in the firing rate of individual neurons.>>>3 Moreover,
evidence linking changes in basal ganglia neuro-
physiology with PD motor deficits, including both
observational and interventional evidence obtained
from PD patients, as well as parkinsonian nonhuman
primate and rodent models, also revealed changes
in firing patterns and synchrony.

Indeed, additional neurophysiological character-
istic findings in BG in parkinsonian state, are the
emergence of burst discharges, greater synchrony
of firing between neighboring neurons, oscillatory
activity patterns, and excessive coupling of oscilla-
tory activities at different frequencies, which are in
concordance with what is called “pattern” model.">*
Such oscillatory activity could be generated internally
within the basal ganglia but also, and perhaps more
likely, as part of a larger network involving the cor-
tex and thalamus. All these alterations of neuronal
activities in parkinsonism prevent the normal separa-
tion of the firing of individual neurons in the basal
ganglia, limiting the space available for information
coding through spatial selectivity and/or temporal
patterning and thus impairing motor processing.’
Consequently, the pattern model provides an at-
tractive view of adaptive and maladaptive plasticity
processes involved in PD.

Local Field Potentials (LFPs)

The resulting neuronal synchrony is also implied by
the finding of increased amplitudes of local field po-
tentials (LFPs) in the beta-band range of frequencies
(10-30 Hz) in the basal ganglia and cortex.>>%% LFPs
are summations of extracellular electrophysiologic
activity of a population of neurons occupying a small
area, being recorded using intracerebral electrodes.

Further on, recording LFPs through macroelec-
trodes implanted in the STN or GPi for DBS in Par-
kinsonian patients has brought to light the follow-
ing associations: (a) The 11-30 Hz (beta band) peak
characterizes the "off"” parkinsonian state and a 4-6
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Hz peak appears in patients with tremor. (b) In the
“On" pharmacological state there is a predominant
60-80 Hz gamma band peak, while beta rhythm is
drastically attenuated. () In patients with levodopa-
induced dyskinesias there is predominant 4-10 Hz
activity. These findings indicate that the degree of
neuronal synchronization and discharge pattern in
PD change drastically within the BG in direct relation
with the degree of dopaminergic deficit or replace-
ment.5”85 The same holds true for the antiparkin-
sonian effect of DBS. Recordings from STN during
electrical stimulation at frequency of 130 Hz have
revealed a tapering of beta band during “Stim ON”
phase. 6061

Moreover, several other recording data suggest
that: (a) Patterns of LFPs of GPi are different in Par-
kinson'’s disease from dystonia.®? (b) The detection of
dorsolateral posterior STN LFPs activity is considered
as the electrophysiological “sweet spot” for effective
clinical outcome.®® These neurophysiological charac-
teristics contribute to the definition of the optimal
DBS implantation trajectory, as well as to the opti-
mum adjustment of stimulation parameters.64856¢(c)
LFP recordings may also prove useful toward quan-
tification of motor subtypes of Parkinson’s disease®”
and severity of rigidity and bradykinesia in PD.%®

Recent studies have further used various record-
ings using MER with the advent of sophisticated
analysis and modeling for localizing dorsal-ventral
border of STN®® and predicting therapeutic volume
of tissue activation.”

Phase-Amplitude Coupling (PAC)

As already mentioned earlier, changes in coupling
between the phase of low-frequency and the ampli-
tude of high-frequency oscillations [phase-amplitude
coupling (PAC)] have also been proposed as biomark-
ers of PD. More recent studies hypothesize that PAC
could be a robust biomarker of PD.“%7" PD patients
exhibited a reduction of PAC measured in the STN
after levodopa administration’2. The studies by de
Hemptinne et al. showed that PD patients were more
likely to exhibit significant measurements of PAC in
the primary motor cortex (M1) compared to epilepsy
and dystonia controls, and that cortical PAC was
reduced during therapeutic STN DBS.4%4! A study
using LFPs from microelectrode recordings in the
nonhuman primate MPTP PD model demonstrated
that PAC in the pallidum progressively increased in

concordance with parkinsonism severity.”!

High Frequency Oscillations (HFOs)

Other researchers have suggested that changes in
the high-frequency side of the spectrum (200-400
Hz) may also be associated with PD. For example, it
was showed that levodopa administration elicited an
increase in power at 320 Hz in the STN of PD patients

implanted with DBS leads and demonstrated that
the power between 200 and 300 Hz in the internal
segment of the globus pallidus (GPi) of PD patients
was movement dependent.’”>74 Both groups of inves-
tigators hypothesized that these high-frequency os-
cillations (HFOs) are required for normal information
processing and motor control. On contrary, recent
findings from GPi recordings provide evidence that
exaggerated, movement-modulated HFOs in the
GPi are pathophysiological features of PD. These
findings suggest that the functional role(s) of HFOs
may differ between the STN and GPi and motivate
additional investigations regarding their relationship
to motor control in normal and diseased states. The
same group stress the possibility of the utility of HFOs
in the development of electrophysiological-based
adaptive DBS approaches, for example with HFOs
in the GPi being a potential functional marker of
motor state.”

Towards biomarkers for closed-loop
(adaptive) DBS

Therefore, identifying neurophysiological biomark-
ers that correlate with motor symptoms or disease
severity will be supportive in understanding the
pathophysiology of PD and developing more effective
treatments. As a matter of fact, there is particular
interest in incorporating such biomarkers into devices
that could deliver closed-loop deep brain stimula-
tion (DBS) tailored to the clinical state of individual
patients.”®”” Biomarkers derived from LFPs seem at-
tractive for closed-loop-sensing DBS because they
can be recorded continuously from brain structures
via permanently implanted electrodes.”®7?

Along with its definition as a characteristic that
is measured as an indicator of normal biological
processes, pathogenic processes or responses to an
exposure or intervention,® a biomarker should also
fulfil three criteria of clinical usefulness. An ideal
biomarker should be:

1. Indicative (Is the neurophysiological biomarker
sufficiently linked to the severity of fluctuating
symptoms?)

2. Individual (Is the neurophysiological biomarker
detectable in every patient and patient-specific
if needed?)

3. Implementable (Is the neurophysiological bio-
marker (technically) capable of automatically
titrating stimulation?).®!

Hence, current adaptive applications such as sens-
ing-enabled DBS devices, would likely need to be im-
proved addressing all three of the criteria, providing
an optimum performance to the patients, through
valid closed-loop algorithms, that can automatically
detect relevant biomarkers for titrating stimulation
with minimum clinical intervention.
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Neurophysiological biomarkers to optimize
DBS in Parkinson’s disease

Implantation of DBS electrodes provides the
unique opportunity to record in vivo deep brain ac-
tivity. Local field potentials (LFPs) represent synchro-
nized presynaptic and postsynaptic activity of large
neuronal populations in direct vicinity to the target
area. LFPs from DBS electrodes could give direct in-
sight into electrophysiological dynamics of affected
network nodes targeted by DBS, enabling therefore
a systematic phenotyping of oscillatory patterns in
patients undergoing DBS surgery.

In the field of DBS neurophysiology, the term
biomarker is commonly used to describe a brain ac-
tivity pattern that provides information on specific
symptoms or therapeutic effects. An ideal biomarker
should have a direct correlation to clinical symptoms,
tracking disease state constantly and dynamically,
with minimal sampling error. In the case of neuro-
physiological biomarkers, desirable characteristics
include signal stability over time and across multiple
conditions, as well as differentiation from ongo-
ing spontaneous activity. Fulfillment of the afore-
mentioned criteria is very important when we are
dealing with adaptive DBS (aDBS), since adaptive
control systems require a reliable and informative
feedback signal to support appropriate therapeutic
adaptations.®

LFPs in the beta band frequency (13-35 Hz)

LFP recordings from the STN or GPi consistently
demonstrate excessively synchronized activity in the
beta band frequency (13-35 Hz) in patients with PD
during “off” periods or after withdrawal of dopamin-
ergic medications. Beta power was first found by Pe-
ter Brown in 2001 to be abnormally high in the STN
of untreated PD patients. Beta power decreases dur-
ing movement preparation and execution, showing
a significant rebound after movement termination.
One should keep in mind that beta activity is not
specific to PD or even pathological per se. Excessive
beta activity in PD most likely reflects a pathological
alteration of physiological synchronization involved
in dynamic brain state transitions.®

Beta band and aDBS

Beta band is the most studied neurophysiologi-
cal biomarker in the design of aDBS. Beta activity
is considered to be the most suitable feedback sign
for aDBS due to its clinical relevance and consist-
ency. Beta activity correlates with the presence of
contralateral rigidity and bradykinesia. Moreover,
dopaminergic and DBS induced suppression of beta
activity correlates with the improvement of motor
impairment. Clinical implementation of sensing-
enabled pulse generators provides the opportunity
of safe, long-term recording of beta activity. Interest-
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ingly, the significant correlation between beta power
and disease severity does not diminish over time.
Since beta activity is measurable and consistently
correlates with contralateral akinetic-rigid symptoms
and their response to DBS therapy, it is currently
regarded as a reliable neurophysiological biomarker
to optimize DBS in patients with PD.8

Low beta (13-20 Hz) and high beta (21-35 Hz)
bands

Beta activity is divided into two separate frequency
components with rather distinct functions: low beta
(13-20 Hz) and high beta (21-35 Hz). Low beta activ-
ity is more dominant within the STN and is generally
considered as a pathological oscillation. Low beta
activity is more sensitive to the beneficial effects of
levodopa. Moreover, the power of low beta activity
correlates with disease severity. In contrast to the
low beta band, which plays a local (intraregional)
role, high beta is related to long-distance (interre-
gional) coupling. It has been suggested that high
beta activity is a unique spectral signature of the
hyperdirect pathway.®

Phase-amplitude coupling (PAC)

Phase-amplitude coupling (PAC) between STN
high beta activity and cortical high-frequency oscil-
lations (HFOs) is regarded as prokinetic and physi-
ological. Higher high beta-cortical HFO coupling is
in principle associated with significantly better mo-
tor performance. Hence, phase-amplitude coupling
(PAC) between STN and motor cortex is regarded as a
promising electrophysiological biomarker for aDBS.8

Beta bursts and aDBS

Physiological beta activity consists of some short-
lived phasic bursts. Larger and longer duration bursts
usually indicate pathological beta activity. In PD, the
presence of abnormal beta bursts is significantly cor-
related with the degree of motor impairment and
the severity of akinetic-rigid symptoms.8”:# Diminish-
ment of beta bursts amplitude and duration during
movement, along with the levodopa and DBS effect
on STN beta bursts distribution from long to short
duration, make beta bursts a promising biomarker
for aDBS. Having set a threshold to quantify and
define beta bursts, aDBS could selectively trim larger
and longer bursts, leading to a restoration of physi-
ological STN beta activity, as well as a prevention of
overtreatment that will cause dyskinesias.

Beta band and post-operative programming

Beta activity can also serve as a feedback signal to
predict the optimal stimulation contacts. The contact
pair with maximal STN beta power is very likely to
provide the best symptom control and has the wid-
est therapeutic window. If a particular contact pair
has stronger beta activity, these two contacts are
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more likely to be close to the pathological source.
Accordingly, a lower amount of current is required
to reach clinical improvement.®

Low frequency (LF) range: theta (4-7 Hz) and
alpha (8-12 Hz) bands

Theta (4-7 Hz) and alpha (8-12 Hz) are usually
discussed together, collectively referred to as the
low frequency (LF) band. LF activity, recorded both
from STN and GPi, showed a great increase after
levodopa intake or DBS stimulation, in association
with PD motor symptoms alleviation. LF has been
also correlated to peak-dose as well as biphasic dys-
kinesias.® Therefore, it has been suggested that LF
could be considered as biomarker for aDBS.

LF/beta power ratio

In particular, LF/beta power ratio has been intro-
duced as a reliable feedback signal for triggering
closed-loop DBS. In the “off” state, STN power is low
in LF and high in beta band, triggering the stimula-
tion to turn on. On the contrary, in the “on” - as
well as in the “overtreatment” - state, STN power
is in a way transferred from beta to the LF band,
increasing the LF/beta ratio and consequently turn-
ing the stimulation off. It has been suggested that
application of LF/beta ratio as a biomarker could
also help reducing stimulation-related side effects.>®

LF vs. beta power

Compared with beta power alone, STN LF activity
may have two advantages as a supplementary feed-
back signal. First, beta activity is mainly located in the
dorsolateral STN, while LF is usually more widespread,
with its peak tracked in the ventromedial STN. In
view of the fact that the stimulating electrode is
constantly adjusted to achieve optimal efficacy, while
simultaneous stimulating and recording cannot be
performed in the same contact, it is obviously mean-
ingful to be able to record feedback signals from
both the dorsal and ventral STN. Second, beta activ-
ity is more correlated with rigidity and bradykinesia
compared to rest tremor.°" LF band, ranging from 4
to 12 Hz, normally includes tremor frequency band
(4-8 Hz). Therefore, LF could potentially serve as a
supplementary electrophysiological biomarker in
tremor dominant patients. However, since LF band
enhancement has been associated with rest tremor
as well as levodopa-induced dyskinesias (LIDs), a lack
of precise distinction between these two states could
lead to undesirable side effects when applying DBS.
Machine learning algorithms and multifeatured engi-
neering have been proved helpful for the quick and

accurate detection of rest tremor.?23

Tremor frequency (4-8 Hz)

Oscillations within the tremor frequency (TF) band
(4-8 Hz) are detected in the STN of tremor dominant

PD patients. On the other hand, there is no correla-
tion between beta power and rest tremor, likely im-
plying that different pathophysiological mechanisms
are involved in tremor generation and akinetic-rigid
symptoms. In fact, in tremor dominant PD patients,
beta power was found to significantly decrease along
with tremor frequency enhancement. It has been hy-
pothesized that rest tremor reduces STN beta power
while simultaneously increasing TF. Hence, it has
been suggested that a combination of TF and beta
power could provide adequate information in the
case of aDBS, releasing stimulation whenever STN
power increases in the band of TF while decreasing
in the beta band. However, it should be noted that
TF oscillations normally occur shortly after tremor
onset. This short latency period has been reported to
vary between 150ms and several seconds. Therefore,
the length of the aforementioned latency period
should be taken under consideration when using
TF as feedback signal for aDBS.%?

Gamma band (35-200 Hz)

Gamma band activity is generally regarded as
prokinetic, acting as a compensatory mechanism
for the akinetic role played by beta activity. A posi-
tive correlation between movement velocity and
an increase in the STN narrow gamma band activity
(40-90 Hz) has been established. The synchronization
of gamma power during movement occurs in bursts,
with gamma burst rates significantly increasing in
parallel with fast movements.®* Movement-related
gamma band augmentation is not restricted to the
STN, being also present in the cortex. In contrast
to beta activity response, levodopa administration
leads to gamma power enhancement. Moreover,
peak-dose dyskinesias are associated with gamma
band overactivity. Nonetheless, studies have shown
that low gamma activity (35-45 Hz) is associated with
rest tremor severity. A possible explanation to this
contradictory finding could be that tremor amplitude
increases during stress when STN gamma oscillations
become stronger.

High Frequency Oscillations (>200 Hz)

Similar to gamma band activity, high frequency os-
cillations (HFOs) are considered to be prokinetic. HFO
power increases at movement onset, as well as after
levodopa administration. Given the prokinetic nature
of HFO, it has been postulated that high-frequency
STN-DBS improves PD motor symptoms by evoking
STN neural activities that are quite similar to HFOs.%

Slow HFOs (200-300Hz) and Fast HFOs (300-
400Hz) - sHFO/fHFO ratio

HFOs are divided into two subgroups: slow (200-
300 Hz) and fast (300-400 Hz) HFOs. These two
subgroups have distinct functional roles with clini-
cal relevance in the case of aDBS. Slow HFO (sHFO)
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power is more pronounced in the “off” state and
undergoes a significant decrease following levodopa
administration. On the contrary, fast (fHFO) activity
is remarkably enhanced after levodopa intake, re-
sulting in a substantial power increase in the overall
HFO band. Moreover, fHFO power is inversely cor-
related to akinesia. Power transition from sHFO to
fHFO is regarded as an electrophysiological signal of
shifting from the hypo-dopaminergic to the hyper-
dopaminergic state.®® In particular, power sHFO/
fHFO ratio is significantly associated with akinesia/
rigidity UPDRS-IIl scores. Additionally, power sHFO/
fHFO is found to be significantly different between
tremor and non-tremor states. As previously men-
tioned, tremor at rest does not reliably correlate with
beta band activity. However, a frequency shift from
SHFO toward fHFO may be a reliable biomarker of
PD tremor. Furthermore, since HFOs are prone to
change on a short timescale, a combination of TF,
beta power and HFO could be valuable in detecting
tremor in aDBS, allowing a much faster triggering of

stimulation compared to beta activity.*’

Conclusion

Deep brain stimulation (DBS) is nowadays consid-
ered as an effective neurosurgical treatment for Par-
kinson's disease (PD). Implanted electrodes provide
the unique opportunity to record subcortical elec-
trophysiological activity in vivo. Local field potentials
(LFPs) is the term coined to describe the recorded
discharges from a cluster of neurons surrounding
the implanted electrode. Compared to cortical neu-
ral signals such as electroencephalography (EEG),
electrocorticography (ECoG), and magnetoencepha-
lography (MEG), LFPs can provide direct insight into
basal ganglia function. In Parkinson’s disease (PD),
local field potentials (LFPs) that are abnormally syn-
chronized in the beta frequency band (13-35 Hz)
correlate with the severity of akinetic-rigid symp-
toms and their response to pharmacological and DBS
therapy. Improvement of akinetic-rigid symptoms
is associated with DBS suppression of abnormally
synchronized LFPs in the low beta frequency band
(13-20 Hz) and facilitation of high frequency gamma
band (35-250 Hz).

DBS treatment could be optimized by adapting
stimulation settings to the presence or absence of
PD symptoms through closed-loop control. This criti-
cally relies on the use of biomarkers extracted from
neurophysiological signals. This form of DBS is called
“adaptive” (aDBS) or “closed-loop” DBS, and is cur-
rently available as clinical care in some countries.
aDBS potentially reduces side-effects due to over-
stimulation, saves battery power consumption, and
holds promise for implementing symptom-specific
stimulation settings. The success of aDBS applications
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critically depends on the quality and predictive value
of the used biomarkers. Ideal biomarkers for adaptive
DBS (aDBS) are indicative of symptom severity, de-
tectable in every patient, and technically suitable for
implementation. In the last decades, much effort has
been put into the detection of local field potential
(LFP) biomarkers and in their use in clinical practice.
Out of the LFP signal features that have been linked
to PD symptom severity so far, the most frequently
reported associations are between UPDRS-IIl (motor)
scores of rigidity and bradykinesia and measures of
contralateral STN beta (13-35 Hz) oscillations. To
date, most aDBS applications have used beta bursts
with a minimum duration and amplitude as bio-
marker for triggering stimulation, with performance
comparable but not superior to continuous DBS. It
appears, though, that beta power alone is not suf-
ficient to explain the full spectrum of Parkinsonian
symptoms. The role of other frequency bands and
the interaction between them needs to be further
explored. Several strategies are being developed to
overcome the limitations of current LFP biomarkers
for aDBS. One promising avenue is the simultaneous
use of multiple signal features to monitor different
symptoms in parallel. In theory, monitoring of the
tremor frequency range could be combined with the
monitoring of beta and gamma oscillations to control
stimulation. In this way, the amplitude of beta oscil-
lations might act as a trigger for switching on or off
the stimulation, while the stimulation amplitude can
be controlled based on gamma band power.

Choosing the right biomarker(s) for aDBS can be
challenging. With further development of hardware
and neurophysiological understanding, it might be
that additional biomarkers can be identified that
are closer to true neurobiological causes. The ideal
adaptive DBS system should be able to differenti-
ate and individualize specific characteristics of the
measured neurophysiological signals in real time,
to then automatically deliver therapeutic electrical
pulses of specific parameters for a specific amount
of time. Neurophysiological biomarkers have great
potential to optimize DBS and move the field toward
adaptive DBS modalities.®!
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Parkinson’s disease dopaminergic denervation in
BG results in aberrant activity patterns of surviv-

troencephalogram in Parkinson’s syndrome.
Electroencephalogr Clin Neurophysiol. 1959
Nov;11(4): 723-731
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Phase-Amplitude Coupling (PAC) are potential ~ [6]  Sirakov AA, Mezan IS. EEG findings in parkin-
biomarkers. sonism. Electroencephalogr Clin Neurophysiol.

e DBS intraoperative recordings from BG have de- 1963 Apr; 15(2): 321-322.
tected oscillatory activity patterns at different  [7]1 Yeager CL, Alberts WW, Delattre LD. Effect
frequencies that characterize different parkin- of stereotaxic surgery upon electroencephalo-
sonian clinical states (“on” or “off"). graphic status of Parkinsonian patients. Neurol-

* The resulting neuronal synchrony is also implied ogy. 1966, 16:904-910. )
by the finding of increased amplitudes of local ~ [8]  Soikkeli R, Partanen J, Soininen H, Paakkonen
field potentials (LFPs) in the beta-band range A., Riekkinen P Sr. Slowing of EEG in Parkmso.n's
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state, 1991 Sep; 79(3):159-65.

e Brain abnormal activity pattern configuration ~ [9] PortinR, Rinne UK. Predictive factors for cogni-
could provide valuable biomarkers that character- tive deterioration and dementia in Parkinson’s
ize not only a pathophysiological substrate, but disease. Adv Neurol. 1987 45:413-416.
also a corresponded specific clinical condition or ~ [10] Neufeld MY, Inzelberg R, Korczyn AD. EEG in
a therapeutic effect. demented and non-demented parkinsonian pa-

 DBS treatment could be optimized by adapting tients. Acta Neurol Scand. 1988 Jul;78(1):1-5.
stimulation settings according to LFPs record- ~ [11] Hirato M, Ishlhara S HO.”IFOASh' S, Sh|bazak| T
ings from the permanent electrode, combined Ohye C. Parkinsonian rigidity, dopa-induced
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