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REVIEW ARTICLE

Turning markers into targets – scoping neural
circuits for motor neurofeedback training in
Parkinson’s disease
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M€unster, M€unster, Germany

ABSTRACT
Purpose: Motor symptoms of patients suffering from Parkinson’s disease (PD)
are currently mainly treated with dopaminergic pharmacology, and where
indicated, with deep brain stimulation. In the last decades, a substantial body
of literature has described neurophysiological correlates related to both
motor symptoms and treatment effects. These mechanistic insights allow, at
least theoretically, for precise targeting of neural processes responsible for PD
motor symptoms.
Materials and methods: Literature search was conducted to identify elec-
trophysiological and hemodynamic signals that may serve as neural targets
for future neurofeedback training protocols.
Results: In particular alpha, beta and gamma oscillations over the motor
cortex show high potential as neural targets for electrophysiological neuro-
feedback training. Hemodynamic functional magnetic resonance imaging
(fMRI) with higher spatial resolution provides additional insights about net-
work activity between cortical and subcortical brain regions in response to
established treatments. fMRI based neurofeedback training (NFT) further
allows targeting involved networks. Hemodynamic functional near infrared
spectroscopy (fNIRS) may be a suitable transfer technology for more and
cost-efficient hemodynamic NFT.
Conclusions: This scoping review presents summarises neural markers that
may be promising for NFT interventions that are informed by validated neural
circuit models. Recommendations for best practice in study design and
reporting are provided, highlighting the importance of adequate control con-
ditions and statistical power.
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1. Introduction

Idiopathic Parkinson’s disease (PD) is the second most common neurode-
generative disease, affecting 1% of people over the age 60 and 3% of peo-
ple over 80 years [1]. Cardinal symptoms in early PD stages include
tremor (shaking of limbs or the head), rigidity (stiffness of joints), brady-
kinesia (slowing of movements) and in later stages akinesia (absence of
movement), as well as postural instability. These motor symptoms form
the basis of the clinical diagnosis of Parkinson’s disease. Other highly
prevalent motor symptoms include motility dysfunction of the gastro-
intestinal system and dysphagia (swallowing difficulties) [2,3], which have
been suggested to indicate prodromal PD stages, and also worsen with
disease progression [4]. Besides motor symptoms, PD patients are also
affected by severe non-motor symptoms that increase with disease pro-
gression. These include neuropsychiatric symptoms such as depression,
sensory deficits and rapid eye movement sleep behaviour disorder (RBD)
as a prodromal syndrome [5,6]. Cognitive deficits, including memory loss,
attention deficits and dementia, manifest in 80–90% of late-stage PD
patients [7,8]. More recent work has further investigated the relationship
between different motor phenotypes and non-motor symptoms [7,9].
Taken together, the neurodegenerative processes occurring in PD affect
multiple systems that impact patients’ quality of life substantially [10].
Current established treatment options mainly consist of physiotherapy,
pharmacotherapy targeting the dopaminergic system and deep brain
stimulation (DBS) of certain basal ganglia structures [11–13].
Electrophysiological studies following pharmacotherapy or DBS treatment
have provided rich insights into the circuit pathophysiology of PD. Here,
I will describe electrophysiological markers that have been reported to
indicate improvements of motor symptoms following established PD
treatment. Some of these have been targeted with brain-machine interfa-
ces, including both invasive and non-invasive neurofeedback training
(NFT). A recent systematic review on NFT for PD found that most
patients were able to self-regulate their own brain activity. However, pub-
lished studies thus far often lack rigorous study designs (e.g., control con-
ditions), as well as adequate outcome assessment and statistical reporting
[14]. The NFT literature for PD is thus likely too premature to evaluate
advantages and disadvantages of different approaches based on empirical
data. The available literature on established therapies offers many lessons
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that neurorehabilitation interventions such as NFT can learn from to
determine promising neural targets. Hence, the focus of this scoping
review will be to provide an overview of identified (pathophysiological)
mechanisms with the aim to provide Bacomicists with suggestions for
potential neural targets.

2. Revisiting neuroanatomy – a three-way conversation

The underlying molecular neuropathology of PD is complex and affects mul-
tiple neurotransmitter systems including the serotonergic raphe nuclei, the
cholinergic nucleus basalis, as well as the dopaminergic midbrain [15].
Central to the study of key motor symptoms and established pharmacological
treatment are changes of the dopaminergic midbrain, which occur in conse-
quence of cell death of dopaminergic cells in the substantia nigra pars com-
pacta (SNc). The SNc forms an integral part of the basal ganglia circuits
(Figure 1A). Two pathways between the SNc and the putamen have been
identified that act via (D1 receptor mediated) excitatory and (D2 receptor
mediated) inhibitory pathways on the putamen. In healthy individuals, excita-
tory dopaminergic simulation from the SNc to the putamen leads to inhib-
ition of the globus pallidus internus (GPi) and the disinhibition of the
thalamus. In consequence, the thalamus sends more glutamatergic excitatory
projections to the cortex (conventionally labelled the direct pathway). With
increasing loss of dopaminergic cells in progressing PD, this pathway fails to
disinhibit the thalamus and reduces excitatory stimulation of the cortex.

A second pathway (conventionally labelled the indirect pathway) com-
prises inhibitory projections from the SNc to the putamen, which

Figure 1. Schematic diagram of basal ganglia circuitry in healthy (A) and PD patients
(B). Arrows indicate excitatory projections, dots inhibitory projections, their respective
width indicates the relative strength of these projections. Green: direct pathway;
orange: indirect pathway; brown: hyperdirect pathway; grey: ubiquitous projections.
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disinhibit globus pallidus externus (GPe). As a result, the GPe disinhibits
the thalamus, which itself is suppressed in its activity via the GPi (as
described above). Loss of dopaminergic projections from the SNc result
in an imbalance such that the (movement suppressing) indirect pathway
becomes hyperactive and the (movement disinhibiting) direct pathway
becomes hypoactive (Figure 1B). Moreover, projections between the STN
and motor cortices mediate the activation and suppression of motor pro-
grammes by interacting with the GPi and SNr [16]. This third pathway
(conventionally labelled the hyperdirect pathway) comprises projections
from the supplementary motor area (SMA) and the primary motor cortex
(M1) to the STN. Although the role of the hyperdirect pathway in the
development of motor deficits is currently less well understood than that
of the direct and indirect pathway [17], it likely promotes voluntary
movements in healthy individuals dependent on dopamine availability
[18]. For instance, disturbances of the pathway due to dopaminergic loss
contribute to poverty, slowness and eventually absence of movement in
PD patients [19,20]. Moreover, it is involved in context specific cognitive
adaptation of motor execution [21–23].

3. Established treatment for motor symptoms in PD

Physiotherapy treatment aims to improve key physical capacities in PD
patients. Besides standard physiotherapy, several other techniques, includ-
ing treadmill training, dance or tai chi have been found effective. Main
improvements have been reported for reducing rigidity, bradykinesia, dis-
balance, but also non-motor symptoms in both short- and long-term fol-
low-up assessments [11,24,25]. As an active intervention that involves
physical activity, individual treatment regimens require adjustment to the
specific disease stage. Physiotherapy is thus used to complement pharma-
cotherapy and neurosurgical (DBS) treatment, in particular to maintain
activities of daily living and alleviate disease burden for patients.

Pharmacological treatment represents the main treatment for PD and
focuses predominantly on compensating for the loss of dopaminergic SNc
neurons. Different pharmacological agents that act on the dopaminergic
circuitry from different angles are available. These include dopamine
receptor agonists that mimic dopamine effects, monoamine oxidase inhib-
itors (MAOI) that prolong the presence of available dopamine, and
Levodopa (L-Dopa) as a precursor amino acid of dopamine that passes
through the blood-brain barrier and is converted into Dopamine in the
brain. L-Dopa treatment, however, may lead to involuntary excessive
movements (dyskinesia). Up to 40% of patients may experience dyskinesia
after 4–6 years of L-Dopa treatment [26]. Moreover, apathy is observed in

4 D. M. A. MEHLER



up to over 20% of patients [27]. To minimise the risk for such motor
complications, guidelines recommend using receptor agonists or MAOI in
early disease stages, thereby postponing treatment with L-Dopa to later
disease stages [12]. On the other hand, dopamine agonists may have
adverse side effects including somnolence in up to 50%, and neuropsychi-
atric symptoms such as hallucinations and impulse control disorder in up
7% [28]. Overall, pharmacological treatment is an essential component in
managing motor symptoms in PD patients. However, with increasing
neurodegeneration, pharmacotherapy and in particular L-dopa, becomes
less effective in reducing motor symptoms, and dyskinesia increasingly
develops as a side effect [29]. Therefore, additional treatment options that
allow managing motor symptoms while limiting the need for pharmaco-
therapy dosages would be beneficial.

Invasive deep brain stimulation (DBS) is particularly suitable for indi-
viduals for whom pharmacological treatment (and adjunctive physiother-
apy) do not provide sufficient improvement of motor symptoms, or
where medication associated dyskinesia becomes unbearable [30]. DBS
involves the implantation of electrodes whose activity is controlled by a
battery-operated implantable pulse generator. The procedure involves
stereotactic neurosurgery, which is mainly feasible for patients who will
tolerate it. DBS stimulation protocols mostly operate with high-frequency
stimulation (�140Hz) of the STN, but also the GPi and thalamus may be
targeted and provide good clinical outcomes in reducing resting tremors.
Gait and posture symptoms can be effectively treated via DBS of the pen-
duculopontine nucleus [31]. Optimal stimulation frequencies are deter-
mined in patients individually during follow-up phase [30]. DBS has been
found highly effective in reducing motor symptoms with 30–70%
improvement for rigidity, 60–90% improvement of resting tremor, and
30–70% on global scale of motor impairment (the modified Unified
Parkinson’s Disease Rating Scale motor subscale; UDPRS-III), which com-
prises also other symptoms besides rigidity and resting tremor. As a
result, patients’ medication dose (measured in the equivalence of L-Dopa)
can be decreased substantially (20–65%), and hence remarkably fewer
patients (40–90%) are affected by medication related dyskinesia [30].
With regards to side effects following DBS treatment, haemorrhages are a
leading implantation related complication, and prevalence varies between
centres with less than 1 and up to 12% [30]. Stimulation related neuro-
logical side-effects such as dyskinesia, but also rigid-hypokinetic dysarth-
ria (poor articulation of phonemes) or hypophonia (soft speech due to a
lack of coordination in the vocal musculature), have been reported to
occur in 4–17% of patients [30]. However, they are mostly transient and
can be reversed, e.g., by adjusting the stimulation protocol. Another
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frequent stimulation side-effect of STN DBS in particular is acute depres-
sion with a prevalence in 25–35% [30,32]. Mood disturbances remain dif-
ficult to predict, besides the stimulation, also the presurgical psychological
well-being of patients and changes in dopaminergic medication are main
factors [32]. With regards to potential mechanism driving mood changes,
simulation of non-motor areas may be one main cause. For instance, one
recent study reported an association between worsening of symptoms and
the structural connectivity between the STN and the left prefrontal cortex
[33]. More precise targeting via segmented electrodes and intermittent
stimulation based on patients’ needs via adaptive DBS may reduce DBS
side effects [32]. Altogether, DBS treatment provides effective reduction
of key PD motor symptoms and can reduce motor complications that
result from dopamine replacement therapy. However, the risk of side
effects and potential contraindications against the neurosurgical procedure
needs to be considered individually.

Pharmacological and electrophysiological studies have provided import-
ant mechanistic insights into the pathophysiology of PD. For instance,
pharmacological studies in PD patients and lesion studies in PD animal
models allowed assessing the relationship between dopamine depletion,
motor deficits typically observed in PD patients, and their (cortical)
neural correlates. DBS studies that report simultaneous electrophysio-
logical recordings further allowed probing changes of subcortical and cor-
tical neural oscillations in response to DBS. The DBS literature thus
allows refining available mechanistic models of the pathophysiology in
PD, incorporating brain network dynamics, and allowing to formulate
directed hypotheses [34]. Identified circuit mechanisms of PD can thus
substantially inform the design of other interventions that aim to reduce
dysfunctional or promote functional neural activity, including NFT.

4. Oscillations that (may) work – three candidates

Beta band oscillations (13–30Hz) have received particular interest in PD
research and are linked to both motor symptom severity and pharmaco-
logical treatment effects. In healthy and PD patients, beta oscillation
measured over central electrodes (C3/C4) show a desynchronisation dur-
ing motor execution, which is reflected in a power/amplitude decrease.
However, the reduction in beta amplitude is less in PD patients compared
to healthy individuals, resulting in exaggerated beta synchronisation [35].
Beta synchronisation facilitates stopping behaviour via the hyperdirect
and indirect pathway [36,37] and may hence explain PD symptoms of
bradykinesia and rigidity [35,38]. Animal models and electrophysiological
recordings in PD patients have linked dopamine depletion to excessive
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synchronisation in the beta band within the basal ganglia and thalamo-
cortical circuits [38,39]. In nonhuman primates [40] and mice [41], dopa-
mine depletion and Parkinson like symptoms can be induced via MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) injections. Excessive beta
synchrony after MPTP injection has been repeatedly reported for the
motor cortex and parts of the basal ganglia including the STN and pal-
lidum [42,43]. Non-invasive brain stimulation studies in healthy partici-
pants have provided further causal evidence for the relationship between
increased beta oscillations and slowing of movements [44–46]. Altogether,
data from lesion and entrainment studies suggest that dopamine depletion
results in increased beta synchronisation, which is associated with slowed
movements as one key symptom observed in PD patients. Moreover, clin-
ical studies have repeatedly reported that PD patients show higher ampli-
tudes of beta frequencies at rest in particular within the STN, compared
to healthy controls [47–50]. Higher amplitudes in beta frequency, as well
as the spatial extent of exaggerated beta synchronisation, have been
related to the severity of symptoms, in particular with bradykinesia and
rigidity [51–54].

While these studies remain observational and thus largely correlational,
intervention studies in PD patients have provided more direct evidence
for the involvement of exaggerated beta oscillations in the manifestation
of motor symptoms in PD patients. DBS treatment of the STN [51,55,56]
and pallidum [57], as well as L-Dopa therapy, result in a suppression of
beta activity (13–30Hz) that is proportional to observed clinical improve-
ments [39]. Further, beta coherence between the STN and (pre) motor
cortices (i.e., the hyperdirect pathway) likely play a central role in both
the pathophysiology of PD and treatment effects of DBS [58–60].
Specifically, motor improvements for rigidity and bradykinesia correlate
with observed decreases in beta amplitudes across DBS treatment techni-
ques [50,51,55–57]. Moreover, treatment response to DBS of the STN has
been predicted by the spatial extent of beta oscillatory activity within the
STN [61]. Likewise, treatment with L-Dopa reduces beta oscillations [48],
and the extent of clinical improvements has been found correlated with
the change in beta oscillatory activity [62]. Besides changes in amplitude,
correlations between activity of different brain areas within specific fre-
quency bands (i.e., coherence) have been documented. For instance, two
studies reported that L-dopa treatment reduced coherence in beta fre-
quencies between the GPi and STN, and between the STN and SMA dur-
ing rest and during motor tasks [48,63]. In light of these findings it has
been speculated whether beta oscillations maintain a status quo of the
motor system by inhibiting movement [38,64]. Attenuating beta oscilla-
tion amplitude in beta local field potentials (LFPs) may thus represent a
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potential target for non-invasive electroencephalography (EEG) neuro-
feedback training in PD patients. EEG uses scalp electrodes to measure
LFPs, which represent the summed activity of local neural populations
[65]. Possibilities for tuning pathological brain oscillations have been dis-
cussed in depth, in particular dynamical systems theory provides an
attractive framework to design EEG-NFT interventions [66]. Further, EEG
is a cost-efficient and widely available technique routinely used in neuro-
logical practice, rendering it particularly suitable for NFT delivered by
health practitioner, but potentially also for use at home training [67].

Invasive electrophysiological recordings have shown that kinesthetic
motor imagery can reduce beta oscillations in the STN [68]. These early
findings were replicated and extended in a motor imagery paradigm that
studied changes of STN activity in response to different levels of imagined
movements, reporting reductions in beta LFP amplitude in PD patients
who imagined different intensity levels of grip force [69]. Although the
study did also not include neurofeedback training, reported findings sug-
gest that motor imagery alone resulted in parametric suppression of oscil-
lations in the STN within the beta frequency band, providing a promising
neural target for future invasive NFT protocols. Such modulation was
indeed first reported in a two-group design study with eight DBS-treated
PD patients, who either trained beta LFP down- or upregulation [70].
Patients were able to voluntarily control resting beta-band activity in the
STN in the intended direction without explicit cognitive strategies. In par-
ticular the group that trained beta downregulation showed significant
decrease in beta band oscillations. However, the study only included a
very short training interval (10minutes) and did not assess behavioural or
clinical outcomes. A more recent single-blind, within-subject controlled
study replicated and extended these findings [71]. The authors demon-
strated bidirectional control of continuous STN activity over a one-hour
training period of motor-imagery based NFT. Further, they observed that
patients’ self-regulation performance increased over time, suggesting that
NFT helped to learn the voluntary suppression of beta. Self-regulation
was further maintained when visual feedback was subsequently with-
drawn, suggesting a transfer of learned strategies. Importantly, motor
improvements with regards to bradykinesia were observed two days fol-
lowing the training. This work has laid the ground for a recently regis-
tered larger (open label) clinical trial (https://clinicaltrials.gov/ct2/show/
NCT05101161). The first demonstration of accelerated movements in a
cued reaction time task were shown by another group that trained PD
patients in suppressing STN beta LFPs [72]. This study, however, was lim-
ited by a within-subject design where the control condition was “no train-
ing” and patients were merely asked to pay attention to the visual
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feedback without engaging in motor imagery. Besides decreases in beta
band synchrony, the authors also found increases in gamma activity
within the STN, and decreased beta band coupling between the STN and
motor cortices (i.e., the hyperdirect pathway). Of note, this study was also
the first to report side effects following NFT. Patients who had pre-exist-
ing tremor showed increased Parkinsonian tremor (3–7Hz) amplitudes,
which were correlated with increased theta band (3–7Hz) activity in the
STN. The authors discussed that reduction in beta oscillations may
increase tremor band activities in the STN and that PD patients suffering
from tremor may rather benefit from NFT protocols that target tremor-
related frequency bands, e.g., aim to decrease theta synchrony. This con-
clusion is in line with a narrative review on NFT in PD [73]. Of interest,
theta oscillations have also been linked to gait disturbances in PD
patients. Increased frontal theta oscillations seem related to the transition
to freeze of gait, possibly reflecting a cognitive compensatory mechanism
[74–76]. Decreased occipital theta oscillations, on the other hand, have
been linked to gait disbalance and recently successfully targeted using
NFT [77]. Hence, in the context of PD, thinking of theta oscillations as
exclusively movement-promoting or -inhibiting is likely misleading.
Further studies will be needed to understand its role in the underlying
pathophysiology and make informed suggestions for symptom specific
targeting via NFT.

A second potential candidate for neurofeedback are high gamma band
oscillations. Gamma oscillations (60–90Hz) have been linked to promot-
ing movement, but also to PD motor symptoms. For instance, non-inva-
sive brain stimulation studies reported increased movement speeds after
the entrainment of motor cortices in the gamma frequency band for
healthy participants [45,46]. In PD patients, dopaminergic treatment has
been found to increase the amplitude of gamma oscillations measured
over central electrodes proportional to the degree that movements were
facilitated [78]. Other recent work suggests that the interplay between
beta and gamma oscillations may represent a key coupling mechanism
that sub-serves maintaining motor programmes and mediates treatment
effects. For instance, exaggerated coupling between low frequency beta
band (13–22Hz) phase-and-amplitude of high frequency gamma (300Hz)
band amplitude within the STN correlated with bradykinesia and rigidity
severity [79]. Moreover, STN DBS treatment reduces phase-and-amplitude
remarkably, and this measure has been shown to correlate with rigidity
scores before and after DBS [80]. In order to use gamma oscillations as a
target signature for EEG-NFT training, participants would need to be able
to modulate its amplitude (e.g., via motor imagery). Indeed, similar to
beta band frequencies, gamma band frequencies (55–85Hz) can also be
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modulated using motor imagery as revealed by invasive recordings from
STN of DBS treated PD patients [69]. Specifically, these data showed
increased amplitudes (in contrast to decreased amplitude in the beta
band) that patients could modulate via motor imagery tasks of different
intensity. Overall, the presented literature suggests that gamma rhythms
likely promote movement in PD. However, beyond physiological move-
ments, exaggerated gamma oscillations have been linked to pathological
movements such as dyskinesia, which represents one common motor
complication following long-term treatment with L-Dopa. Although the
neural mechanisms of dyskinesia are still poorly understood, gamma
oscillations likely contribute (see for review [73]). For instance, gamma
oscillations (60–90Hz) in the motor cortex have been linked to dyskinetic
symptoms, as reported for the 6-OHDA PD model in rodents [81], and
more recently also in PD patients [82]. Therefore, although EEG-NFT
training of gamma frequencies may promote movement, it may also pro-
mote dyskinetic brain states.

Another target for EEG-NFT motor rehabilitation in PD may be reduc-
ing power in the alpha frequency band (8–12Hz). Event Related De-syn-
chronisation (ERD) in the alpha bands over central (C3, C4, Cz, Fz)
electrodes precedes voluntary self-paced movements for a short period
(�2 seconds) [83]. The onset of ERD during voluntary movement is
delayed in PD patients compared to healthy controls [84], which may
result from a later initiation of motor programming due to sustained
movement inhibition in consequence to elevated beta rhythms. L-Dopa
replacement therapy reduces delayed ERD in PD patients, as reported for
different motor tasks including self-paced button press [85] and wrist
flexion movements [86]. Further, studies have reported correlations
between ERD delay and PD severity [86], as well as between differences
in ERD delays “ON” vs. “OFF” medication and changes in movement
speed “ON” vs. “OFF”, including self-paced elbow flexions and hand
squeezes [87]. Further evidence for the relationship between successful
treatment for PD symptoms and increases in alpha ERD latencies stems
from DBS studies. For instance, STN DBS in combination with L-Dopa
was associated with an increase in alpha ERD latency during movement
preparation over the contralateral central region, as well as an increase in
alpha ERD during movement execution over central electrodes [88]. The
same study also reported that more advanced PD patients showed a larger
decrease in alpha ERD latency. Of interest, the same study could not find
such relationships for pallidal DBS. This dissociation may indicate that
ERD latency modulation during movement preparation (and motor
imagery) is mainly influenced by the hyperdirect pathway [16]. A more
recent STN DBS study extended the focus on lower frequencies,
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investigating amplitude changes within the alpha band (mu rhythm) and
lower beta band frequencies over sensorimotor cortices. The authors
reported similar reductions in amplitude for both frequency bands after
unilateral STN DBS [89]. Noteworthy, high synchronisations between
motor cortices in the lower and higher alpha band have previously been
reported for early-stage (i.e., mostly Hoehn-Yahr stages I and II) PD
patients compared to controls [90]. Further, decreases in alpha amplitude
during STN DBS were correlated with improvements of patient’s UPDRS
rigidity scores [91]. Taken together, these observational and interventional
studies suggest that the alpha ERD degenerates with disease progression,
and it may indicate that PD treatment enhances movement speed by nor-
malising pre-movement alpha ERD. Further, these findings are in line
with the notion that the basal ganglia promote alpha ERD by releasing
the motor regions from an idling state, thereby permitting effective motor
response selection and programming [92]. With regards to motor
imagery-based EEG-NFT training in PD patients, alpha rhythms may
thus provide a promising target to facilitate voluntary movement initi-
ation. Importantly, previous EEG studies suggested alpha rhythms
decrease during motor imagery in healthy participants [93,94]. Further,
BCI and EEG-NFT studies in healthy participants have shown that reduc-
tion of premovement alpha desynchronisation (11–13Hz) is trainable
[95,96]. Based on this study, a proof-of-concept study protocol with PD
patients has been developed and registered (https://doi.org/10.1186/
ISRCTN16783092) and interim results reported [97].

5. Hemodynamic NFT targets

One main limitation of EEG is its relatively low spatial resolution, limit-
ing recordings only to the neocortex. The non-invasive brain imaging
technique functional magnetic resonance imaging (fMRI), on the other
hand, allows recording activity in deep brain structures, including the
basal ganglia. The image contrast of fMRI is based on the blood oxygen-
ation level dependent signal (BOLD), which is inversely proportional to
the local level of deoxyhaemoglobin [98]. BOLD represents an indirect
measure of neural activity, its neural origin lies in LFPs [99]. Of interest,
the frequency bands discussed above (alpha, beta and gamma) have been
identified as being most informative with regards to variations in the
BOLD signal [100]. fMRI offers additional insights into neural correlates
of established treatments, including network effects during DBS stimula-
tion. Published task-based fMRI and resting-state fMRI studies conducted
in PD patients treated with STN DBS were recently reviewed [101]. Local
patterns of modulations in the BOLD signal during rest and motor tasks
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were mostly observed in areas involved that form part of the direct and
indirect pathway, including basal ganglia structures such as the GP and
the putamen, thalamus, motor cortex, as well as the cerebellum. Of note,
distant effects in the primary motor cortex (M1) showed a mixed pattern
of either, activation, deactivation or no effect. The authors noted that this
variability may be explained by different phenotypes of PD (such that
akinetic-rigid type PD patients showed an increase in resting-state M1
activity, while patients with tremor-dominant PD showed a decrease)
[101]. Caution is required, however, when drawing reverse inferences
[102] from fMRI data about potential pathological vs. compensatory
mechanisms [101]. To investigate large-scale network effects of DBS and
relate these to classical circuit models of PD (Figure 1B), computational
approaches such as dynamic causal modelling (DCM) [103] can provide
further insights about network interactions between subcortical and cor-
tical brain regions. For instance, one fMRI study included in this review
[101] reported that sensitizing the thalamus to direct pathway afferents,
while simultaneously desensitizing the STN to its afferents from the
hyperdirect and indirect pathway was related to better clinical outcome of
STN DBS [104].

Feasibility for fMRI-NFT in PD has been shown with initial promising
clinical outcomes; PD was indeed the first clinical application of this rela-
tively new technique [105]. To date, only a few fMRI-NFT studies have
been conducted in mostly early-stage (Hoehn-Yahr I and II) PD patients.
Thus far published studies have mostly trained patients to increase the
BOLD signal in the SMA [105–107] using motor imagery. The SMA is a
premotor region that forms a key structure in the hyperdirect pathway
[16] between motor cortex and STN. Given their initial promising clinical
findings in an earlier study [105], the authors conducted a single-blind,
randomised controlled trial with a similar paradigm, reporting clinically
meaningful improvement of about 4.5 points on a global score (UDPRS-
III) in their experimental group (N¼ 13) [106]. However, the study did
not find superiority compared to their active control group (N¼ 13) that
performed high-technology supervised exercise training that involved
feedback-based motor exercises via an immersive game console. As the
authors also note, however, this group comparison was likely conservative
as patients in the control group, too, took part in a high-intensity inter-
vention protocol with feedback learning [108,109]; the study would thus
have required a substantially larger sample (and/or more training ses-
sions) to detect relevant differences in the clinical outcome. With regards
to other potential target areas, the spatial resolution of fMRI allows train-
ing activity of both cortical and subcortical areas in the context of motor
imagery and motor execution based NFT. For motor imagery based
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fMRI-NFT, premotor cortices such as the ventral premotor cortex but
also subcortical areas such as basal ganglia structure show consistent (kin-
esthetic) motor imagery task activation and may serve as possible targets
[110]. However, in particular basal ganglia structures also play a role in
the learning to self-regulate brain activity for a range of NFT paradigms
[111,112], rendering the design of appropriate control conditions for such
fMRI more challenging [108,113]. With regards to the primary cortex
(M1), activation during motor imagery has not been consistently found
with and without NFT [110,114–116]. It may, however, provide a suitable
target region for motor execution based NFT. With regards to other
motor symptoms in PD, difficulties in swallowing are highly prevalent
with up to 90% in late disease stages. Proof of concept for fMRI-NFT of
the left precentral gyrus to guide swallowing has been reported for healthy
individuals [117]. Similar paradigms could be adapted to reinforce com-
pensatory activity identified in non-symptomatic PD patients [4] or
improve swallowing in symptomatic PD patients.

Moving beyond mean-field activity models of specific brain regions,
connectivity-based models and multivariate statistical techniques such as
multivariate pattern analysis (MVPA) and representational similarity ana-
lysis (RSA) may provide promising alternative approaches. Network
dynamics or voxel patterns associated with therapeutic effects of estab-
lished treatments could be reinforced, emulated, or possibly test for their
causal influence [118]. For instance, DCM based NFT [119] could be
applied to reinforce positive and negative modulatory effects identified to
emulate therapeutic DBS effects [104]. Further, real-time implementations
of advanced statistical approaches such as MVPA and RSA allow exploit-
ing condition specific information encoded in high-dimensional fMRI
data. For instance, they provide higher sensitivity for movement-specific
differences in neural activity patterns of both executed and imagined
hand movements, including M1 [120–122]. When combined with multi-
modal approaches, respective spatial and temporal neural profiles can be
comprehensively characterised and compared across modalities [123].
Further, when applied to fMRI data recorded during highly effective
established treatment such as DBS, MVPA can identify network patterns
related to treatment success [124]. These examples illustrate how multi-
variate approaches can inform future NFT targets selections fMRI-NFT
protocols. Altogether, multivariate real-time fMRI-NFT protocols allow
targeting relevant neural signatures more precisely compared to standard
mean field approaches [125,126], yielding new opportunities for self-regu-
lation based NFT in PD and motor rehabilitation more generally.

To improve the transfer towards more mobile interventions, multi-
channel functional near-infrared-spectroscopy (fNIRS) may be used.
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fNIRS is a non-invasive optical neuroimaging technique that measures
concentration changes of oxygenated hemoglobin and deoxygenated
hemoglobin in cerebral vessels. fNIRS is conceptually comparable to fMRI
because it captures hemodynamic responses of brain activity [127,128].
fMRI BOLD and optical fNIRS signals have shown high correspondence
for a variety of tasks [129]. Compared to fMRI, fNIRS has no environ-
mental or population-specific restrictions and is thus suitable for fully
mobile use. Further, fNIRS devices are substantially less costly and thus
more scalable, allowing for adequately powered clinical trials. The spatial
resolution of fNIRS, however, is constrained to measuring cortical activity.
fNIRS brain mapping studies have provided further insights into cortical
responses following established treatment in PD patients [130,131].
Further, a recent systematic review provides an overview of fNIRS-NFT
studies conducted in healthy participants and patients [132], which are
mainly confined to proof-of-concept studies. Of interest for motor
rehabilitation, it also reviewed one randomised clinical trial (RCT) that
reported improved hand/finger motor symptoms in stroke patients when
comparing real fNIRS-NFT vs. sham NFT [133]. A more recent larger,
two-center RCT of motor imagery based SMA fNIRS NFT by the same
group resulted in greater improvements for post stroke gait and balance
disturbances when comparing real vs. sham [134]. Further, recent valid-
ation work showed that fNIRS can measure motor imagery and motor
execution related SMA activity with high spatial specificity and task sensi-
tivity when compared to gold standard fMRI recordings [135]. Hence,
fNIRS-NFT based on (pre) motor cortices such as the SMA may be a
promising approach for mobile, scalable fNIRS-NFT. Further, building up
on previous reports of parametric modulations in relevant neural circuits
during motor imagery [69,70], more recent developments for hemo-
dynamic NFT protocols allow to provide more precise and resource-effi-
cient measures of self-regulation success [115,136]. Currently, one
ongoing fNIRS-NFT trial is registered with PD patients that targets the
SMA (https://www.drks.de/drks_web/navigate.do?navigationId=trial.
HTML&TRIAL_ID=DRKS00022997). Moreover, future applications may
benefit from wearable EEG-fNIRS technologies that can integrate infor-
mation from both modalities [137].

6. Targeting non-motor symptoms

To-date, NFT studies conducted in PD patients have primarily focused on
improving motor symptoms. Non-motor symptoms, however, including
depression, attention and cognitive deficits become dominant symptoms
in late disease stages. A recent review of NFT to treat cognitive
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impairment reported evidence for the feasibility of EEG- and fMRI-NFT
paradigms that aim to treat dementia and cognitive impairment, reporting
first promising clinical findings [138]. Cognitive symptoms have also been
successfully targeted in stroke patients [139]. With regards to attention
and mood, currently available literature largely suggests that a substantial
proportion of reported symptom improvements may be less specific about
the neural circuitry that is being targeted [140,141]. “Active ingredients”
of non-specific effects that can be enhanced with NFT include sense of
control and self-efficacy, which are central to motor related self-manage-
ment in PD patients [142,143]. One could therefore expect that NFT pro-
tocols that target motor cortices or basal ganglia structures and allow
patients to self-regulate their brain activity may also likely result in clinic-
ally meaningful improvements with regards to mood and attention.
Hence, at least including respective measures as secondary outcomes may
hence be worthwhile considering for future PD NFT studies. This seems
particular relevant given that improvements in motor symptoms have also
been linked to mood improvements in place control groups in the context
of antidepressive medication [144].

7. Turning neural targets into informative intervention studies

Published literature of PD brain mapping studies provide a solid mechan-
istic basis to understand pathology and treatment effect. It can thus sub-
stantially inform hypotheses and study designs for targeting specific
symptoms with neuromodulatory interventions such as NFT. To put sug-
gested neural targets at a fair test and find out about their therapeutic
potential, the PD NFT field needs to improve on design and reporting
practices as also concluded by a recent systematic review on NFT in PD
[14]. Specifically, they concluded that NFT studies should report more
clinical information (including potential side effects) and use appropriate
numerical reporting (e.g., inferential statistics and effect sizes). To move
the field beyond mere feasibility studies, it will require adequate control
conditions, blinding suited to the respective study design (e.g., double
blind for NFT vs. sham NFT [134], single-blind for NFT vs. active control
comparison 108] and patient randomisation. Of note, placebo effects,
which implicate dopamine release [145], are largely preserved in PD
patients despite the loss of dopaminergic function [146]. For instance,
substantial placebo effects have been observed for other neuromodulatory
interventions such as brain stimulation during both “ON” and “OFF”
medication [59]. Hence, NFT interventions in PD will require controlling
for non-specific NFT effects. Their design should take into account that
NFT is a complex, reward learning based task. Associated motivational
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processes [113] involve several brain regions, e.g., basal ganglia structures
such as the putamen [111,112], that are damaged by the PD pathology.
Counteracting such pathology may provide one rationale to target these
areas in the first place. However, researchers should consider controlling
for involved motivational processes to discern specific effects related to
their target process [108,113]. Further, depending on the disease stage,
pathology may also affect motivational and learning to a degree that PD
patients show impaired NFT acquisition, in particular when being “OFF”
medication. Including a healthy, age-matched control group should thus
be considered. RCTs will further require sufficient statistical power to
increase the chances for informative trial outcomes. Powering studies for
smallest effect sizes of interest would be desired [147] and can be
informed by minimal clinically important differences [148,149]. However,
sample size calculation to detect small effect sizes may exceed resource
constraints. Means to improve trials’ efficacy can involve increasing the
number of training sessions, conducting multi-centre study and/or
employing sequential sampling plans [150]. To increase replicability and
reproducibility, study preregistration and data sharing are strongly
encouraged. Comprehensive study preregistration includes specific
hypotheses mapped to respective sampling and analysis plans. Of note,
the publishing format Registered Reports (RRs) provides pre-acceptance
for publication following peer-review of the study protocol. First data
indicates that they mitigate excess significance when compared to trad-
itional literature in the life sciences [151,152]. The recently published
CRED-nf checklist provides guidance and suggestions regarding good
design and reporting practices [153].

8. Conclusion

Neurofeedback training has been suggested as a potential add-on therapy
in the treatment of motor symptoms in PD. The development of success-
ful interventions can benefit from neural markers reported for established
therapies such as pharmacological treatment and DBS. This scoping
review highlights three electrophysiological markers that may provide
suitable neural targets for non-invasive (i.e., EEG) and invasive (i.e., DBS
electrodes), symptom-specific NFT in PD patients: 1) reinforcing beta-
band ERD (13–30Hz) to reduce exaggerated beta synchronisation, 2)
increasing the amplitude of pro-kinetic gamma-band (30–80Hz) frequen-
cies, and 3) reinforcing pre-movement alpha ERD (8–12Hz) to facilitate
voluntary movement initiation. Their individual therapeutic potential may
mainly improve symptoms of bradykinesia and rigor, but also induce pos-
sible side effects (e.g., tremor and dyskinesia) that require careful
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monitoring and reporting. Research on PD phenotypes should be consid-
ered in inclusion criteria. For the first generation of NFT trials it is likely
advisable to test for the clinical potential of these three potential NFT tar-
gets separately. Once shown to be effective in reducing motor symptoms,
this will allow to formulate clear indications and contraindications for
NFT. Next, NFT protocols could also combine training targets to provide
individually tailored network based NFT. Moreover, future research on
the relation between cognitive and motor symptoms may provide add-
itional targets for NFT. Hemodynamic fMRI offers higher spatial reso-
lution and thus complementary mechanistic insights. Regarding
promising target areas for fMRI NFT, premotor cortices including the
SMA have shown promise and can be extended to training of subcortical
structures involved in motor imagery or motor execution. fMRI NFT
paradigms can further benefit from exploiting high dimensional neural
information using network based approaches and multivariate statistical
methods. Hemodynamic fNIRS NFT may provide a promising approach
to translate protocols for mobile and cost-efficient use. The NFT field can
only advance with adequately designed reported clinical NFT trials that
include adequate controls and statistical power [153]. Involved resource
demands will likely put mobile technologies such as EEG and fNIRS in
an advantageous position. Altogether, despite remaining unknowns of
involved mechanisms [34], PD is a disorder that provides Bacomicists
with informative neural priors to design NFT interventions based on vali-
dated neural circuit models. Although NFT will likely not replace estab-
lished therapies, it may serve as an add-on treatment to help reduce
dopaminergic dosages or stimulation intensities in patients using DBS.
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