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Abstract: Prader–Willi syndrome (PWS) is a neurodevelopmental genetic disorder characterized
by multiple system involvement with hypotonia, poor suck with feeding difficulties, growth and
other hormone deficiencies, intellectual disability, and behavioral problems with childhood onset of
hyperphagia resulting in obesity, if not externally controlled. Transcranial direct current stimulation
(tDCS) has been increasingly shown to modulate cognitive and behavioral processes in children and
adults, including food-intake behaviors in patients with PWS. This study further reports the positive
effects of brief tDCS sessions on Go/NoGo task performance involving food and non-food stimuli
images, alterations in N2 brain amplitude, and genetic subgroup differences (maternal disomy 15,
UPD; 15q11-q13 deletion, DEL) before and after tDCS as assessed by event-related potentials (ERPs)
in 10 adults with PWS. The results indicate a group effect on baseline NoGo N2 amplitude in PWS
patients with DEL vs UPD (p =0.046) and a decrease in NoGo N2 amplitude following tDCS (p = 0.031).
Our tDCS approach also demonstrated a trend towards decreased response time. Collectively, these
results replicate and expand prior work highlighting neurophysiological differences in patients with
PWS according to genetic subtype and demonstrate the feasibility in examining neuromodulatory
effects of tDCS on information processing in this patient population to stimulate additional research
and treatment.

Keywords: event-related potentials (ERP); transcranial direct current stimulation (tDCS); food and
non-food images; Prader–Willi syndrome (PWS) and genetic subtypes; inhibition

1. Introduction

Prader–Willi syndrome (PWS) is a rare neurodevelopmental genetic disorder affect-
ing multiple systems, leading to life-threatening obesity in childhood if not externally
controlled. The syndrome presents with hypotonia, feeding difficulties, developmental
delay in infancy, and growth and other hormone deficiencies. The syndrome is further
characterized by short stature; small hands and feet; hypogonadism/hypogenitalism; mild
cognitive problems; and behavioral disturbances, including intrusive thinking patterns,
outbursts, anxiety, self-injury, and risk for autism and psychosis in late adolescence and
early adulthood [1–4]. The incidence of PWS affects about one in 10,000–20,000 live births,
across all races and affects both genders equally [1], with 350,000 affected worldwide [5].
Lastly, PWS patients develop a pattern of food-seeking leading to hyperphagia and subse-
quent obesity without strict caloric restriction and food security programs in place. These
behaviors also include eating of nonfood, inedible items [1,4,6].
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PWS is caused by errors of genomic imprinting generally from a de novo paternal
chromosome 15q11-q13 deletion (about 60% of cases), which contains imprinted genes
causing the disorder. Maternal disomy 15 occurs when both chromosome 15s are inherited
from the mother, which is seen in 35% of cases. The remaining individuals have a defect
(microdeletion or epimutation) involving the imprinting center in chromosome 15 that
controls the expression of the imprinted genes in the region or other chromosome 15 anoma-
lies [3]. Patients with maternal disomy 15 also experience increased risk of psychiatric
complications (e.g., cyclic psychosis) [1].

The interplay underlying observed neurodevelopmental contributions to hyperphagic
behavior remain unclear in PWS. Evidence suggests that food-intake decisions are in-
fluenced by neural networks involving the dorsolateral prefrontal cortex (DLPFC). This
structure has been implicated in the regulation and processing of food motivation, and the
integration of sensory and affective information, including satiety in healthy weight con-
trols [7,8], and has been shown to be hypoactive in PWS along with the orbitofrontal cortex
when processing food stimuli [9]. This may reflect a dysfunctional satiety network in PWS
since a number of structures that impact DLPFC activity such as the hypothalamus, ventro-
medial prefrontal cortex, insula, and amygdala have shown abnormal signaling [9,10] or
morphology [11].

A growing body of literature demonstrates that brain stimulation techniques such
as transcranial direct current stimulation (tDCS) provide a safe, painless, inexpensive,
non-restrictive, and non-invasive method to modify neuronal and cognitive functioning in
brain regions of interest [12]. This technique modulates cortical activity through delivery of
a weak electrical current applied to the scalp and brain parenchyma via the anode (positive)
to the cathode (negative) electrodes. Therefore, the placement of electrodes can be used
to target brain regions and networks. Effects of this procedure can produce increased
as well as decreased cortical excitability [13,14], impact peripheral systems [15], and be
used to target specific neuroanatomy responsible for cognitive processes of interest [16].
The application of this technique to the DLPFC (left and right hemispheres) has shown
reduced craving for a variety of substances, including tobacco [17,18] and food [19,20],
even following a single session [17–19]. Furthermore, targeting this region (i.e., DLPFC)
has demonstrated reduction in hyperphagia in patients with PWS [21,22] assessed via
psychometric assessment in previous pilot work using small samples.

The present study sought to expand neuroanatomy and function research [23,24] to
predict change in response to food and non-food stimuli and investigate event-related po-
tentials (ERPs) relevant to response-inhibition in patients with PWS using a Go/NoGo task
with food vs. non-food cues assessed via ERPs. Based on prior work, tDCS was hypothe-
sized to modulate expected patterns of ERPs to demonstrate enhanced response-inhibition
associated with processing of food-related stimuli. In addition, the electroencephalogram
(EEG) would also allow for the assessment of general neurophysiology associated with
PWS and genetic subtypes.

2. Subjects and Methods
2.1. Participants

Ten PWS participants (6 M, 4 F) took part in this study; 4 had the 15q11-q13 deletion
(DEL), and 6 had maternal disomy 15 (UPD). Six (4 M 2 F) were in the active group (2 DEL,
4 UPD), and 4 (2 M, 2 F) were in the sham group (2 DEL, 2 UPD). The average age of
participants was 29.6 ± 7 yrs (30.7 ± 9 yrs, males; 28.8 ± 5 yrs, females), with a range of
19 to 44 yrs. One female participant with UPD was randomized to the active intervention
arm but stopped early in the session due to intolerance of the stimulation.

2.2. Go/NoGo Task

The food Go/NoGo EEG task contained 160 trials with equal food (NoGo) and non-
food (Go) trials. Each trial started with a food or nonfood picture displayed on the computer
screen for a duration of 1 s. The picture was followed by a black screen of 1500 ms duration
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(varied from 1400 ms to 1600 ms) with a fixation cross in the center. The duration of
the Go/NoGo task was 7 min (14 min total for pre- and post assessment). Subjects were
instructed to click a mouse button in response to Go condition trials (non-food) and not
respond to NoGo trials (food). All the food pictures were chosen from images used in
previous studies examining brain responses to food motivation [9], and the non-food
pictures were chosen from The International Affective Picture System (IAPS) [25]. The
participants’ response time (unit: ms) to correct Go trials, the correct Go (hit) trials, and
the mistakes in response to NoGo trials number (false alarm) were used as behavioral
performance measures. After the baseline EEG session, subjects were randomized to 30-min
tDCS or sham stimulation sessions. After tDCS or sham stimulation, the subjects were
instructed and participated in an after-treatment EEG session to evaluate the tDCS session
effect for all subjects. A flowchart of the 44-min assessment and intervention protocol is
provided below (Figure 1).
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Figure 1. Flow diagram of study design and interventions.

2.3. tDCS Intervention

Participants were randomly assigned into an active or a sham tDCS session. The active
tDCS intervention was applied by a low-intensity DC stimulator (Chattanooga IontoTM
iontophoresis system, Chattanooga Medical Supply Inc., Chattanooga, TN, USA) that
delivered 2.0 mA of direct current for 30 min through saline-soaked electrodes (35 cm2).
The electrodes were placed in F4 for anode and Fp1 for cathode electrode, respectively, and
fixed 7~9 cm apart by using rubber bands (Figure 2). Sham stimulation was delivered via
brief ramp-up and ramp-down of tDC stimulation for 60 s at the beginning and end of the
intervention procedure to facilitate blinding. Thus, participants in the sham condition did
receive brief tDC stimulation associated with somatosensation of electrical stimulation as
a reliable method for blinding reported in other studies targeting prefrontal targets [26].
Participants in both groups were asked to relax during this period and could talk with
their guardians or the experimenters. The procedure was well-tolerated. All participants
provided informed consent or assent in accordance with the stipulations of the Institutional
Review Board (IRB) at the University of Kansas Medical Center and the Declaration of
Helsinki (KUMC HSC # STUDY00141818).

2.4. EEG Recording and Analysis

EEG signals were recorded using a 256-channel high-density sensor net (Electrical
Geodesics; EGI, Eugene, OR, USA). The vertex (Cz) electrode was used as a physical
reference. EEG recordings were sampled at 1000 Hz, and data were filtered in the frequency
band from 0.5 to 30 Hz and further processed in EEGLAB [27] and ERPLAB toolboxes [28].
The 256 channels were reduced to 64 channels according to the 10–20 system to decrease
processing complexity. The channel layout used in recording is shown in Figure 3 with
the reduced 64 channels highlighted. The Clean_rawdata plug-in with EEGLAB, which
applies automated subspace removal (ASR), was used to detect and reject or remove
high-amplitude non-brain activity [29]. The Adaptive Mixture Independent Component
Analysis (AMICA) [30,31] was used to separate independent components. Eye, cardiac, and
muscle artifacts were identified and removed using ICLabel, SASICA [28] and FASTER [32]
toolboxes. Data from electrodes not passing the noise threshold were interpolated by using
data from surrounding electrodes. Continuous EEG data were segmented into each trial
with a length of 100-ms baseline period pre-stimulus and 1500 ms after stimulus onset.
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Figure 3. 256-channel electroencephalogram (EEG) net with illustrated anatomical placement of
tDCS anode (A) and cathode (C). The 64 channels used in the event-related potentials (ERP) analysis
are highlighted in yellow. Anterior (top), posterior (bottom), vertex (central), left, and right, as shown
in the illustration. The net was removed for the 30-min tDCS or sham intervention and replaced
for the post-intervention ERP recording. The tDCS anode and cathode were placed at the site of
electrodes F4 and Fp1, respectively, according to the International 10–20 EEG system.
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Two inhibition-related ERP components were investigated in this study: N2 and P3.
The amplitude of the N2 ERP component was defined as the minimum of individual
average ERP data within the time window of 140–270 ms after stimulus onset. P3 compo-
nent amplitude was defined in the window of 250–450ms in the same electrodes cluster.
Fourteen frontal electrodes were chosen for both N2 and P3 analysis, which included Fp1,
Fp2, Fz, F3, and F4 electrodes in the 10–20 system. The amplitude peak was computed
based on the average of this electrode cluster. Only ERP data associated with a correct
behavioral response were used in the statistical test analysis. The ERP waveform with N2
and P3 components on channel Fz was illustrated in Figure 4.
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Significance tests were computed in order to evaluate the Go/NoGo conditions effect,
tDCS treatment effect, and genetic subtype effect of both behavioral performance and ERP
data. The two-tailed t-test was used and significant level set at p < 0.05 for all tests. The effect
size was calculated using Cohen’s d to indicate the differences between means interpreted
as small (d = 0.2), medium (d = 0.5), or large (d = 0.8) [33]. Due to the exploratory character
of this study, the statistical significance was not corrected for multiple comparisons.

3. Results
3.1. Task Performance

Before the intervention, task performance between subjects randomly assigned to
either tDCS or sham groups was tested. Subjects in the active group had evidence for
significantly faster Go reaction time than the sham group (p = 0.054, d = 1.789); see Table 1.
Task performance was also tested for differences due to genetic subtype. There was no
significant difference between DEL and UPD subtype group for Go reaction time (p = 0.844,
d = 0.108), hit rate (number of correct responses to Go stimuli) (p = 0.381, d = 0.503), or false
alarm rate (incorrect response to NoGo) (p = 0.497, d = 0.588); see Table 2.

Table 1. Task performance of intervention groups and test sessions.

Before tDCS or Sham Intervention After tDCS or Sham Intervention

Group Reaction
Time (ms) Hit Rate (n) False Alarm (n) Group Reaction

Time (ms) Hit Rate (n) False Alarm (n)

Active 633.7
(106.6) * 75.3 (3.3) 3.8 (4.1) Active 563.8 (67.0) 75.0 (8.8) 3.8 (6.0)

Sham 865.2
(160.4) * 70.3 (11.84) 0.8 (0.4) Sham 802.3 (254.7) 77.8 (3.3) 4.3 (4.0)

* Between group, within test session; p = 0.054.
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Table 2. Task performance between genetic subtype—before tDCS intervention.

Group Reaction Time (ms) Hit Rate (n) False Alarm (n)

DEL 714.6 (39.1) 76.0 (2.94) 4.0 (6.1)

UPD 734.1 (226.7) 71.5 (11.1) 1.7 (0.6)
ms = milliseconds; n = number.

Group data for Go/NoGo task performance between and within intervention group
assignment (tDCS vs. Sham) and test session (Before vs. After) are shown in Table 1.
After tDCS or sham intervention, there was no between group difference in Go reaction
time (p = 0.157, d = 1.448). Both active and sham group subjects had faster Go reaction
time following their assigned intervention, but this difference was not significant in the
sham group (p = 0.378, d = 0.515) and was only marginally significant in the active group
(p = 0.063, d = 0.971). There was also no within-group difference between the test sessions
for hit trials (active group p = 0.927, d = 0.031; sham group p = 0.226, d = 0.876) or false
alarm rate (active group p = 1.000, d = 0.000; sham group p = 0.207, d = 0.927). There was
no difference between groups, within the first and second test sessions, for hit trials (first
p = 0.516, d = 0.429; second p = 0.549, d = 0.823), or false alarm rate (first p = 0.154, d= 7.139;
second p = 0.909, d = 0.105).

3.2. ERP Findings
3.2.1. Go vs. NoGo Condition Effects

The non-food (Go) vs. food (NoGo) images did not generate an N2 amplitude differ-
ence in either group during the first test session, in the active group (p = 0.311, d = 0.387) or
sham group (p = 0.151), or in the second post-treatment test session (active p = 0.747, sham
p = 0.776).

3.2.2. PWS Genetic Subtype Differences

The PWS genetic subtype difference was not significant for N2 amplitude in the Go
condition (p = 0.091, DEL = −1.21uV, UPD = −3.93uV). However, as demonstrated by a
group X trial type interaction, the DEL group had a significantly smaller N2 amplitude
(p = 0.046) than the NoGo condition than the UPD group (DEL = −1.27, UPD = −4.55)
during baseline Go/NoGo task. The heatmaps in Figure 5 illustrate this pattern of results.
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when viewing non-food images. (b) NoGo condition when viewing food images.

3.2.3. Treatment Effects Using tDCS

Treatment with tDCS or sham did not result in a significant change in N2 amplitude
for the Go condition, active group (p = 0.634), or sham group (p = 0.665). However, for
the NoGo condition, the active group had a significant decrease in N2 amplitude after
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tDCS (pre-treatment =−3.40uV, tDCS =−2.38uV) (p = 0.031). This difference was not seen
in the sham group (pre-treatment =−3.00uV, sham =−3.22uV) (p = 0.834). This effect is
demonstrated via heat maps in Figure 6.
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4. Discussion

The present study sought to extend previous research findings investigating the role
of DLPFC in hyperphagia behavior in PWS patients using tDCS [21,22]. As prior work
investigated the role of ERPs during Go/NoGo task performance [34], it was hypothesized
that tDCS of the right DLPFC may affect decision-making and response inhibition during a
Go/NoGo task in PWS while processing food and non-food stimuli [21]. The tDCS montage
used in the present study utilized anode electrode placement at F4 and cathode electrode
placement at Fp1 to target this region using a pre-post design immediately following 30 min
of tDCS intervention. Application of this technique to the DLPFC has impacted craving
for a variety of substances including tobacco [17,18] and food [17,19,20]. Furthermore,
targeting this region (i.e., DLPFC) has demonstrated reduction in hyperphagia in patients
with PWS [21,22], making it of particular interest in this area of research.

Behavioral data demonstrated a trending effect of tDCS on response time during the
Go/NoGo task. Active as opposed to sham tDCS stimulation produced maintenance of
reaction time following 30 min of 2.0 mA DC to the right DLPFC. This was limited to
processing-speed and did not impact accuracy of behavioral performance across genetic
subtypes. This may represent evidence of increased frontal cortical excitability [13] since
selective attention may have been enhanced immediately following tDCS.

Electrophysiological data demonstrated differences in stimulus processing across the
DEL and UPD groups. Although N2 amplitudes were noted to be equivalent across food
and non-food stimuli during the Go/NoGo task, DEL PWS patients demonstrated smaller
N2 amplitude during the NoGo trials relative to the UPD group. This pattern of results may
suggest decreased conflict monitoring in this group when processing food stimuli during
NoGo trials [34]. Differences in neurophysiology during food-image processing across
PWS subtypes have also been shown in other studies [35]. Furthermore, alterations in N2
have been seen across PWS subtypes relative to controls during continuous performance
task assessments implicating differences in inhibitory function in PWS patients relative
to controls [36]. These findings add to the literature highlighting baseline differences
in information-processing across these PWS patient groups. Further examination into
the relationship between neurophysiology, cognition, and behavior is needed to evaluate
the effects of neuromodulation as a potential intervention in these patients as the PWS
community continues to search for intervention protocols for hyperphagia in PWS.
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Neuromodulation produced by tDCS appeared to further impact these baseline differ-
ences. Our tDCS procedure produced a significant reduction in N2 amplitude across groups
associated with equivalent N2 amplitude rendered during the processing of food stimuli,
thereby reducing baseline differences observed in the DEL and UPD PWS subgroups. The
decreased N2 amplitude in the active group after tDCS intervention suggests that tDCS
affects response inhibition in this context. This result is partially consistent with the reports
by Lapenta et al. [37], who demonstrated lower N2 amplitude following tDCS in the active
group when compared with sham group. In that study, active tDCS reduced N2 amplitude
to food stimuli, which was associated with decreased caloric intake in control subjects.
Decreased N2 activation was seen only on NoGo (food image trials) and therefore was not
a generalized effect to non-food stimuli. Therefore, this pattern of results may represent
potential neural activity that is associated with subsequent behavior change, which may be
of significance in patients with PWS. Given the nature of hyperphagia in this patient popu-
lation, this may reflect changes across studies in information-processing relating to food
stimuli in the human brain that may be associated with additional non-pharmacological
intervention opportunities for individuals with PWS.

Prader–Willi syndrome (PWS) is a rare genetic disorder associated with multiple phys-
ical, cognitive, and behavioral abnormalities with well-documented clinical abnormalities.
Additionally, genetic and brain imaging studies have characterized neurological differences
in patients with PWS as they relate to behavioral manifestations. For example, individuals
with only a partial deletion of chromosome 15 at the 15q11.2 BP1-BP2 region, including four
genes (NIPA1, NIPA2, CYFIP1, and TUBGCP5) have reported neurodevelopmental-autism
phenotypes [3]. Previous studies have shown that about 40% of participants with PWS and
the paternal 15q11-q13 deletion will have this proximal 15q11.2 BP1-BP2 region deleted
known as the larger typical 15q11-q13 Type I deletion [38]. Those with this small 15q11.2
BP1-BP2 deletion only or having Burnside–Butler syndrome are reported with lower sur-
face area of the brain, a thicker cortex and a smaller nucleus accumbens. Furthermore,
regional cortical analyses show localization of the effects to the frontal, cingulate, and
parietal lobes. EEG studies have documented differences in patients with maternal disomy
15 relative to those with the deletion. Maternal disomy 15 patients have significantly
increased reaction times compared to deletion or healthy controls. Deficits in specific
ERPs related to early modality or specific inhibition patterns have been reported during
late general inhibition of N200 and P300 peaks, relative to controls [36]. These findings
may have behavioral significance in relation to the PWS phenotype since patients with
the small 15q11.2 BP1-BP2 deletion have lower cognitive ability in five out of seven tasks
studied compared to normal controls [39], implicating genetic and neurodevelopmenal
contributions to the behavioral presentation of patients with PWS [3]. Future study of
intervention strategies, such as tDCS are needed.

5. Conclusions

Patients with PWS have a rare neurodevelopmental genetic disorder affecting multiple
systems which can lead to life-threatening obesity in childhood, if not treated [1–4]. tDCS
is emerging as a non-invasive method to modify neuronal and cognitive functioning associ-
ated with targeted behavioral change [17–20]. Although this pilot study employed a small
sample size that requires replication, the primary findings support positive effects of brief
tDCS sessions on Go/NoGo task performance involving food and non-food stimuli images
as evidenced by alterations in N2 in patients with PWS following intervention. It represents
a proof of concept that targeted modulation of dysfunctional brain regions associated with
attention and response inhibition may be associated with hyperphagia behavior in PWS.
This investigation extends prior work we reported targeting this area of DLPFC with tDCS
using behavioral and psychometric measures to examine stimulation effects on hyper-
phagia [21,22]. Because this study examined modulators of response-inhibition primarily,
future studies may benefit from additional markers of cognitive and behavioral changes
associated with food motivation and intake in this patient population. Examination of
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gender differences is also encouraged since prior work has demonstrated that males may
have differential responses to tDCS when cognitive measures are assessed [40]. Lastly, this
study demonstrated baseline neurophysiological differences in how patients with PWS
process food and non-food stimuli as a function of PWS genetic subtype consistent with
prior studies [35,36]. Additional studies should work to examine larger groups of genetic
subtype patients to better understand cognitive and neurophysiological processes associ-
ated with appraisal, motivational, and behavioral regulation as they relate to hyperphagia
in PWS. This research may lead to a better understanding of hyperphagia in PWS, brain
functioning, and possibly improved pathways for treatment modalities.
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