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Abstract

Objectives—We aimed to test if EEG responses to novel events reliably dissociated individuals
with Parkinson’s disease and controls, and if this dissociation was sensitive and specific enough to
be a candidate biomarker of cognitive dysfunction in Parkinson’s disease.

Methods—~Participants included N=25 individuals with Parkinson’s disease and an equal number
of well-matched controls. EEG was recorded during a three-stimulus auditory oddball paradigm
both ON and OFF medication.

Results—While control participants showed reliable EEG habituation to novel events over time,
individuals with Parkinson’s did not. In the OFF condition, individual differences in habituation
correlated with years since diagnosis. Pattern classifiers achieved high sensitivity and specificity in
discriminating patients from controls, with a maximum accuracy of 82%. Most importantly, the
confidence of the classifier was related to years since diagnosis, and this correlation increased as
the time course of differential habituation increasingly distinguished the groups.

Conclusions—These findings identify systemic alteration in an obligatory neural mechanism
that may contribute to higher-level cognitive dysfunction in Parkinson’s disease.

Significance—These findings suggest that EEG responses to novel events in this rapid, simple,
and inexpensive test have tremendous promise for tracking individual trajectories of cognitive
dysfunction in Parkinson’s disease.
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Introduction

Some of the most debilitating aspects of Parkinson’s disease include cognitive and mood
disturbances. While it is widely appreciated that cell death in Parkinson’s disease somehow
contributes to deficits in higher cognitive functioning, the mechanisms underlying these
deficits remain unclear. Executive dysfunction is common in Parkinson’s disease
(Dirnberger and Jahanshahi, 2013; Eberling et al., 2014; Robbins and Cools, 2014), yet one
sub-process stands out as being specifically compromised: diminished orienting responses to
novel stimuli (Kingstone et al., 2002; Poliakoff et al., 2003; Yamaguchi and Kobayashi,
1998; Zhou et al., 2012).

Frontal orienting responses are well-represented in the EEG. The event-related potential
(ERP) component known as the P3a has often been defined as a central nervous system
reflection of the orienting response (Barceld et al., 2002; Friedman et al., 2001;
Nieuwenhuis et al., 2011). The P3a occurs to novel stimuli, it has a mid-frontal distribution,
and it habituates rapidly (Polich, 2007). Individuals with Parkinson’s disease have a smaller
P3a than controls (Polich, 2007; Tsuchiya et al., 2000; Zeng et al., 2002), and this
component has been advanced as a candidate biomarker of Parkinson’s disease progression,
as it is smaller in more severe patients (Solis-Vivanco et al., 2015). It should be noted that
the P3a is a part of a family of evoked brain responses that can be difficult to disentangle;
recent findings suggest that a later frontal novelty-specific component may be a better
representation of the orienting response (Barry et al., 2016). To date, this novelty-P3 has not
yet been investigated in Parkinson’s disease.

Importantly, the orienting response is not a unitary phenomenon, as it is influenced by
competing processes of sensitization and habituation (Barry, 2009; Groves and Thompson,
1970). Individuals with Parkinson’s disease show reduced habituation in the blink reflex
following glabellar tap (Penders and Delwaide, 1971) or startling sounds (Chen et al., 2016;
Nieuwenhuijzen et al., 2006). Chen et al. (2016) recently described how mid-frontal EEG
orienting responses predicted both the degree of startle blink habituation as well as separate
measures of executive functioning in individuals with Parkinson’s disease. Indeed,
midfrontal dopaminergic dysfunction may be a common denominator underlying deficits
amongst these processes (Parker et al., 2015; Popescu et al., 2016). It remains unknown if
differential habituation trajectories alter the neural marker of the orienting response in
Parkinson’s disease.

A recent review suggests that EEG may be able to dissociate different disease states within
Parkinsonism: while frontal novelty-related components like the P3a are sensitive to
executive impairments, the posterior target-related P3b is more sensitive to dementia (Seer et
al., 2016). Given the dearth of viable tools for assessing mild cognitive impairment and
progression to Parkinson’s disease dementia (Eberling et al., 2014; Halliday et al., 2014),
these EEG features appear highly promising for further study. P3a amplitude is highly
reliable across test-retest sessions (Debener et al., 2002) and P3b has been shown to have
moderate heritability (Smit et al., 2007) and has comparable variance with biomedical serum
measures in a variety of diagnostic assays (Polich and Herbst, 2000).
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While the relationship between orienting, P3a amplitude, frontal dopamine, and Parkinson’s
disease is complex and non-specific (see Discussion), these collective findings converge to
offer a candidate biomarker for cognitive dysfunction in Parkinson’s disease that is
statistically reliable and linked to well-known neurobiological and psychological
mechanisms. In this report we used machine learning pattern classifiers to define the
sensitivity and specificity of EEG responses to novelty as a biomarker in Parkinson’s
disease.

Experimental Design

The University of New Mexico Office of the Institutional Review Board approved the study
and all participants provided written informed consent. Participants were paid $20/hr for
participation. Participants included N=25 individuals with Parkinson’s disease (PD group)
recruited from the Albuquerque, New Mexico community and an equal number of sex and
age matched controls (CTL group). This set of participants was taken from a slightly larger
sample with behavioral data reported elsewhere (Cavanagh et al., 2017). The PD group
visited the lab twice, seven days apart: once on medication and once after a 15-hour
overnight withdrawal from their individual prescriptions of dopaminergic medication used to
treat PD. Hereafter these conditions are referred to as ON or OFF, respectively.

All patient and control sessions were run at 9 AM; 13 patients were ON in their first session,
12 were OFF. The PD group completed neuropsychological and questionnaire assessments
in their ON state (see Table 1). United Parkinson’s Disease Rating Scale (UPDRS) motor
scores were videotaped in each patient session and were scored by a neurologist. All
participants had Mini Mental State Exam (MMSE) scores above 26. Parkinson’s and control
participants did not differ on any measurements of education or premorbid intelligence (see
Table 1).

Auditory Oddball Task

The 3-auditory oddball task was programmed in Matlab using Psychtoolbox. Standards were
440Hz sinusoidal tones (70% of trials), targets were 660 Hz sinusoidal tones (15% of trials)
and novel distractors (15% of trials) were unique sections from a naturalistic sounds dataset
(Bradley and Lang, 1999). All sounds were presented for 200 ms, tones were presented at 80
dB and naturalistic novel sounds had a mean of 65 dB with an inter-quartile range of +/- 6.5
dB. A random inter-trial-interval (ITI) was selected from a uniform distribution of 500 to
1000 ms. Due to a delay in loading standard and target sine-wave based sounds, these
conditions were delayed by an extra 450 ms following the inter-trial-interval. Thus, the novel
conditions had an ITI of 500 to 1000 ms but the standard and target conditions had an ITI of
950 to 1450 ms (this between-condition difference was not noticeable and does not affect
our findings, which are largely based on group differences to the novelty condition). Sounds
were played on stereo speakers. Participants were instructed to count the targets and ignore
standards and novels. This passive paradigm removes potential confounding influences of
motor system activity and decision making on P3 amplitudes (Johnson, 1986; O’Connell et
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al., 2012). There were two blocks of 100 trials each; participants reported their target counts
after each block. The task took an average of 12 minutes to complete.

EEG Recording and Preprocessing

EEG was recorded continuously from sintered Ag/AgCl electrodes across .1 to 100 Hz with
a sampling rate 500 Hz, an online CPz reference, and a ground at AFz on a 64 channel Brain
Vision system. The vertical electrooculogram (VEOG) was recorded from bipolar auxiliary
inputs. All analyses were performed using Matlab R2016b and EEGlab version 14 0 _0b
(Delorme and Makeig, 2004). First, very ventral temporal sites were removed, as they tend
to be unreliable, leaving 60 electrodes. Data were epoched around the stimulus onset (=2000
to 2000 ms), from which the associated stimulus responses were isolated. Activity at the
reference electrode CPz was re-created and bad channels and bad epochs were identified
using a conjunction of the FASTER algorithm (Nolan et al., 2010) and pop_rejchan from
EEGIab and were subsequently interpolated and rejected respectively. Eye blinks were
removed following ICA. Data were then re-referenced to an average reference.

Single trial EEG epochs were baseline corrected from —200 to 0 ms pre-stimulus, ERPs were
filtered from .1 to 20 Hz. The P3a was defined as the peak from 325 to 375 ms at FCz in the
novelty condition. For some analyses, a surface Laplacian (| apl aci an_perri nX. ) was
computed on the ERPs, which acts as a reference-free spatial filter (Cohen, 2014). Following
a recent analysis of the orienting response (Barry et al., 2016), temporal principal
components analysis was performed on the novelty condition ERPs for all participants.
Observations were concatenated across groups (CTL, ON, OFF), participants (25 per group),
and electrodes (60 per participant), yielding 4500 observations across 1001 samples
(-500:2:1500). ERPs were first detrended then mean centered prior to PCA ( pca. m). Seven
factors were selected for promax rotation ( r ot at ef act or s. m) based on comparison to
shuffled data (Dien et al., 2007). Factors were re-scaled to microvolts by multiplying by the
standard deviation of the raw data and temporal factors were reconstructed by multiplying
those weights with the ERPs (Dien, 2012).

Time-Frequency measures were computed by multiplying the fast Fourier transformed (FFT)
power spectrum of single trial EEG data with the FFT power spectrum of a set of complex
Morlet wavelets (defined as a Gaussian-windowed complex sine wave: ei2ntfe-2/(2xa"2),
where #is time, fis frequency (which increase from 1-50Hz in 50 logarithmically spaced
steps), and defines the width (or ‘cycles’) of each frequency band, set according to 4/(2r ),
and taking the inverse FFT. Inter trial phase consistency (ITPC) was quantified as the length
of the average of unit-length vectors that were distributed according to their phase angles
(Lachaux et al., 1999). ITPC quantifies the consistency of phase values for a given frequency
band at each point in time, with values varying from 0 to 1 where 0 indicates random phases
at that time-frequency point across trials, and 1 indicates identical phase values at that time-
frequency point across trials.

Statistical Analyses

To specifically examine change over time, the last 1/3 of trials were subtracted from the first
1/3 of trials in the novelty condition for each participant (95% of all participants had 9 or 10
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trials per tertile condition for this contrast). Differences in time-dependent ERPs and time-
frequency plots were tested between conditions or groups using t-tests that were corrected
for multiple comparisons by thresholding the mass of the statistical cluster (sum of absolute
t values) against 5000 permutations of group labels and taking the one-dimensional cluster
mass at the 95t percentile as the threshold for chance occurrence. Only activities after the
time locking event were statistically contrasted. This pair-wise statistical testing procedure
was chosen instead of an Analysis of Variance since it was expected that ON and OFF
differences from CTL should be very similar and this yielded a more useful comparison of
medication differences compared to an inclusive model (there were no ON vs. OFF
differences in any statistical contrasts of EEG activities). All topographical plots were
displayed as the average activity from 400 to 700 ms post-stimulus, significant differences
are indicated by black diamonds. There were no multiple comparisons for the topographical
plots since the spatial hypothesis was specific to mid-frontal sites. The number of years
since the diagnosis of Parkinson’s disease was used as a proxy for disease severity following
a recent report from this same cohort where years diagnosed was the major explanatory
variable of inter-subject variability (Cavanagh et al., 2017).

Pattern Classification

For classification, EEG epochs were down-sampled to 100 Hz and high pass filtered at .1
Hz. Trials were then matched between conditions and participant pairs so that every pair of
patient and matched control had the same number of trials in standard, target, and novel
conditions. First, thirty random standard condition trials were selected for each participant.
Second, trial counts were matched between each participant and their age and sex matched
pair. The trial count minimum across all conditions (i.e. due to rejection of bad epochs) in
ON, OFF, and matched CTL sets was determined and this number of epochs was randomly
selected from any sets that were larger. This minimum ranged from 23 to 29 across
participants (mode = 28). Segregation of the data in this manner not only controlled for
potential biases between groups, but it allows direct comparison between conditions without
spurious influences of training set size.

Data from each condition were taken from the first 50 coefficients (1 to 50 Hz power) of the
fast Fourier Transform (FFT) of single trial data from 250 to 1000 ms at each of 60
electrodes, which were then averaged across trials for each participant (yielding a 60
channels *50 Fourier coefficients = 3000 point linearized vector for each participant). Cross
validation was performed as a controlled leave-one-out procedure, where a single individual
from the PD group was held out of the training set along with their age and sex matched
individual from the CTL group. The other 24 participants in each group constituted the
training set, which were z-score normalized across participants. The two test set holdouts
were normalized to training set mean and standard deviation. Classification of the training
set was performed with a linear support vector machine (SVM) (fit csvm m); out of
sample prediction of the training weights on the test sample holdouts was then performed

(predict.nm.

ON and OFF medication groups were separately tested against the CTL group. Both
medication groups were expected to reveal similar patterns. While we expected the novelty
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condition to maximally dissociate groups, all three conditions were tested separately to
confirm this assumption. Motivated by the ERP analyses of novelty condition change over
time, the data from the novelty condition were split into first 3, middle 3™, and last 3"
sets, as well as the difference between the last 3" and first 3 sets. The confidence in SVM
classification was derived from the absolute distance from the decision boundary; this
participant-specific measure was then correlated with years diagnosed.

To determine the most important features that contributed to classification, select contrasts
were subjected to an iterative procedure for feature removal. In this process, each individual
channel*coefficient feature was removed and the classification accuracy was computed. If
the accuracy changed by less than 5% compared to the full feature set, the feature was
removed. This iterative procedure then tested the next feature. At the end of all 3000
iterations, only the most predictive features were left. This process was repeated 50 times for
each contrast; features were selected randomly in each permutation. Summary statistics of
the retained features were averaged across five major EEG frequency bands and displayed
topographically (delta: DC to 3 Hz, theta: 4 to 7 Hz, alpha: 8 to 11 Hz, beta: 12 to 29 Hz,
gamma: 30 to 49 Hz). It was hypothesized that low-frequency frontal midline activities
should maximally discriminate PD from CTL groups.

All participants reported reasonably accurate target counts (ON and CTL were 100%
accurate within a range of +/- 1; OFF was 92% accurate in this range), indicating that they
understood the task and remained alert during each block. UPDRS motor scores did not
significantly change between ON and OFF sessions (t(24)=-1.02, p=.32). Years since
diagnosis correlated with daily Levodopa-equivalent dose (r(25)=.60, p=.002).

Permutation-corrected statistical contrasts of ERP time courses revealed significant
differences between PD and CTL groups, with larger amplitudes in each PD group (Fig 1).
Specifically, the brain response to standard tones was enhanced in the PD group (ON or
OFF) vs. the CTL group over much of the late duration of the event, and novel trials were
specifically enhanced in the ON vs. CTL contrast (OFF vs. CTL had a similar trend, but
with lower statistical power). Topographical plots revealed a common pattern of
comparatively enhanced frontal midline activity in the PD group regardless of condition or
medication status.

Surprisingly, the P3a component trended towards being larger in the PD group than the CTL
group at the FCz electrode (ON vs. CTL: t(48)=1.90, p=.06; OFF vs. CTL.: t(48)=1.56, p=.
13), in contrast to some previous findings of a diminished P3a (Polich, 2007; Solis-Vivanco
et al., 2015; Tsuchiya et al., 2000; Zeng et al., 2002). However, this small component is
riding on top of a larger underlying trend; high-pass filtering the data at 1 Hz (as in Solis-
Vivanco et al., 2015) removes this shift and reverses these trends (ON vs. CTL.: t(48)=-.25,
p=.81, OFF vs. CTL t(48)=-.75, p=.46). Collectively, these findings bolster the hypothesis
of altered mediofrontal activities in Parkinsonism, and indicate that this tendency transcends
traditional ERP component activities like the P3a.
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Habituation to Novel Events

In order to specifically examine habituation to novel events, the last 1/3 of novel trials were
subtracted from the first 1/3 of novel trials; these difference ERPs were then tested in a
similar manner as Fig 1. Figure 2a shows how control participants had a diminishment in
ERP amplitudes from ~400 to 700 ms, demonstrating a change to novel sounds over time.
The PD group actually had enhanced activity over time (ON: ~700 to 900 ms), and both ON
and OFF conditions were significantly larger than CTL, particularly over mid-frontal
electrodes. A Laplacian spatial filter verified that these responses were specific to frontal
midline areas (Fig 2b). This specific measure of habituation (400 to 700 ms) correlated with
years since diagnosis, but only in the OFF group (rho=.50, p=.01; without outlier rho=.43,
p=.04) and not in the ON group (rho=.10, p=.63). This positive correlation in the OFF group
was specific to frontal midline sites (Fig 2c¢). No statistical contrasts for habituation to
standard or target conditions were significantly different than chance or different between
groups, as expected.

While this change over time is robust, the alternating polarities of ERP features can obscure
whether a lower voltage reflects a diminished response (e.g. less positivity) or an enhanced
response (e.g. greater negativity). For an objective interpretation of neural activities, we
investigated the inter-trial phase consistency (ITPC) of these responses (Fig 3). At the FCz
electrode, novelty conditions were represented by ~2-4 Hz phase consistency. This response
was larger in the first 1/3 than the last 1/3 of trials in the CTL group, demonstrating that
these ERP effects shown in Figure 2 represent a decline in neural responsivity over time in
the CTL group. There was no significant change over time in the ON or OFF groups and the
change over time was significantly different between CTL and OFF groups. While this
contrast was also different between CTL and ON groups, this latter contrast did not survive
multiple comparisons correction. However, this failure of multiple comparisons correction
should be interpreted in the context of the extremely strong a priori time and frequency
regions of interest. These findings strongly support the specific hypothesis that diminished
habituation to novelty is a sensitive indicator of altered mediofrontal habituation in
Parkinsonism.

Principal Components Analysis

Findings suggest that mediofrontal alteration and diminished habituation in Parkinson’s
disease may be reflected by broader responses to novelty than the P3a. To investigate how
these phenomena relate to existing ERP components, we computed a temporal PCA of the
novelty condition, as in Barry et al. (2016), see Figure 4a. Three temporal factors (TFs)
stood out in the time ranges of interest: TF1 appears to reflect the P3a component; TF2
appears to reflect the P3b component, and TF6 may reflect the novelty P3 (nP3) component
that Barry et al. (2016) revealed to be specific to a smaller-variance late TF that only occurs
due to distracting novel stimuli (Fig, 4b). While the timing of this nP3 leads the P3b here
instead of following it as in Barry et al. (2016), we urge caution in comparing the relative
temporal order of events between healthy young students and an aged patient population.
Following our findings of mediofrontal alteration that transcends the P3a, these components
demonstrate that the change over time is common to late (post P3a) mid-frontal activities
that are not specific to P3b or nP3 features (Fig 4c). In sum, the midfrontal EEG responses
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to habituation that differentiate CTL and PD groups do not appear to be specific to any
single ERP component.

Pattern Classification

As described in the methods, efforts were made to ensure that any variance available to the
classification process was not due to demographic variables or spurious influences of signal
to noise based on available epochs. The novelty condition maximally dissociated the PD
group from the CTL group; ON and OFF groups were similarly dissociated (Fig 5a).
Maximal total accuracy was 82% (OFF vs. CTL in the novelty condition), see Fig 5b. Figure
5¢ shows how SVM confidence significantly correlated with years since diagnosis for
patients ON but not OFF medication.

Bolstered by the ERP findings from the test of habituation to novelty, Figure 6a shows
classification outcomes of the novelty condition split by tertiles as well as the difference
between the last and first tertiles (i.e. the test of habituation shown in Fig 2). Compared to
the novelty condition classification in Fig 5, the tertiles had slightly lower success in
dissociating groups and the difference measure had the most modest effects (likely due to
decreasing signal to noise across all these contrasts), see Fig 6b. However, these conditions
were differently correlated with years diagnosed when patients were ON vs. OFF meds (Fig
6¢). The OFF group showed an expected pattern of increasing correlation as time elapses: as
differences in habituation increasingly dissociate groups, the most symptomatic patients are
best classified. Unexpectedly, the ON group showed the opposite pattern over trials.

Figure 7 shows the most discriminating features for major classification contrasts. Each
iterative procedure reduced the feature set to around 1% of the size (the median number of
retained features was just above 30). As predicted, the delta band was the most
discriminating frequency band. Topographical features were somewhat widespread, but the
frontal, central, and parietal midline areas were heavily represented.

Discussion

These findings reveal that brain responses to novel sounds, particularly over time, effectively
differentiate individuals with Parkinson’s disease from well-matched controls. In this very
short task with minimal performance requirements we were able to discriminate the PD
group from the CTL group at 82% accuracy while holding all other potential spurious
variables (age, sex, SES, time of day, signal to noise) constant. These findings are important
for two reasons. First, they identify systemic alteration in an obligatory neural mechanism
that may contribute to higher-level cognitive dysfunction in Parkinson’s disease. Second,
they demonstrate that this neural mechanism has considerable promise as a biomarker of
Parkinson’s disease symptom progression.

Patients ON medications were a less variable population than when OFF medication,
effectively differentiating from controls in condition-specific ERPs (Fig 1) and diminished
habituation to novelty (Fig 2a). However, the increased variability OFF medication was
clinically relevant: years since diagnosis was related to individual variability in habituation
(Fig 2¢) and classification due to habituation (Fig 6c¢). This feature stands in contrast to
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individual variability ON medication, which was not related to habituation (Fig 2c; Fig 6c¢),
although it was related to overall condition-specific discriminability (Fig 5c, Fig 6c¢). In
summary, medication status appears to have different effects on the brain response to
novelty, where patients ON medication had a reliably altered orienting response but patients
OFF medication were more idiosyncratically sensitive to the habituation to novelty.
Importantly, years since diagnosis moderated both of these effects.

The orienting response is a primitive component of executive control, and it contributes to
obligatory motor slowing via a route including the subthalamic nucleus (Wessel and Aron,
2017). An altered orienting response is suggested to contribute to quality of life issues in
patients, including distractibility (Sharpe, 1990) and risk for falls (Nieuwenhuijzen et al.,
2006). In this study we defined habituation as the response decrement to novel stimuli over
time. However, other studies have advanced more sophisticated measures for assessing
habituation which allow dissociation from fatigue or other spurious influences (Barry, 2009;
Rankin et al., 2009; Steiner and Barry, 2011). It would be very beneficial to replicate the
findings reported here with habituation-specific stimulus-response patterns, and it could be
very important to consider how this basic deficit contributes to alteration in higher-level
cognition.

While previous studies have found reduced P3a amplitudes in individuals with Parkinson’s
disease (Polich, 2007; Tsuchiya et al., 2000; Zeng et al., 2002), the evidence is somewhat
mixed across studies (Seer et al., 2016). We demonstrate here that signal processing choices
(e.g. high pass filtering) can have profound effects on this difference. Indeed, the findings
reported here suggest that differences in medication status, task durations, and symptom
severity all contribute important variance to this phenomenon. While years since diagnosis is
a crude measure of symptom severity, the use of this measure was motivated by previous
findings in this same cohort that it moderated behaviorally-expressed learning alterations
due to medication status (Cavanagh et al., 2017). None of the aforementioned studies of the
orienting response have completed a within-patient longitudinal study to examine within-
patient symptom progression in tandem with frontal EEG activities; however an emerging
consensus suggests this would be very beneficial (Cavanagh et al., 2017; Seer et al., 2016;
Solis-Vivanco et al., 2015).

It is important to note that EEG reflects cortical operations and is unlikely to be sensitive to
the pathology of midbrain cell death in PD. While monoaminergic projections strongly
modify cortical operations, this relationship is poorly understood and emergent EEG
operations are likely to be non-specifically related to single neurotransmitters. The P3a is
sensitive to a variety of monoaminergic activities, including noradrenaline, serotonin, and
acetylcholine (Brown et al., 2015; Heitland et al., 2013), although Parkinson’s disease is
associated with alterations in all of these systems as well as alpha synuclein load across
varied levels of the neural hierarchy (Halliday et al., 2014; Weingarten et al., 2015). In sum,
it is unlikely that EEG will be a viable stand-alone biomarker for diagnosing Parkinson’s
disease. However, as a sensitive index of high-level canonical circuit operations, EEG is an
excellent candidate tool for sensitively and specifically discriminating of the presence and
trajectory of cognitive dysfunction in Parkinson’s disease. This sets it apart from molecular
biomarkers (like serum or cerebrospinal fluid markers) or neuroimaging biomarkers (like the
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DaT scan) which can be successful in diagnosis yet limited in ability to follow disease
progression (Vogt et al., 2011). Since most large hospitals already have ample capabilities
for assessing EEG, this method has tremendous promise for biomedical utility in a variety of
neurological disorders.

Conclusion

In conclusion, the 3-auditory oddball task has considerable promise as a simple, rapid, and
inexpensive biomarker for assessing individual disease course trajectories in individuals with
Parkinson’s disease. Two steps need to be taken to realize this goal. First, a within-patient
longitudinal study would verify this hypothesis. Second, maximal accuracy needs to be
strengthened in the classification process. Other studies have classified Parkinson’s patients
from controls with similar accuracy using resting EEG activities (Chaturvedi et al., 2017,
Lainscsek et al., 2013), which could be integrated with the approach used here with very
minor demands on patient time. However, sophisticated data processing techniques and large
scale datasets are required to achieve maximal classification. To facilitate this goal, we have
made all data and code for this experiment open source and available online (see
Acknowledgements).
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Highlights
. Parkinson’s patients do not show EEG habituation to novel events over time.
. This neural response classifies patients at 82% accuracy.
. These findings identify a systemic alteration that contributes to cognitive

dysfunction.
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Figure 1.
ERPs in individuals with Parkinson’s disease ON and OFF medication vs. a well-matched

CTL group. Standard and Novel ERPs are from the FCz electrode, Target ERPs are from
POz. Horizontal bars under each ERP indicate permutation-corrected statistically significant
differences between PD and CTL (black=ON>CTL, red=OFF>CTL). Major differences
between groups occurred over much of the duration of standard and novel trials. PD and
CTL groups reliably differed in frontal midline electrodes regardless of medication status.
The time range of the P3a is marked in cyan. Topoplots are shown in time ranges indicated
by vertical magenta bars (400-700 ms), significant differences are indicated by black
diamonds. Error bars are _+/- SEM
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Figure 2.

Habituation during novel trials (last 1/3 of trials minus first 1/3 of trials). A) ERP
timecourses from the Fz electrode. Horizontal bars indicate permutation-corrected
statistically significant differences: under the ERPs these reflect tests between PD and CTL
groups (black=ON>CTL, red=OFF>CTL), bars above each ERP indicate similarly corrected
one-sample t-tests for each group (black=ON, blue=CTL). These contrasts indicate that
individuals with Parkinson’s disease have diminished habituation compared to controls,
particularly over frontal midline sites. Indeed, patients ON medication show sensitization
over time (higher amplitudes) instead of habituation. The time range of the P3a is marked in
cyan; major effects clearly followed the P3a. Topoplots are shown in time ranges indicated
by vertical magenta bars (400 to 700 ms), significant differences are indicated by black
diamonds. Error bars are _+/— SEM B) A surface Laplacian (spatial filter) verified that the
voltage effects shown in Figure 2A were local to frontal midline areas. C) Habituation
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correlated with a proxy of disease progression (years since diagnosis) OFF but not ON
medication.
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A CTL: Novelty B CTL: Change over Trials

1000

Figure 3.
Time-frequency plots of inter-trial phase consistency. A) Novel trials are characterized by

~2-4 Hz phase consistency. Plot is scaled from 0 to .5. B) In the CTL group, the first 1/3 of
trials had significantly greater phase consistency than the last 1/3 of trials, demonstrating
that the ERP change over time reflects a decrease in neural activities. There was no
significant change over time in ON or OFF groups. C-D) The CTL group had significantly
greater change in phase consistency than the PD groups, although the contrast with the ON
group did not survive multiple comparisons correction (thus is shown with magenta outline).
All difference plots are scaled from -.4 to .4.
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A Temporal Factors from PCA of Novelty ERPs
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Figure 4.
Principal components analysis of novelty condition ERPs. A) A seven-factor solution with

promax rotation revealed three major temporal factors in the relevant time ranges. Cyan bars
represent the P3a time range; magenta bars represent the time range of major habituation
effects. B) TF1 corresponded to the P3a time range and had a frontal midline maximum.
TF2 corresponded to a P3b time range and had a parietal midline maximum. TF6 had a late
time range and corresponded to a frontal midline maximum; this may reflect a novelty P3
component. C) When the TF weights for each different component were applied to the
difference between the first 1/3 minus last 1/3 trials, the previously observed pattern of
results is observed for both TF2 and TF6, suggesting that this altered brain dynamic is not
specific to a specific ERP component. Error bars are _+/— SEM. Topoplots are shown in
time ranges indicated by vertical magenta bars, significant differences are indicated by black
diamonds.
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Figure 5.

Classification of individuals with Parkinson’s disease based on different condition ERPs. A)
A receiver operating characteristic plot shows the true vs. false positive rates of PD vs. CTL

discrimination for each medication and task condition. B) Total accuracy (average of

sensitivity and specificity) for each condition. C) Correlation of SVM confidence and years
diagnosed for each condition; only patients ON medication had significant relationships

between ease of classification and years diagnosed.
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Figure 6.

Classification based on habituation to novelty. A) Tertiles of the novelty condition over the
course of the experiment, as well as the difference between the last and first tertiles. B) Total
accuracy in classification increased over tertiles, commensurate with the hypothesis that lack
of habituation maximally discriminates groups. Interestingly, the difference measure
designed to highlight habituation was not particularly effective in discrimination, suggesting
that overall responses to novelty are also important in discriminating groups. C) The success
of these discriminations was dependent on years diagnosed. Whereas patients OFF
medication had the expected increase in classification accuracy over time and in the
habituation contrast, patients ON medication had the opposite pattern.
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Figure 7.

Maximally discriminating features after iterative reduction. For each of four major contrasts
(rows), features were removed from the classification if they did not contribute to overall
accuracy. Over 50 permutations, each contrast relied on a median of ~30 features for
accurate classification. Topoplots show the average number of discriminating features,
which were primarily in the delta band over midline areas. Topoplots are all scaled from 0
(blue) to .05 (red).
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Patient and control participant demographics (mean +/- SD). All controls were age and sex matched to a
patient. BDI = Beck Depression Inventory, MMSE = Mini Mental State Exam, NAART = North American
Adult Reading Test, UPDRS = United Parkinson’s Disease Rating Scale (motor), LED = L-Dopa equivalence

dose in mg.
PD CTL Statistic
Sex 16 M,9F 16 M,9F
Age 69.68 (8.73) | 69.32(9.58) | t(48)=.14, p=.89

Years of Education
Parent’s Years Ed
MMSE
NAART
BDI
UPDRS ON
UPDRS OFF
LED

Years since Diagnosis

17.24 (2.95) | 16.42 (3.20)
12.98 (3.21) | 12.11 (3.33)
28.68 (1.03) | 28.76 (1.05)
45.92 (9.29) | 46.80 (7.64)
7.00 (4.77) | 5.24 (4.74)
23.36 (9.87)
24.80 (8.66)
685 (452)
5.40 (4.09)

1(48)=.98, p=33
1(48)=1.07, p=.29
1(48)=-.27, p=.79
1(48)=-37, p=.72
1(48)=1.31, p=.20
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