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Abstract.
Background: There is a need for reliable and robust Parkinson’s disease biomarkers that reflect severity and are sensitive to
disease modifying investigational therapeutics.
Objective: To demonstrate the utility of EEG as a reliable, quantitative biomarker with potential as a pharmacodynamic
endpoint for use in clinical assessments of neuroprotective therapeutics for Parkison’s disease.
Methods: A multi modal study was performed including aquisition of resting state EEG data and dopamine transporter PET
imaging from Parkinson’s disease patients off medication and compared against age-matched controls.
Results: Qualitative and test/retest analysis of the EEG data demonstrated the reliability of the methods. Source localization
using low resolution brain electromagnetic tomography identified significant differences in Parkinson’s patients versus control
subjects in the anterior cingulate and temporal lobe, areas with established association to Parkinson’s disease pathology.
Changes in cortico-cortical and cortico-thalamic coupling were observed as excessive EEG beta coherence in Parkinson’s
disease patients, and correlated with UPDRS scores and dopamine transporter activity, supporting the potential for cortical
EEG coherence to serve as a reliable measure of disease severity. Using machine learning approaches, an EEG discriminant
function analysis classifier was identified that parallels the loss of dopamine synapses as measured by dopamine transporter
PET.
Conclusion: Our results support the utility of EEG in characterizing alterations in neurophysiological oscillatory activity
associated with Parkinson’s disease and highlight potential as a reliable method for monitoring disease progression and as a
pharmacodynamic endpoint for Parkinson’s disease modification therapy.
Keywords: Biomarkers, dopamine transporter PET, EEG, neurophysiology, Parkinson’s disease

INTRODUCTION
Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease in the United States,
∗ Correspondence to: Shani Waninger, Advanced Brain Monitoring, Inc., 2237 Faraday Avenue, Suite 100, Carlsbad, CA 92008,
USA. E-mail: swaninger@b-alert.com.

and varies widely in phenotype, clinical course, and
efficacy of various treatments [1]. The accuracy of
clinical examinations is limited, particularly with
early stages of PD [2]. This restricts the application
of potential neuroprotective disease-modifying treatments early in the disorder when they may have the
greatest chance of success. The evaluation of novel
therapies for PD and Parkinson’s disease dementia
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(PDD) would be more efficient if sensitive and precise
biomarkers could be identified for early diagnoses
and response assessment of early disease progression.
The primary PD neuropathology seen at autopsy
is that of alpha-synuclein aggregates, which promote the loss of dopaminergic and other neurons [3].
However, unlike beta-amyloid or tau aggregates, the
non-invasive measurement of brain alpha-synuclein
aggregate pathology is currently not possible with
PET imaging. Although nigro-striatal dopaminergic synaptic endings can be quantified via SPECT
and PET imaging [4], these techniques are not ideal
for widespread and repeated application due to limited access, high expense, and cumulative annual
radiation dose. Volumetric and neuromelanin MRI
techniques to quantify substantia nigra (SN) cell loss
are emerging but are not yet validated or economically accessible on a large scale [5, 6].
Nigro-striatal circuits are known to regulate
thalamo-cortical activity, which underlies the behavior of cortical electrical rhythms. EEG may therefore
potentially serve as a convenient, inexpensive,
non-invasive and widely accessible physiological
biomarker for detecting early PD pathology. Cortical electroencephalography (EEG) has been proposed
to distinguish among PD sub-types [7], track PD
progression [8], and allow evaluation of treatment
responses to symptomatic pharmacological treatment
as well as deep brain stimulation (DBS) [8]. EEGbased biomarkers may allow longitudinal tracking of
underlying PD pathophysiology [8] and have recently
been shown to correlate with post mortem levels of
phosphorylated a-synuclein, but not with other pathological lesions such as aggregated forms of tau or
beta-amyloid [9].
Synchronization and functional connectivity
within and between cortical regions is instrumental
in motor organization and is impacted by nigrostriatal-thalamic circuits [10]. EEG recorded at the
scalp can assess the synchronization of oscillatory
frequencies from within and between cortical
regions, revealing network changes that reflect
abnormal connectivity. EEG coherence and phase
synchrony are common mathematical methods
for quantifying functional connectivity between
brain regions. Functional connectivity indicates
that two or more regions assessed by coherence
have similar signal content and therefore are most
likely connected [11]. Notably, PD patients exhibit
higher levels of EEG beta (13–30 Hz) coherence
than healthy control subjects (HCs) and Alzheimer’s
disease patients, recorded both at the scalp surface

and the basal ganglia [12]. Excessive beta coherence
and correlation with clinical observations is believed
to reflect the impairment of dopaminergic tone
[8]. Importantly, both DBS and L-Dopa have been
shown to significantly reduce excessive EEG beta
coherence in PD, and this effect is directly linked
to clinical improvements as measured by UPDRS
scores [8].
PD patients with implants that allow concurrent
recording from the thalamus and scalp exhibit excessively high thalamocortical coherence at 7 Hz (theta),
suggesting tight anatomical and functional connectivity between the thalamus and the cortex [13].
Such excessively high regional beta and theta coherences have not been observed in Alzheimer’s or other
dementias. Thus, unique EEG biomarker signatures
may exist that faithfully reflect neuropathology specific to PD.
The primary aim of the present study was to explore
quantitative EEG metrics of a well-characterized population of PD patients in comparison to age-matched
HCs and to correlate EEG biomarkers with other
modalities. This report focuses on the EEG analyses
and several comparisons of the EEG results with those
obtained from clinical assessments and dopamine
transporter (DAT) imaging using [11 C]PE2I to assess
the density of striatal dopaminergic nerve terminals. For comparison with DAT PET, we chose two
metrics, coherence and a machine learning based
classifier.
MATERIALS AND METHODS
Participants
Participants were recruited at the Weill Cornell Parkinson’s Disease and Movement Disorders
Institute. All procedures were approved by the institutional review board (IRB) of Weill Cornell Medical
College. All participants provided written informed
consent. The study prespecified the accrual of 20
patients and 20 controls who would complete all
of the imaging procedures. EEG was the first visit
after the clinical and laboratory screening. Attrition
at later stages of the study required recruitment of
more than 20 subjects in each group. The sample size
reported represents all participants who had analyzable EEG. Key inclusion criteria for both the control
group and PD patients were ages 40 to 90 years
old and no history of significant neurological disease
such as epilepsy, traumatic brain injury, or other disorder expected to affect EEG recordings. For PD, the
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study design included a multi-stage screening process
based on the following criteria [14]: disease onset
at 30 years old or later, Hoehn and Yahr stage 1–3
and stable anti-Parkinsonian medications. The second stage, MRI, was required to prove that no other
macroscopic disease or insult could account for the
movement disorder in the patient group or confound
the results in the control group. Specifically, potential participants were excluded if they had any signs
of vascular disease, including microvascular disease
in any brain region. The final stage of screening
was a dopamine transporter (DAT) positron emission tomography (PET) scan using [11 C]PE2I as DAT
ligand [15, 16]. Potential participants in the patient
group were required to have asymmetric reduced
striatal DAT binding typical of PD and HCs were
required to show normal levels and patterns of DAT.
None of the patients enrolled showed signs of dementia. A total of 21 patients with PD and 25 HCs were
included in the study (Table 1). No tremors of the
head were observed, and patients showed no signs of
drowsiness or sleepiness during the EEG procedures.

nel montage is in accordance with the international
10–20 system. The B-Alert X24 collects data at a
sampling rate of 256 Hz, with a common mode rejection ratio of 105 dB.
All tests were conducted at the Citigroup Biomedical Imaging Center. Resting state EEG was acquired
in a quiet, windowless room and participants were
instructed to remain awake and relaxed, while seated
upright facing a laptop computer. The acquisitions
were administered in the following protocol: 5
minutes eyes closed, removal of the EEG system,
application of a second B-Alert X24 system, and
a repeat of eyes closed resting state acquisition for
test/retest analysis.

Clinical characterization

Coherence
The coherence analysis was performed using the
magnitude-square coherence (mscohere function in
MATLAB) which uses Welch’s overlapped averaged
periodogram method (we used 2-s windows with 50%
overlap). The coherence value of signals x and y,
Cxy(f), is defined as a function of the spectral densities of signal x, Pxx(f), and y, Pyy(f), and the cross
spectral density of x and y, Pxy(f):

All subjects underwent a standard medical examination. In addition, all were evaluated at the time
of screening visit using the Unified Parkinson’s Disease Rating Scale (UPDRS) by a movement disorders
neurologist [17]. For participants with PD, this rating
was performed on their baseline medication in order
to accommodate patients by reducing the number of
study visits off medication, and therefore to maximize
tolerance for completion of the multi-visit study protocol. The Hoehn and Yahr staging scale [17] was
also performed.
Study procedures
EEG data were acquired with all patients after all
anti-Parkinsonian medications had been withheld for
at least 12 hours. The B-Alert® X24 wireless EEG
system by Advanced Brain Monitoring (Carlsbad,
CA) was used for all EEG data acquisition. The chan-

EEG analysis methods
Test/Retest reliability
Intra-class correlation coefficients (ICC) were
computed to assess test-retest reliability of EEG data
across the first and second EEG acquisitions as previously described [18].

Cxy (f ) =

|Pxy (f )|2
Pxx (f )Pyy (f )

C(f) was then computed for each 20 second analysis window separately and reported the average and
standard error of coherence on the analysis window.
The calculated coherence values were used in Pearson correlations to investigate relationships between
coherence with clinical measures of disease severity and non-displaceable binding potentials (BPND )
[19] of all striatal sub-regions in the striatum using

Table 1
Participant Data
Group

Modality

N

Agea

% Female

Hoehn and Yahra

Total UPDRSa

PD

EEG
DAT PET
EEG
DAT PET

21
18
25
24

62.7 ± 7.32
63 ± 10
54.6 ± 10.5
55 ± 10

33
28
36
37

2.07 ± 0.39

31.00 ± 10.37

N/A

0.83 ± 1.27

HC
a Mean±SD.
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[11 C]PE2I DAT PET. The statistically significant correlations were determined by two-tailed t-test.
Classiﬁcation with discriminant function
analysis (DFA)
The variables extracted from the EEG data—
absolute and relative 1–40 Hz power spectral density (PSD) and wavelet coefficients—were grouped
together into a feature vector comprising 3060
variables. The most discriminative variables were
selected by utilizing the step-wise discriminant analysis procedure in the SPSS software package (IBM,
Armonk, NY). The selected variables were utilized to
build the classifier that discriminated between the PD
patients and HCs using linear discriminant function
analysis (lDFA) [20].
sLORETA
NeuroGuide software platform (Applied Neuroscience, Largo, FL) was used to localize the
cortical sources of the EEG activity using standardized low resolution electromagnetic tomography
(sLORETA) analysis. Comprehensive individual
sLORETA reports were constructed for each of the
PD subjects and controls, and group comparisons

were run to examine differences between the PD
cohort and the HCs.
DAT imaging and analysis
The radioligand, Carbon-11 ([11 C]) labeled
PE2I (N-(3-iodoprop-2E-enyl)-2␤-carbomethoxy3␤-(4-methyl-phenyl)nortropane) [15, 16, 21]
([11 C]-PE2I) was used to assess the state of striatal dopaminergic innervations and prepared as
previously described [22]. The dose averaged
381.1 ± 59.6 MBq (10.3 ± 1.6 mCi). All [11 C]PE2I
DAT PET measures were corrected for motion and
moved to an unbiased reference template generated
by using one MR image from each participant.
A modified version of the Automatic Anatomical
Labeling atlas consisting of a more finely parcellated striatal region was applied. BPND [19] were
estimated at the voxel and region levels using the
Logan reference graphical method [23]. BPND
was computed for all striatal sub-regions in the
striatum atlas using the cerebellum as the reference
region and with t* = 40 minutes. The striatal atlas
divided each of the left and right striatum into
the following regions: anterior caudate, posterior
caudate, anterior putamen, posterior putamen,
and nucleus accumbens. The two-sample t-test,

Fig. 1. ICC values per band.
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with Benjamini-Hochberg multiple comparisons
correction, was used to compare PD and HC cohorts
statistically.
RESULTS
Test/retest reliability
ICCs for each PSD band and region were assessed
for test-retest reliability (Fig. 1) ICC values indicate
high reliability with delta, theta, alpha and beta band
ICCs all higher than 0.9. Gamma was only slightly
lower at ICC = 0.861.
EEG coherence
Coherence values for the PD cohort were compared
to the HC group and independent t-test was performed
(Fig. 2). The PD group exhibited a significant increase
in beta and gamma bands. A total of 106 channel pairs
out of 141 in beta, and 124 pairs out of 141 in gamma
showed significant difference (p < 0.05) between the
HC group and the PD patients. There were 29 significant channel pairs in fast theta between PD and HC
and all other bands had 10 significant pairs or less.
Discriminate function analysis results
Nine variables were selected to build the classifier
that best discriminated between the PD patients and

475

HCs. Selected variables were primarily in theta, beta
and gamma bands and included left and central frontal
regions in theta and beta, bilateral temporal regions
in theta, alpha and gamma, central and right occiptal
regions in beta and gamma and a central channel in
theta. The developed DFA classifies each epoch (i.e.,
second) of EEG data as normal or PD. Participants
with more than half of epochs classified as PD were
assigned to the Parkinson’s disease class. Only two
(one HC and one PD) of the 42 total subjects included
in the analysis were misclassified when compared
with the gold standard of clinical diagnosis, resulting
in a 95.65% specificity, 94.74% sensitivity, 94.74%
positive predictive value, 95.65% negative predictive
value, and an overall accuracy of 95.24%.
[11 C]PE2I DAT PET results
[11 C]PE2I DAT PET was administered to a subset
of subjects (Table 1). Test-retest reliability of BPND
values produced ICC estimates of 0.905 ± 0.054.
BPND estimates between HC and PD groups were
statistically significant, after correction, in all striatal sub-regions (Table 2) with the most statistically
significant differences observed in the anterior and
posterior putamen (p < 1E–10). In several regions,
selection of the appropriate threshold on BPND
resulted in perfect group classification (100% sensitivity, 100% specificity).

Fig. 2. FFT Coherence group independent t-test (p-values) between PD and HC cohorts.
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Table 2
Mean, standard deviation, and statistical comparison of binding
potential values in striatal regions
Region
Anterior Putamen R
Anterior Putamen L
Posterior Putamen R
Posterior Putamen L
Anterior Caudate R
Anterior Caudate L
Posterior Caudate R
Posterior Caudate L

HCa

PDa

Adjusted
p-value

4.37 ± 1.16
4.53 ± 1.16
3.84 ± 1.08
4.31 ± 1.09
4.29 ± 0.95
4.39 ± 0.76
5.10 ± 0.90
4.91 ± 0.95

1.86 ± 0.22
1.84 ± 0.27
2.95 ± 0.68
3.12 ± 0.77
2.92 ± 0.60
2.86 ± 0.77
2.58 ± 0.56
2.55 ± 0.70

7.07E-12
1.33E-10
1.28E-10
2.97E-11
6.90E-04
9.55E-04
6.65E-06
2.47E-07

a Mean ± SD.

with BPND in all striatal sub-regions with criteria
of p < 0.01, r > 0.4. The number of pairs that were
significantly correlated ranges from 46 pairs (right
posterior putamen) to 90 pairs (right anterior caudate)
in the beta band and from 79 pairs (left anterior caudate) to 110 pairs (right anterior caudate) in gamma.
For example, the BPND in the left posterior putamen was correlated with Fp2-P3 coherence (Fig. 3A,
p = 1.53E–04, r =–0.552).
EEG coherence and PD classiﬁer correlations
with clinical measures

Fig. 3. A) Correlation between anterior putamen left BPND and
FP2-P3 high beta coherence (p = 1.53E–.04, r =–0.552). B) Correlation between UPDRS overall and FP2-P3 high beta coherence
(p = 6.96E–05, r = 0.557).

EEG coherence and PD classiﬁer correlations
with [11 C]PE2I DAT PET
To explore relationships between the PD classifier and [11 C]PE2I DAT PET, the percent of epochs
classified as PD was compared with the BPND in striatal sub-regions. The percent of epochs classified as
PD correlated with all striatal sub-regions (Table 3)
with the most statistically significant differences
observed in the left posterior putamen (p = 2.97E-11,
r =–0.829).
The beta coherence variables were also correlated with BPND in all striatal sub-regions. The total
number of possible pairs of long-range channels,
indicative of functional connectivity between brain
regions, is 141. Pairs of long-range channels that were
enhanced in the PD cohort compared to HC correlated

The percent of epochs classified as PD was compared with all clinical measures – Hoehn and Yahr
staging, and UPDRS including total; Part II: activities
of daily living (ADL); Part III: motor examination;
and Part IV: complications of therapy. The percent
of epochs classified as PD correlated with all clinical
measures (Table 3) with the most statistically significant correlations observed in Hoehn and Yahr stage
(p = 6.36036E–13, r = 0.854). The beta and gamma
coherence also correlated with all clinical measures
except UPDRS Part IV. The highest number of pairs
correlated with total UPDRS score, with 86 beta and
107 gamma correlated coherence pairs. For example, total UPDRS score was correlated with Fp1-P3
coherence (p = 6.96E–.05, r = 0.557)
sLORETA analysis
PD patients exhibit significant increased activity
(red shading) in the anterior cingulate in delta and
decreased activity (blue shading) in the temporal
lobe in theta and alpha compared to the HC group
(Fig. 4). The most significant deviations are the anterior cingulate, showing increased activity in delta,
and in the superior/middle temporal gyrus representing decreased activity in alpha. Reduced beta activity
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Fig. 4. Current density images in Talairach space obtained by sLORETA in PD versus HC cohorts (A: anterior, P: posterior). EEG activity
differences are denoted by red (increased activity) or blue (decreased activity).
Table 3
Correlations between EEG metrics and BPND in striatal sub-regions. EEG metrics include the percent of epochs classified as PD and the
number of significant pairs of channels with p < 0.01, r > 0.4
% of epochs
Region
Anterior Putamen R
Anterior Putamen L
Posterior Putamen R
Posterior Putamen L
Anterior Caudate R
Anterior Caudate L
Posterior Caudate R
Posterior Caudate L
Nucleus Accumbens R
Nucleus Accumbens L

p-value

r

beta

2.68E-09
4.82E-09
5.11E-10
2.97E-11
8.03E-07
1.74E-06
2.98E-07
1.86E-07
1.35E-07
1.59E-07

–0.787
–0.779
–0.807
–0.829
–0.698
–0.697
–0.724
–0.715
–0.729
–0.727

49
72
46
71
90
48
79
57
83
75

among the PD patients was localized to the parahippocampal gyrus and the hippocampus.
DISCUSSION
EEG analytics reliably characterized alterations
in neurophysiological oscillatory activity associated

# significant pairs of coherence
channels p < 0.01, r > 0.4
gamma
93
102
91
105
110
79
105
100
104
102

with PD, and specific changes in the cortico-cortical
and cortico-thalamic coupling were observable in
the surface EEG recording during resting state.
Abnormally high levels of beta (13–30 Hz) and
gamma (25–40 Hz) frequency synchronization were
observed across multiple cortico-cortical regions in
the PD patients. The high levels of beta and gamma
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Table 4
Correlations between EEG metrics and clinical measures. EEG metrics include the percent of epochs classified as PD
and the number of significant coherence pairs of channels with p < 0.01, r > 0.4
Clinical measure

HYStage
UPDRS Part II (ADL)
UPDRS total
UPDRS Part III (Motor)
UPDRS Part IV (complications of therapy)

% of epochs
p-value

r

6.36E-13
4.145E-10
1.097E-08
4.217E-06
0.000762

0.854
0.792
0.755
0.650
0.499

# significant pairs of
channels p < 0.01, r > 0.4
beta
gamma
46
49
86
30
–

80
77
107
58
–

HY, Hoehn and Yahr; ADL, activities of daily living.

coherence were significantly positively correlated
with UPDRS scores and [11 C]PE2I DAT PET, confirming that excessive high coherence is associated
with higher disease severity and underlying pathophysiology [8]. To our knowledge, this is the first
report of correlations of increased beta coherence
with impaired dopaminergic tone. Given that both
dopaminergic tone as measured by DAT levels [24]
and other reported EEG abnormalities [9] have been
suggested to reflect pathological alpha-synuclein levels in the SN and other brain regions, these unique
EEG signatures have the potential to be linked to
the fundamental neuropathology of PD. DBS and
L-Dopa have demonstrated the ability to reduce the
excessive EEG beta coherence, an effect which can
be related to clinical improvements, as measured by
reduction in UPDRS scores [8]. The patterns and
test-retest results suggest that these unique phenotypic biomarkers, beta and gamma coherence, are
sensitive and reliable. Moreover, the reported reversal of these abnormalities with treatment supports the
use of EEG coherence measures as potential markers of treatment efficacy, which could be extended to
disease-modifying therapies.
The application of DFA and other machine learning classifiers using selected EEG features as inputs
is useful in identifying specific EEG feature sets that
best discriminate between populations and characterize the effects of various interventions. The overall
accuracy of the DFA in discriminating the PD and
control groups in this study is compelling. Only
two of the 42 total subjects (one HC and one PD)
included in the analysis were misclassified, resulting in 95.24% specificity and 94.74% sensitivity.
The classifier utilized only 14 EEG-based features to
achieve this classification, and the model was stable
under cross-validation. The percent of epochs classified as PD was significantly negatively correlated
with DAT PET, confirming that the DFA is associated
with disease severity.

Patients with PD exhibited significantly increased
sources of slow activity in the anterior cingulate,
cingulate gyrus, and medial frontal gyrus in the
eyes closed task as assessed by LORETA. The anterior cingulate is a critically important component
of the neural network controlling attention, orienting, and vigilance [25]. Additionally, alterations in
dopamine metabolism within the anterior cingulate
have been linked with cognitive decline in PD [26].
Attention deficits are often detected in the early
stages of PD, and have been suggested as a component of the fluctuations in cognition that are one
of the hallmarks of PD [27–29]. Excessive slow
EEG sources in the cingulate and medial frontal
region may be associated with attention deficits and
cognitive decline in PD, however substantial evidence has more recently highlighted the role of
the cingulate in multiple symptoms, not just global
measures of cognition. Changes in the cingulate cortex include reduced cortical thickness [30], altered
regional cerebral blood flow associated with cognition impairment [31], reduced fractional anisotropy
[32] and reduced dopamine-2 receptor binding in
both cognitively intact and impaired PD populations
[33]. An association was revealed between increased
phosphorylation of alpha-synuclein and the abnormal EEG signatures of cognitive decline (delta and
alpha) as well as beta bands in the cingulate cortex,
further suggesting that EEG may provide an in vivo
approximation of underlying Parkinson’s pathology
[9]. A close association has been established between
phosphorylation and aggregation of alpha-synuclein
into oligomers, a PD pathology that plays a key
role in neuronal toxicity. Extensive diffuse deposition
of alpha-synuclein oligomers are significantly more
abundant in the cingulate cortex in patients compared
to controls (1.6-fold increase) [34]. There is also evidence at the genetic level that the cingulate cortex
is an important region in PD. Perez-Rodriguez et al.
[35] found somatic copy number variant gains (gene
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duplicates or triplicates) of SNCA, the gene encoding alpha-synuclein, in the cingulate cortex. These
post-zygotic mutations were >2% higher in neurons
in the cingulate cortex of patients diagnosed with
alpha-synucleinopathies than healthy controls. Taken
together the data suggest the cingulate cortex is a key
region of alpha- synucleinopathy neuropathology and
EEG holds promise as a sensitive measure of resulting
functional changes.
In summary, our results support the utility of EEG
in characterizing alterations in neurophysiological
oscillatory activity associated with PD in comparison
to age-matched HCs. Several EEG metrics identified
in the PD cohort are supported by prior research in
other groups examining distinct cohorts, supporting
the notion that reliable EEG-based biomarkers can
be easily acquired from PD patients off medication.
Specific changes in the cortico-cortical and corticothalamic coupling were observable in the surface
EEG recording during resting state and are associated
with the loss of dopaminergic neurons in PD. These
metrics have been shown previously to be resolved
in a predictable manner when patients were successfully treated with either L-Dopa or DBS. Moreover,
using machine learning approaches, we have identified an EEG DFA classifier that parallels the loss of
dopamine synapses as seen by DAT PET and could
potentially be used as a more pragmatic pharmacodynamic biomarker for disease modification therapy
in PD.
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