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Abstract
health. Here, we investigate the relationship between habituation to startling stimuli and startle-related activity in medial
frontal cortex as measured by EEG in both healthy control
participants and patients with Parkinson disease (PD). We
report three findings. First, patients with PD exhibited normal
initial startle responses but reduced startle habituation relative to demographically matched controls. Second, control

INTRODUCTION
One of the most fundamental adaptive responses observed across phyla is the habituation or reduction of
physiological responses to repeated aversive stimuli
(Chen, Aksan, Anderson, Grafft, & Chapleau, 2014).
Habituation can occur at the level of single neurons
(Castellucci, Pinsker, Kupfermann, & Kandel, 1970)
or via cortical modulation of basic response circuits
(McDowell et al., 2006; Bubser & Koch, 1994; Koch
& Bubser, 1994). Habituation thus indicates primitive
learning about the intensity, timing, and outcome of
the stimulus, which enables individuals to anticipate
and/or devaluate future stimuli and conserve energy
and effort (Chen et al., 2014; Koch & Schnitzler, 1997).
The reliability and interpretability of this response make
it a highly useful probe into neural disorders, particularly
if affected mechanisms of this global response can be
differentiated.
Failure of habituation is associated with worse mental
health. Individuals who showed sustained skin conductance response (reflecting sympathetic-mediated sweating) to aversive noise bursts had a higher probability to
develop posttraumatic stress disorder later in life (Pole
et al., 2009). Reduced habituation in eye-blink startle
responses (measured at the orbicularis oculi) and skin
conductance response are also commonly found in pa-
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participants had midfrontal EEG theta activity in response
to startling stimuli, and this activity was attenuated in patients
with PD. Finally, startle-related midfrontal theta activity was
correlated with the rate of startle habituation. These data
indicate that impaired startle habituation in PD is a result of
attenuated midfrontal cognitive control signals. Our findings
could provide insight into the frontal regulation of startle
habituation. ■

tients with anxiety disorders and posttraumatic stress disorder ( Jovanovic, Norrholm, Sakoman, Esterajher, &
Kozarić-Kovačić, 2009; Shalev et al., 2000; Raskin, 1975;
Lader & Wing, 1964). Finally, patients with Parkinson
disease (PD) have attenuated habituation to startling stimuli (Nieuwenhuijzen, Horstink, Bloem, & Duysens, 2006;
Matsumoto et al., 1992; Sandrini, Alfonsi, Martignoni,
Horowski, & Nappi, 1985; Messina, Di Rosa, & Tomasello,
1972; Penders & Delwaide, 1971).
The precise neurobiological mechanisms underlying
habituation to aversive stimuli are unclear. In humans,
neuroimaging studies have implicated diverse networks
in the cerebellum, medial frontal cortex (MFC)/cingulate,
parietal cortex, and amygdala in habituation (Hare et al.,
2008; Frings et al., 2006; McDowell et al., 2006). In rodents, regulation of startle responses in the prepulse inhibition paradigm involves the MFC (Koch & Schnitzler,
1997). Furthermore, this regulation depends on MFC
dopaminergic signaling via D1-type dopamine receptors
(Ellenbroek, Budde, & Cools, 1996; Bubser & Koch,
1994). The MFC has a well-documented role in the regulation of emotional processing (Botvinick & Cohen, 2014;
Ochsner, Silvers, & Buhle, 2012; Zelazo & Cunningham,
2007), leading to the hypothesis that the MFC is involved
in startle habituation and is dysfunctional in patients with
decreased dopamine.
We tested this idea by collecting scalp EEG during
a startle habituation paradigm with an aversive noise
burst in patients with PD and demographically matched
controls. In this paradigm, a loud and aversive noise burst
of 103 dB—equivalent to standing on platform by passing
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■ The ability to adapt to aversive stimuli is critical for mental

EXPERIMENTAL PROCEDURES
Participants
Ten patients with PD were recruited from the movement
disorders clinic or a patient registry administered by Dr.
Ergun Uc at the Department of Neurology, University of
Iowa (Uc et al., 2014)—seven women and three men,
aged 63.69 ± 4.40 (mean ± SEM ) years with 16.40 ±
0.52 years of education. All patients with PD were currently taking levodopa (n = 8) or the dopamine
agonist pramipexole (n = 2), with a levodopa equivalent
dose of 630.80 ± 99.76 mg (range = 200–1100 mg). When
on medication, the patients were less than Hoehn and
Yahr stage III, and their Unified Parkinson’s Disease Rating
Score, Part III (UPDRS III) was 9.22 ± 2.37 (range = 3–24).
All patients with PD were not demented at the time of
evaluation with Montreal Cognitive Assessment (MOCA)
scores of 27.60 ± 0.50 (all ≥ 26) and did not have
other confounding neurological or psychiatric disorders
(Table 1).
Twelve age- and education-matched individuals without a history of neurological conditions or current psychoactive medication were recruited from the Iowa City
area—eight women and four men, aged 62.55 ± 3.03 years
with 15.58 ± 0.60 years of education. MOCA scores of
these control participants were 28.83 ± 0.42 (all ≥ 26).
Table 1 shows demographic characteristics of all participants and disease status of the patients with PD. The numbers
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of patients and control participants are comparable with
previous studies in the same topic (Putzki, Graf, Stude,
Diener, & Maschke, 2008; Nieuwenhuijzen et al., 2006).

Startle Task
The startle task consisted of an aversive noise burst
(8192-Hz white noise) presented at 103 dB for 50 msec
and repeated 18 times. Time intervals between the noise
bursts ranged from 10 to 30 sec (Figure 1A). The noise
bursts were presented via over-ear headphones that
covered the ear. We instructed participants to gaze at a
fixation cross on the center of a screen and alerted them
that they would hear noise bursts.

Executive Function Assessment
We assessed executive function using a battery of neuropsychological tests. First, we used the Trail Making Test
Parts A and B, which examine the ability to switch
between two mental sets. The difference in time to
complete Parts A and B was scored (Tombaugh, 2004).
Second, we used the Stroop task, which examines the
ability to inhibit dominant responses; the interference
score was used (Gyurak et al., 2009; Delis, Kaplan, &
Kramer, 2001). Third, we used the Verbal Fluency, which
examines cognitive flexibility: Participants generated
words that began with F, A, and S (1 min for each letter).
The total number of words generated was scored (Gyurak
et al., 2009; Delis et al., 2001). Fourth, we used Digit Span,
which examines working memory. Participants repeated
two to nine digits in either the forward or backward
orders. The number of correct repetitions was scored
( Wechsler, 2008; Baldo, Shimamura, Delis, Kramer, &
Kaplan, 2001). Finally, we used the Wisconsin Card Sort
Test, which examines the ability to “learn new rules”
and “shift from old to new rules” based on dynamic feedback provided by the experimenter (Anderson, Damasio,
Jones, & Tranel, 1991; Grant & Berg, 1948). The number
of completed categories was scored. The scores of each
test of the patient and control groups are shown in
Table 1. For Trail Making, higher scores correspond to
worse performance. For other tests, higher scores correspond to better performance.
We constructed a composite index of executive function from the neuropsychological tests described above
according to methods described previously (Parker
et al., 2015). Briefly, we first transformed each test score
into z scores based on our entire sample (n = 22), with
higher z scores corresponding to better/worse performance relative to other participants in this study. We
averaged the five z scores for each participant to form
the composite score (for the Trail Making, we reversed
the z score before averaging). Higher composite scores
corresponded to better executive function.
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train—triggers strong eye-blink and autonomic nervous
system responses. The magnitude of these responses
reduces over time during repeated exposures to the
same noise burst (Chen et al., 2014; Jovanovic et al.,
2009; Geyer & Braff, 1982). Because the intervals between the noise bursts varied (between 10 and 30 sec)
and were unknown to the participants, the anticipation
of oncoming noise bursts can be stressful.
Frontal dysfunction is common in PD (Narayanan,
Rodnitzky, & Uc, 2013; Cools & D’Esposito, 2011;
Ibarretxe-Bilbao, Junque, Marti, & Tolosa, 2011; Cools,
Gibbs, Miyakawa, Jagust, & D’Esposito, 2008; Lange,
Paul, Robbins, & Marsden, 1993) and associated with
executive dysfunction (Ibarretxe-Bilbao et al., 2009;
Nagano-Saito et al., 2005; Lewis, Dove, Robbins, Barker,
& Owen, 2003). We focused on startle-related theta
activity (4–7 Hz) recorded from midfrontal electrodes,
which previous research has shown to reflect cognitive
control implemented by the MFC (Parker, Chen, Kingyon,
Cavanagh, & Narayanan, 2014, 2015; Cavanagh & Frank,
2014; Cavanagh & Shackman, 2014; Sauseng, Hoppe,
Klimesch, Gerloff, & Hummel, 2007; Sauseng, Klimesch,
Schabus, & Doppelmayr, 2005; Ishii et al., 1999). We found
that patients with PD had attenuated startle habituation
and attenuated midfrontal theta activity. These data provide insight into how the MFC may be involved in modulating responses to aversive stimuli.

Table 1. Demographic Characteristics, PD Status, and Cognitive and Executive Function
Patients with PD

Control Participants

t

p

Sex

7F, 3M

8F, 4M

.62

Handedness

9R, 1B

11R, 1L

.71

Age (years)

63.69 (4.40)

62.55 (3.03)

0.22

.83

Education (years)

16.40 (0.52)

15.58 (0.60)

0.45

.35

UPDRS IIIa

9.22 (2.37)

–

Hoehn-Yahr

1.6 (1.1)

Demographic characteristics

PD status

630.80 (99.76)

Cognitive function: general
MOCAb

27.60 (0.50)

28.83 (0.42)

1.90

.07

50.09 (12.31)

28.35 (4.67)

−1.77

.09

2.30 (1.50)

0.77 (3.41)

−0.39

.70

38.50 (3.18)

48.50 (4.13)

1.86

.08

16.90 (0.96)

19.50 (1.08)

1.76

.09

5.00 (0.67)

5.75 (0.25)

1.05

.31

−0.24 (0.14)

0.27 (0.15)

2.26

.03

Executive function
Trail Making (Parts B-A)a
Stroopb
b

Verbal Fluency
b

Digit Span

Wisconsin Card Sort Test

b
b

Executive Function Composite
Values are mean (SEM ).

B = bilateral; F = female; L = left; M = male; R = right.
a

Lower score = better performance.

b

Higher score = better performance.

Procedure
Patients with PD were asked to take their medication as
usual on the day of evaluation. Participation involved
one laboratory visit. All examinations were conducted
in the morning. Informed consent was obtained upon
arrival. Participants listened to some sample loud
sounds (i.e., the same aversive white noise as in the
startle task) immediately after informed consent and
setup for EEG recording. Participants’ eye-blink response to the very first noise burst was analyzed to
index the capability of responding to our testing stimulus. Between sample sounds and the startle task,
participants performed other tasks for approximately
∼1.5 hr (Parker et al., 2015). Before the startle task,
participants rested for 3 min. The startle task lasted
for 8 min. After the task, a battery of neuropsychological tests and MOCA (original version) were administered. In addition, motor status of patients with PD was
evaluated by UPDRS III by a movement disorders physician. All participants were debriefed at the end of their research participation. Five patients with PD returned for

“off” testing in the practically defined off-levodopa period
at least 12 hr after their last dose of levodopa.

Data Acquisition and Processing
EMG data were recorded at 1000 Hz using the BIOPAC
system. Two Ag–AgCl electrodes were placed on the skin
surface overlaying the orbicularis oculi muscle (impedance < 5 kΩ). EMG data were offline filtered in Acqknowledge software 4.1 using a 30- to 500-Hz band-pass filter
and then integrated and rectified (Blumenthal et al.,
2005). Eye-blink startles were defined as the maximum
change in EMG in a time epoch of 300 msec after the
onset of each noise burst (Figure 1B). One patient with
PD exhibited relatively delayed eye-blink startle responses; therefore, we extended the time window to
500 msec for this participant as patients with PD can have
delayed eye blinks ( Vidailhet, Rothwell, Thompson,
Lees, & Marsden, 1992). We limited the time window
to 200 msec for two control participants who had a rare
second eye blink at ∼250 msec. Across all participants
Chen et al.
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Levodopa equivalent dose (mg)

compute the rate of startle habituation, for each participant,
the normalized eye-blink startle responses over time were
fit with a hyperbolic function. The fit took the form of
y¼

a
ð1 þ x * r Þ

EEG

Figure 1. Patients with PD had less startle habituation to aversive
stimuli. (A) In the startle task, participants were presented with a
burst of aversive noise (103 dB, 50 msec) repeated at the intervals of
10–30 sec. (B) Eye-blink response to the very first sample noise burst
(unnormalized data). Patients with PD exhibited similar eye-blink
responses as control participants. (C) An independent-samples t test
confirmed the observation that the magnitude of the initial eye-blink
responses did not statistically differ between groups ( p = .42). (D)
Across successive presentations of aversive stimuli, patients with PD
exhibited stronger eye-blink responses and (E) had a lower rate of
decay in those responses than control participants. All variance is
mean ± SEM. *p < .05.

and all epochs, we excluded two epochs with spontaneous
eye blinks during or immediately before the noise-elicited
eye-blink startle response.
To examine participant’s capability of responding to
our testing stimuli, we examined eye-blink responses to
the very first sample noise burst (Figure 1B). We analyzed
startle habituation by normalizing the data by converting
the magnitude of eye blinks from all 18 trials to the percentage of response relative to the first noise burst of the
task. The normalization process controls for individual
differences in eye-blink reactivity to the noise bursts.
Epochs with eye blink exceeding 3.5 SD away from the
group average were excluded as outliers (across all participants, the total n of excluded epoch = 8). Data were
smoothed at three bins for plotting only (Figure 1D). To
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We recorded EEG data on a Nihon Kohden system (Tokyo,
Japan) with a sampling rate of 500 Hz. EEG data were recorded from 21 channels based on the 10–20 system (Fz,
Cz, Pz, FP1/2, F3/4, C3/4, P3/4, F7/8, T3/4, T5/6, O1/2, and
M1/2, where F is frontal, C is central, P is parietal, T is temporal, O is occipital, and M is mastoid). We also recorded
left-eye vertical EOG and ground electrodes (forehead).
Impedance of all electrodes was below 5 kΩ. Continuous
data were parsed into 2500-msec epochs (−500 to
2000 msec relative to noise onset) and rereferenced to
the mathematical average of the two mastoid channels
(M1/2). Bad channels across the entire electrode montage
were interpolated. Eye blinks and eye movements were
removed after independent component analysis from
EEGLAB (UC San Diego; Delorme & Makeig, 2004). Continuous EEG data were filtered by a 50-Hz low-pass filter.
ERPs were analyzed using an epoch from −100 to
2000 msec relative to the onset of the noise bursts (Ford
et al., 1995; Putnam & Roth, 1990). For ERPs, continuous EEG data were filtered <20 Hz, and data from 0 to
2000 msec were baseline-corrected by the data from
−100 to 0 msec. Visual inspection suggested that the
N1 and P2 components peaked between 100 to 180 and
180 to 300 msec, respectively (Figure 2A). Minimum (N1)
and maximum (P2) amplitudes were obtained from the
corresponding time windows to index each component.
Time–Frequency and Statistical Analysis
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 Gaussian2
2
windowed complex sine wave: ei2πtf e−t =ð2σ Þ, where t was
time, f was frequency (which increased from 1 to 50 Hz
in 50 logarithmically spaced steps), and σ defined the
width (or “cycles”) of each frequency band, set according
to 4/(2πf ) and taking the inverse FFT. The end result of
Volume 28, Number 12
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where a was the start value (always scaled to 100), x was
each time interval (1–18), and r was the rate of decay. The
decay rate was fit by minimizing the sum of squared error
across time points using the simplex method for gradient
descent (MATLAB function fmincon.m) with 40 separate
starting points (MATLAB function rmsearch.m). All parameters for r were compared with simulations and were fit by
grid search (which yielded identical outcomes). Higher
decay parameters correspond to faster/stronger startle
habituation (Figure 1E).

this process is identical to time-domain signal convolution,
and it resulted in estimates of instantaneous power (the
magnitude of the analytic signal). Each epoch was then
cut in length (−500 to 2000 msec). Power was normalized
by conversion to a decibel (dB) scale [10 × log10(powert/
powerbaseline)], allowing a direct comparison of effects
across frequency bands. The baseline for each frequency
consisted of the average power from 500 to 300 msec
before the onset of the noise bursts.
To test the hypothesis that startle habituation was related
to medial frontal dysfunction, we focused on electrode Cz
(Figure 2C), although all EEG electrodes were included in
this analysis (Figure 2D). Scalp topography was performed
by interpolating startle-related theta over the entire scalp
based on a spline of 19-electrode EEG montages (excluding
FP1/FP2). Statistical significance against the baseline was
computed via a paired t test and is indicated by contours
in the time–frequency plots (Figure 2C), with a minimum
threshold of a 500-pixel cluster size.

RESULTS
Patients with PD Had Lower Executive Function
Executive function was indexed by a composite score of
all listed tests in Table 1. An independent-samples t test

revealed that patients with PD had significantly worse
executive function than control participants (−0.24 vs.
0.27; t(20) = 2.26, p = .035; Table 1). Although patients
with PD scored lower than control participants across all
neuropsychological tests (except Stroop), the betweengroup difference was not statistically significant in any
single test, likely reflecting the multidimensional nature
of executive deficits in PD resulting in greater betweengroup differences when using composite scores of executive function (Litvan et al., 2012).

Patients with PD Had Normal Initial Eye-blink
Response to an Aversive Noise Burst
To examine participants’ capability of responding to our
testing stimulus, we analyzed nonnormalized eye-blink
responses to the very first sample noise burst. As shown
in Figure 1B, patients with PD had similar eye-blink responses to the noise burst as control participants. A t test
confirmed this observation: The magnitudes of eye-blink
responses did not statistically differ between patients
with PD and control participants (PD/control participants = 9.5/7.9 mV; t(20) = 0.83, p = .42; Figure 1C).
To further test the null hypothesis that eye-blink responses
of control participants were equivalent to those of patients
Chen et al.

1927

Downloaded from http://direct.mit.edu/jocn/article-pdf/28/12/1923/1836817/jocn_a_01012.pdf by guest on 22 September 2021

Figure 2. Patients with PD had
less midfrontal theta activity to
aversive stimuli. (A, B) Analysis
of ERPs at Cz around noise
bursts revealed a significantly
weaker N1 in patients with PD.
(C) Time–frequency analyses of
EEG (Cz) revealed significantly
lower theta activity (4–7 Hz)
100–200 msec after the delivery
of noise bursts in patients with
PD. (D) Scalp topography of
startle-related theta activity
(100–200 msec after noise
burst, 4–7 Hz) in controls and
patients with PD. Significant
differences were only seen
for electrodes Cz, C3, and C4.
All variance is mean ± SEM.
*p < .05.

with PD, we performed a Bayesian t test and found no credible difference between the two groups (95% highest density interval [−1.22, 9.59]; Bayes factor in favor of the null
hypothesis = 55000; Kruschke, 2013).

Patients with PD Had Less Startle Habituation

Patients with PD Have Dysfunctional MFC Activity
during Startle Habituation
To examine the neural basis underlying decreased startle
habituation in PD, we first examined the ERPs time-locked
to the onset of noise bursts at midfrontal sites. The N1
wave, corresponding to the first negative voltage deflection at the vertex (Cz) ∼100 msec after the noise, was
significantly weaker in patients with PD than in control
participants (−6.88 vs. −15.75; t(20) = 2.40, p = .026;
Figure 2A and B). By contrast, the two groups did not significantly differ in P2 amplitude (22.58 vs. 25.14; t(20) =
0.96, p = .34; 95% highest density interval [−12.3, 4.7];
Bayes factor in favor of the null hypothesis = 3.5 × 1016).
Next, we examined non-phase-locked spectral power
in theta bands from midfrontal sites (electrode Cz; 4–
7 Hz) that have consistently been linked to cognitive
control (Parker et al., 2015; Cavanagh & Frank, 2014;
Cavanagh & Shackman, 2014; Sauseng et al., 2005,
2007; Ishii et al., 1999). Time–frequency analysis revealed markedly diminished theta activity immediately
after the noise bursts in patients with PD relative to
controls (5.7 vs. 8.6; t(20) = 2.26, p = .035; Figure 2C).
Notably, MFC N1 ERPs were significantly correlated with
midfrontal theta activity (r = .45, p = .036). A subset of
patients with PD had a second visit and performed the
same startle task when off levodopa medication for at least
12 hr. Midfrontal theta activity was not statistically different
in on-versus-off levodopa (n = 5, 5.45 vs. 3.66; paired
t(4) = 0.90, p = .43; 95% highest density interval [−12.1,
16.2]; Bayes factor in favor of the null hypothesis = 92.6).
Given the small sample size, the on–off comparison
1928
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MFC Theta Is Related to Startle Habituation
and Executive Function
To examine if diminished MFC activity and startle habituation were related, we conducted bivariate Pearson
correlation tests. Across all participants with PD and
control participants, those with stronger theta signals
showed greater eye-blink decay (r = .52, p = .012;
Figure 3). Notably, executive function also trended to
correlate with eye-blink decay (r = .40, p = .067); however, correlations between eye-blink decay and theta
activity were significant even when executive function
was included as a covariate in a linear regression (main effect of midfrontal theta on eye-blink habituation: F(18) =
4.80, p < .042; no effects of disease status, executive function, or interactions were found). There were no significant correlations with disease severity (as measured by
UPDRS or Hoehn-Yahr; Table 1) or dopaminergic medication dose (Benamer et al., 2000). These data indicate
that startle habituation could be linked with MFC theta

Figure 3. Startle habituation was correlated with midfrontal theta
activity. Pearson’s correlation between theta activity and startle-related
decay in eye blinks. Participants with higher theta activity showed
stronger decay in eye-blink startle response. *p < .05.
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As shown in Figure 1D and E, patients with PD had stronger and sustained eye-blink responses in responding to
successive noise bursts (Noise bursts 2–18; t(20) =
2.78, p = .012). In both controls and patients with PD,
eye-blink responses decayed or were weaker on the
18th versus 1st noise burst (Figure 1D; controls: paired
t(11) = 15.50, p = 10−9; for patients with PD: paired
t(9) = 2.95, p = .016). We then calculated the rate of
hyperbolic decay in eye blinks and found that the rate of
decay was significantly lower in patients with PD than
in controls (0.11 vs. 0.32; t(20) = 2.35, p = .029; Figure 1E). These data are consistent with prior evidence
that patients with PD have decreased startle habituation
(Nieuwenhuijzen et al., 2006; Matsumoto et al., 1992;
Sandrini et al., 1985; Messina et al., 1972; Penders &
Delwaide, 1971).

suggests no consistent effect of levodopa on midfrontal
theta activity.
Scalp topography of whole-brain EEG revealed significant differences in startle-related theta activity between
controls and patients with PD only for midfrontal electrodes (Cz as above; C3: t(20) = 2.46, p = .023; C4:
t(20) = 2.13, p = .045; Figure 2D). Notably, although
localizing activity at these sites to a specific cortical area
is challenging, activity at these electrodes can correspond
with medial regions of the frontal cortex (Nieuwenhuis,
Holroyd, Mol, & Coles, 2004). Together, these results
indicate that MFC theta activity is attenuated in patients
with PD.

activity and provide evidence that decreased startle habituation in PD is a result of impaired MFC-related signals.

DISCUSSION

Chen et al.
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We tested the hypothesis that the MFC is involved in
startle habituation and that this response is dysfunctional
in disorders with altered MFC function such as PD. We
report three findings. First, patients with PD exhibited
normal initial startle responses but reduced habituation.
Second, patients with PD had lower startle-related
midfrontal theta activity and smaller N1 ERP components.
Finally, startle-related midfrontal theta was significantly
correlated with startle habituation. Our findings are in
line with animal work implicating MFC dopamine in
regulation of responses to aversive stimuli (Koch &
Schnitzler, 1997; Ellenbroek et al., 1996; Bubser & Koch,
1994) and suggest that the MFC plays a critical role in
modulating behavioral response to recurrent aversive
stimuli, possibly by supporting systems for top–down
control.
Previous literature has linked midfrontal theta activity
to attention and unexpected events (Clayton, Yeung, &
Cohen Kadosh, 2015; Fries, 2015; Wessel & Aron, 2013).
In this study, patients with PD actually have sustained
startle responses but less midfrontal theta activity. PD is
a multifaceted disease involving cortical alpha-synuclein,
genetic polymorphisms in dopamine receptors, mitochondrial abnormalities, and deficits in ascending neurotransmitters including norepinephrine and serotonin, and
the most prominent of which is dopamine (Narayanan,
Rodnitzky, et al., 2013). In response to startling stimuli,
some combination of these processes in PD results in
both sustained startling stimuli and less midfrontal theta
activity. One explanation that can account for both observations is that midfrontal theta represents a signal of the
need for cognitive control, such as the obligatory response that reactively readies eye-blink responses to naturalistic aversive stimuli (Cavanagh & Frank, 2014;
Cavanagh & Shackman, 2014). Diminished midfrontal
theta in patients with PD likely reflects a failure of primitive
learning mechanisms regarding the stimulus–response association to startling stimuli.
Cortical dopamine is reliably disrupted in PD (Narayanan,
Rodnitzky, et al., 2013; Cools & D’Esposito, 2011; Cools,
Stefanova, Barker, Robbins, & Owen, 2002; Mattay
et al., 2002; Deutch, 1993). In patients with PD, MFC lowfrequency rhythms are markedly abnormal, and this effect
can be replicated from focally depleting dopamine in medial frontal circuits (Parker et al., 2015) or by locally blocking D1 dopamine receptors (Parker et al., 2014). However,
patients with PD are diverse with many reasons for cortical
dysfunction such as cortical Lewy bodies or disturbances
in nondopaminergic ascending projections (Zhang, Kim,
& Narayanan, 2015; Narayanan, Rodnitzky, et al., 2013);
thus, the effects we observe might not strictly be related
to dopamine.

Oral levodopa can have complex effects on prefrontal systems, making it difficult to establish responses of
MFC theta to oral dopaminergic medication (Cools &
D’Esposito, 2011; Pascual-Sedano et al., 2008). Midfrontal
rhythms in patients with PD do not appear to be specifically responsive to levodopa (Mostile et al., 2015), and
we did not see consistent modulation in our data. Because patients with PD had relatively low UPDRS III
scores in this study (∼9/108) and because cortical dopamine can have nonlinear effects, our patients may in fact
be hyperdopaminergic when on levodopa medication
(Cools & D’Esposito, 2011). Although this depends on
diverse factors such as PD severity and nonmotor symptoms, the effects of levodopa on midfrontal activity detectable at scalp EEG may also reflect modulation of
other brain structures, such as the striatum (Duchesne,
Soucy, Masson, Chouinard, & Bedard, 2002). Detailed
work in animal models in which dopamine can be modulated at individual sites is likely required to address the
effect of levodopa on cortical networks (Duchesne et al.,
2002; Gotham, Brown, & Marsden, 1988).
The N1 component recorded at Cz was found to be reduced in patients with PD. The midline N1 wave has been
previously implicated in effortful and adaptive control
and is at least partially generated at the MFC, particularly
the ACC (Narayanan, Cavanagh, Frank, & Laubach, 2013;
Esposito, Mulert, & Goebel, 2009; Mulert et al., 2008;
Mulert, Menzinger, Leicht, Pogarell, & Hegerl, 2005). The
N1 wave may play an important role in early selective attention, particularly in the processing of emotional stimuli
(Hajcak, Weinberg, MacNamara, & Foti, 2012; Coull,
1998). Previous studies have found that patients with PD
with cognitive impairment had structural differences in
the frontal cortex (Nagano-Saito et al., 2005; Pereira et al.,
2014). Reduced N1 activity in patients with PD may reflect
prefrontal abnormalities and deficits in effortful and adaptive control (Narayanan, Rodnitzky, et al., 2013) as well as
disruption of early attentional processes for emotional
stimuli (Dietz et al., 2013; Vieregge, Verleger, Wascher,
Stüven, & Kömpf, 1994).
Neuronal oscillations in low frequencies are a mechanism of cognitive control in scenarios involving adaptation,
error, uncertainty, conflict, and surprise (Cavanagh &
Frank, 2014; Cavanagh & Shackman, 2014; Shackman
et al., 2011). We found that midfrontal theta activity correlated with the rate of startle habituation. These findings
suggest that MFC plays a critical role in modulating startle
response during habituation. The MFC may contribute to
startle habituation by supporting the systems essential for
cognitive control of responses to aversive stimuli. Habituation to recurrent aversive stimuli may require aspects of
cognitive control, including increased attention and working memory load to encode the intensity, duration, and frequency of the stimulus; inhibition/modulation of fear and
anxiety triggered by the aversive stimulus; and anticipation
of stimulus timing. Medial regions of the frontal cortex may
implement these functions, particularly selective attention
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