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A B S T R A C T

Prader-Willi syndrome (PWS) is a complex, genetic disorder characterized by multisystem involvement, including
hyperphagia, maladaptive behaviors and endocrinological derangements. Recent developments in advanced
neuroimaging have led to a growing understanding of PWS as a neural circuit disorder, as well as subsequent
interests in the application of neuromodulatory therapies. Various non-invasive and invasive device-based neu-
romodulation methods, including vagus nerve stimulation (VNS), transcranial direct current stimulation (tDCS),
repetitive transcranial magnetic stimulation (rTMS), and deep brain stimulation (DBS) have all been reported to
be potentially promising treatments for addressing the major symptoms of PWS. In this systematic literature
review, we summarize the recent literature that investigated these therapies, discuss the underlying circuits which
may underpin symptom manifestations, and cover future directions of the field. Through our comprehensive
search, there were a total of 47 patients who had undergone device-based neuromodulation therapy for PWS. Two
articles described VNS, 4 tDCS, 1 rTMS and 2 DBS, targeting different symptoms of PWS, including aberrant
behavior, hyperphagia and weight. Multi-center and multi-country efforts will be required to advance the field
given the low prevalence of PWS. Finally, given the potentially vulnerable population, neuroethical consider-
ations and dialogue should guide the field.
Introduction

Prader-Willi syndrome (PWS) is a rare, complex genetic neuro-
developmental disorder occurring in 1:10,000 to 30,000 live births. PWS
affects approximately 350,000 people globally [1]. First described by
Andrea Prader in 1956 as syndromic obesity, the genetic underpinning of
PWS is the loss of expression of a paternally expressed gene locus on
chromosome 15q11-13 [2]. There are several subtypes of this imprinting
disorder, most commonly due to paternal deletion (DEL, 60–70%),
maternal uniparental disomy (UPD, 25–35%), or an imprinting defect
(1–3%) [3]. There are five common breakpoints (BP1-BP5) along chro-
mosome 15q11-q13, and the DEL subtype can be further classified (Type
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I or II) based on the length of the deletion [4]. Maternal UPD manifests
because of meiosis errors in female gametogenesis [4,5]. Importantly,
SNORD116, MAGEL2 and IPW genes are found in the chromosomal 15
gene locus and are critical in hypothalamic functions, and are thought to
possibly account for many of the PWS clinical manifestations [6,7].

Multisystem clinical manifestations in three characteristic aspects are
considered pathognomonic of PWS: (a) hyperphagia, which may lead to
severe obesity and its related metabolic diseases; (b) maladaptive
behavioral issues such as temper outbursts and cognitive disabilities, and
(c) multiple endocrinological dysfunctions, including hypogonadism and
growth-hormone axis dysfunction [8–10]. PWS individuals classically
experience various nutritional phases over time [11]. Briefly, in the
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neonatal period, PWS newborns often present with severe hypotonia and
poor feeding which may contribute to failure to thrive [12,13]. From
later childhood, they manifest hyperphagia and related food-seeking
behaviors, contributing to severe obesity (40% in children; 85% in
adults) and related disorders such as diabetes mellitus, high blood
pressure, metabolic syndrome, cardiorespiratory diseases, and sleep
apnea [14]. Hyperphagia is the most extreme form of overeating. It oc-
curs without the feeling of satiety and is severely debilitating for PWS
individuals and their caregivers. Increased mortality and morbidity rates
(1–4% annually) result from cardiorespiratory complications associated
with morbid obesity, as well as hyperphagia-related incidents such as
choking, gastrointestinal perforation, and necrosis [15]. Aberrant be-
haviors in PWS include temper outbursts, repetitive and ritualistic be-
haviors, mood swings, and skin picking. Individuals with PWS also tend
to enjoy solitary pursuits, have poor interpersonal relationships,
impaired language skills, and are prone to developing psychiatric con-
ditions such as depression. Strikingly, certain behavioral manifestations
such as autism spectrum features are more strongly associated with the
UPD subtype of PWS [6].

Human growth hormone (HGH) therapy remains the only FDA-
approved treatment for PWS, and numerous pharmacological targets
such as anorexigenic agents, endocannabinoid antagonists, and bariatric
surgeries have proven ineffective. While HGH addresses some of the
hormonal deficiencies in PWS, it has not been shown to have any sig-
nificant impact on reducing hyperphagia or aberrant behaviors, espe-
cially in adulthood [16–18]. Bariatric surgery was less effective in PWS
individuals and was also associated with higher post-operative compli-
cations and revision rates (12%) [19]. PWS individuals in general rely on
forced, lifelong food security and restriction to prevent overeating, and
some stay in group homes to prevent free access to food. Based on
first-person and caregiver surveys, hyperphagia was repeatedly ranked as
the most challenging and pervasive struggle on a day-to-day basis. Thus,
this is a priority for effective therapy development [20–22]. Although
some PWS individuals eventually progress into phase 4 disease, where
they no longer have an insatiable appetite, this is actually a small mi-
nority of the population [11].

While the exact pathophysiological mechanism of PWS remains un-
deciphered, through advanced neuroimaging studies, there is growing
evidence of neural circuits dysfunction in PWS that may account for its
Fig. 1. PRISMA flowchart of the conduct of systematic literature review. DBS ¼ dee
transcranial direct current stimulation; TMS ¼ transcranial magnetic stimulation; tV
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characteristic symptoms. Brain regions that have been implicated,
consistent with the affected gene locus in PWS, include the hypothala-
mus, pre-frontal cortices responsible for inhibitory control and cognition
(dorsolateral/medial prefrontal cortex, anterior cingulate cortex and
insula), and the limbic reward system (orbitofrontal cortex, ventral
striatum including nucleus accumbens, hippocampus, amygdala and
anterior insula) [23]. The increasing appreciation of aberrant neural
circuits such as hyperactive subcortical reward circuitry in PWS have led
to recent application of various non-invasive and invasive neuro-
modulation techniques to treat aspects of PWS. These therapies include
vagus nerve stimulation (VNS), transcranial direct current stimulation
(tDCS), transcranial magnetic stimulation (TMS) and deep brain stimu-
lation (DBS). In this systematic review, we will consolidate the current
literature on the use of neural stimulation therapies for the treatment of
various PWS symptoms and we will suggest the possibility that shifting
from a symptom-specific approach to a network-modulating strategymay
have the potential to better address the clinical manifestations of PWS.

Methods

Search strategy

Following the Preferred Reporting Items for Systematic Review and
Meta-Analysis 2020 guidelines (PRISMA, http://www.prisma-statement
.org), a comprehensive and systematic literature search of four databases
(PubMed, Scopus, Embase, andWeb of Science) was performed in January
2023 and updated in June 2023 (Fig. 1) [24]. Relevant articles were
identified using medical subject headings (MeSH) including the search
terms “Prader-Willi” and “stimulation”. The search results were uploaded
to Covidence Extraction 2.0 systematic review software (Veritas Health
Innovation, Melbourne, Australia), and abstract screening and full text
review were performed by three authors (AC, LQ and RM) independently.
Any conflicts at any stage of screening or review were resolved by LQ. The
following inclusion and exclusion criteria were used to select articles -
Inclusion: 1) articles published in the English language, 2) original articles,
including case reports, describing the use of neural stimulation therapy
(invasive or non-invasive) in patients diagnosed with PWS. Exclusion
criteria: 1) non-human preclinical studies, 2) studies not including a PWS
population, 3) review papers, commentaries, and protocols. If duplicate
p brain stimulation; tACS ¼ transcranial alternating current stimulation; tDCS ¼
NS ¼ transcutaneous vagus nerve stimulation; VNS ¼ vagus nerve stimulation.
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data was encountered, the study with highest number of cases, or the
longest follow-up was used and the other discarded.

Data extraction

Data extracted from full texts included study design, patient de-
mographics, PWS symptoms treated, neural stimulation modality, brain
target, stimulation parameters, treatment outcome, follow-up period and
any adverse events. Each study was assigned a risk of bias (low, mod-
erate, serious or critical) according to the ROBINS-I tool for non-
randomized studies [25] and RoB 2.0 (low, some concerns or high) for
randomized clinical trials [26]. Case reports were classified as critical,
while small case series (less than 10 patients) were considered moderate
if patient management and outcomes were homogeneous. Risk of bias
was considered serious if management and/or outcomes varied sub-
stantially across individual patients.

Results

A total of 1003 abstracts were identified from the collective data-
bases. After removal of duplicate studies, 461 articles remained. There
were 436 articles excluded after abstract screening for the following
reasons: 1) irrelevant publications (n ¼ 433); 2) language other than
English (n¼ 3). Twenty-five full text articles were reviewed, and another
16 articles were excluded due to duplicates (n ¼ 1), identification as
review articles (n¼ 7) and due to unrelated study context (n¼ 8). A total
of 9 articles, ranging from case reports, case series and to randomized
clinical trials were included in the final analysis, with a sum total of 47
patients across all modalities (Table 1). Two studies reported the use of
VNS, 4 on tDCS, 1 on TMS, and 2 on DBS (Fig. 2). Outcome measures
included physical measures such as body weight and body mass index
(BMI), behavioral measures including number of temper outbursts, and
standardized inventories, as well as eating and hyperphagia assessments.
In the following sections, we detail the findings.

Vagus nerve stimulation (VNS)

Implanted VNS
The first clinical trial of VNS was conducted in three individuals with

PWS in the United Kingdom, and the results were published in 2016 [27].
The impetus for this study was drawn from neuroimaging investigations
suggesting insensitivity of satiety and reward pathways involved in eating
behaviors in PWS, knowledge of the role of vagal nerve feedback between
the gut and hypothalamus, and anecdotal reports of the weight reduction
effects in patients implanted with VNS. In this study, the VNS system was
implanted with electrical coils around the left vagal nerve. Stimulation
parameters of 30 Hz, 500 us and 30 s of on-time, 5 min off-time cycle
were used, with current amplitude ranging from 0.25 mA to 1.5 mA. In
these 3 participants, VNS did not achieve the primary objective of hy-
perphagia reduction. However, significant improvement in pre-existing
maladaptive behaviors in 2 of the 3 patients were documented, and
there were reported improvements in emotional and cognitive flexibility,
reactivity, social functioning, and control over food. Both patients in this
study requested continuation of stimulation after conclusion of the trial.

The authors hypothesized that the beneficial effects of VNS were
modulated via modification of afferent and efferent vagal projections on
specific neural networks. As the vagal nerve influences widespread ac-
tivity in the brain through the autonomic nervous system, it was postu-
lated that the favorable effects on emotional outbursts and improved
global functioning might have resulted from a rebalance of aberrant
neural communications between motivational or emotional circuitries
that are involved in higher cognitive control [28].

Transcutaneous VNS (tVNS)
The same investigators who first applied invasive VNS then went on

to study the effects of non-invasive, transcutaneous VNS (t-VNS) on
3

temper outbursts in a small cohort of 5 individuals with PWS (all DEL
subtypes). The results were published in 2019 [29]. t-VNS was delivered
non-invasively by an earpiece connected to the cymba conchae of the left
ear. The programming parameters for stimulation ranged from 0.1 mA to
5 mA with a 0.1 mA step until the patient reported a tingling sensation. A
pulse width of 250 μs and frequency of 25 Hz was used. The study was
conducted in a non-blinded single case repeat measures modified ABA
methodology. Participants served as their own control since it was not
possible to deliver sham stimulation. Sham stimulation could not be used
as it was important for the participants of this early study to experience
the tingling sensation. Each participant received 4-h of daily t-VNS
stimulation for 12 months, followed by a month of daily 2-h t-VNS
stimulation and clinical effects were documented. Unlike the duty-cycle
stimulation of implanted VNS, stimulation is continuously delivered by
the t-VNS during the hours when worn (2-h or 4-h per day). The primary
outcome was the frequency of daily behavioral outbursts as reported by
caregivers, and the secondary outcomes included questionaries and
qualitative interviews.

Of 5 participants, 4 displayed statistically significant decreases in the
severity and number of temper outbursts following 4 h of daily t-VNS
treatment (p < 0.05). The effect was observed at approximately the 9-
month point of active stimulation. Objective questionnaires and inter-
view results also corroborated with the behavioral improvements. The
Challenging Behavior Interview significantly improved in 4 patients (p<

0.05). These improvements translated into reduced care demands and
improved quality of life for study participants and their caregivers.
Subsequent reduction of daily t-VNS to 2 h resulted in an increase in
temper outburst episodes for all the participants, with 2 reflecting a
statistically significant increase (p < 0.05) [29]. All participants conse-
quently requested an increase of stimulation to 4 h/day after the 1-month
follow-up. The collective data from this experience suggested a
dose-related effect of t-VNS in reducing the temper outbursts and chal-
lenging behaviors in PWS.

Transcranial direct current stimulation (tDCS)

Transcranial direct current stimulation (tDCS) is a non-invasive
technique that applies a low and constant direct current to the scalp.
The current courses through the brain parenchyma from the anodic to
cathodic electrode in order to modulate neuronal and cognitive func-
tioning in cortical brain regions [30,31]. The treatment may enhance
cortical excitability under the anode or hyperpolarize and inhibit excit-
ability under the cathode. Previous applications of anodal tDCS have
revealed success in modulating decision-making and food/substance
cravings in healthy controls as well as patient populations [32,33]. tDCS
was first proposed as a therapeutic approach to control hyperphagia in
PWS based on the finding that PWS was associated with altered pre-
frontal activity; a brain activation pattern which is also known to be
associated with food consumption [32]. Four studies have since reported
the effect of tDCS on PWS. Available data include randomized controlled
study, open-label study and case reports (Table 1).

In a pilot double-blind, sham-controlled, multi-center study, anodal
tDCS (2.0 mA, 30 min for 5 days) was applied to the right dorsolateral
prefrontal cortex (DLPFC) in 10 PWS patients, 11 obese adults and 11
healthy-weight adult controls [34]. Active tDCS stimulation in PWS was
associated with a significant reduction in the Three-Factor Eating Ques-
tionnaire (TFEQ) and the Dykens Hyperphagia Questionnaire (DHQ) at
the 30-day timepoint. Significant reductions in self-reported measures of
disinhibition, severity and food cravings were also noted. Using the TFEQ
scale, PWS individuals who received active stimulation revealed an
improved disinhibition (factor II) score as well as total score (p < 0.02)
when compared to the sham group. Additionally, hyperphagia severity,
as graded by participants and caregivers on the DHQ, showed improve-
ments in the active stimulation group at 15 days (p< 0.05), although this
difference narrowed at the 30-day timepoint. These results support the
hypothesis that tDCS neuromodulation of prefrontal activity reduced



Table 1
Summary of clinical studies examining the effects of neurostimulation in PWS patients.

Author, year Study
design

Study
size, n

Stimulation target Stimulation settings Target PWS symptom Outcome Follow up Adverse events Risk of bias

(a) Vagus nerve stimulation (VNS)/Transcutaneous vagus nerve stimulation (tVNS)
Manning, 2016 [27] CS 3 VNS: Left vagus nerve 30 Hz/500 μs/0.25–1.5

mA
Hyperphagiaa Benefits in maladaptive

behavior, temperament
and social functioning (n
¼ 2)

12 months Voice
hoarseness;
dyspnea

Serious

30 s-on, 5 min-off cycle

Manning, 2019 [29] CS 5 tVNS: Left vagus nerve
(cymba conchae)

25 Hz/250 μs/0.1–5.0
mA

Maladaptive behaviors Significant improvement
in mean daily outbursts
and CBI (n ¼ 4)

13 months Nil Moderate

4 h stimulation/day
(b) Transcranial direct current stimulation (tDCS)
Bravo, 2016 [33] RCT 10 Right DLPFC 2.0 mA� 30min� 5 days Food drive & craving Improved food drive and

cravings, hyperphagia
30 days Nil Low

Azevedo, 2017 [34] CR 1 Left DLPFC 2.0 mA � 20 min/day �
10 weekdays

Food craving, aberrant
behaviors

Improved food cravings
and behavioral
disturbance, up to 3
months.

3 months Nil Critical

Azevedo, 2021 [35] Open-label
CT

12 Left DLPFC 2.0 mA � 20 min/day �
10 weekdays (1.0 mA for
age 11–12)

Hyperphagic, food
craving, and aberrant
behaviors

Improved hyperphagia,
food craving and
behavioral symptoms

1 month Nil Moderate

Poje, 2021 [36] CS 10 Right DLPFC 2.0 mA, 30 min Event-related potentials
(ERPs)

Decreased NoGo
amplitude and response
time after tDCS

30 min NR Moderate

(c) Repetitive transcranial magnetic stimulation (rTMS)
Ferruli, 2022 [42] CR 1 Bilateral DLPFC and insula 3 times/week � 5 weeks

dTMS (H coil) - HF: 18 Hz
LF: 1 Hz

Obesity, cognitive status 4.4 kg (3.5%) weight loss
after 5 weeks; 5.9 kg
(4.6%) after 3 months.
Improved cognition

3 months No severe
adverse effects
reported

Critical

(d) Deep brain stimulation (DBS)
Talakoub, 2017 [50] CR 1 Lateral hypothalamus area 90 μs, 130 Hz, 3.5 V

8 Hz, 90 μs, 3 V
Food cravings Alpha-band frequency

stimulations caused early
sensation of fullness, but
it didn't stop the patient
from craving.

4 h NR Critical

Franco, 2018 [51] CS 4 Bilateral lateral hypothalamus LF: 40 Hz, 210 μs, 3 mA
HF: 130 Hz, 91 μs, 2 mA

Obesity No significant weight
reduction

6 months Manic
symptoms, skin
picking,
infection.

Moderate

Abbreviations: CR: case report; CS: case series; CT: clinical trial; DBS: deep brain stimulation; DLPFC: dorsolateral prefrontal cortex; HF: high frequency; LF: low frequency; NR: not reported; RCT: randomized controlled trial;
rTMS: repetitive transcranial magnetic stimulation; tDCS: transcranial direct current stimulation; tVNS: transcutaneous vagus nerve stimulation; VNS: vagus nerve stimulation.

a Initial primary outcome measure.
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Fig. 2. Reported neural stimulation therapies applied to Prader-Willi syndrome, including non-invasive (right) and invasive (left) modalities.
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food drive and the behavior contributing to hyperphagia, although this
did not result in any significant weight changes during the short study
period. These findings were specific to the PWS population and were not
present in the obese and healthy weight control participants.

Following this study, a group in Brazil reported the use of ambulatory
home tDCS in a single adult PWS individual [35]. This participant dis-
played severe intellectual disability and aggressive food-related behav-
iors prior to treatment. His food intake was up to three times that of the
recommended amount for his age and energy expenditure and he had
failed multiple medical treatments. Using a new tDCS montage with the
anode over the left DLPFC and cathode over the right DLPFC, 2.0 mA of
direct current was applied for 20 min per day over 10 consecutive
weekdays (total of 2 weeks). The aim was to treat both food cravings and
behavioral symptoms. The patient showed significant improvement in
caregiver-rated hyperphagia and aberrant behaviors following treatment
as reflected in the DHQ and Aberrant Behavior Checklist (ABC). This
effect was sustained at the 90-day measurement.

A subsequent open-label study involving 12 patients was conducted
using the same methodology and stimulation protocol as above in order
to increase left PFC excitability and to inhibit right PFC [36]. It was
hypothesized that increasing left PFC excitability with anodal stimulation
would increase inhibitory control in these individuals and impact food
cravings and aberrant, aggressive, and social avoidant behaviors. Results
of this study reported significant improvements in hyperphagia and
food-related behaviors, as assessed by the caregiver reported DHQ and
Food Craving Questionnaire (FCQ). In addition, improvements in the
irritability, hyperactivity, lethargy and inappropriate behavior subscales
of the ABC were also demonstrated after one month. There was also
substantial reduction in the frequency of food-related behaviors such as
food grabbing, blackmailing, and denying food. There was no significant
change in weight noted in the 2-week study period.

To investigate the neural effects of tDCS in PWS, Poje et al. conducted
a sham-controlled study using Go (non-food) and NoGo (food) behavioral
tasks in 10 PWS individuals with concurrent continuous EEG recordings
[37]. Baseline EEG readings were obtained while participants viewed
food and non-food pictures. Participants were instructed to click on a
mouse button only in response to non-food pictures (Go trials). Thirty
minutes of tDCS (2.0 mA) to the right DLPFC or sham stimulation was
then delivered. After the stimulation, the Go/NoGo EEG task was
repeated, and event-related potentials (ERPs) were recorded. The authors
found significant reduction of N2 amplitude in the active group as
compared to the sham group after viewing food images (NoGo trials). This
study supported the hypothesis that tDCS of the right DLPFC modulated
dysfunctional attention, decision-making and response inhibition circuits.
The authors hypothesized that these circuits may underlie altered
food-related information-processing and hyperphagia behavior in PWS.
5

In all 4 tDCS studies, no significant adverse events were reported.
Common side effects included tingling at the site of stimulation (32.1%),
skin redness (29.5%), sleepiness (12.5%) and headache (8.9%). There
were no differences in adverse effects comparing active and sham groups.

Repetitive transcranial magnetic stimulation (rTMS)

Transcranial magnetic stimulation (TMS) is a non-invasive stimula-
tion of brain tissue through the production of high or low-intensity
magnetic fields designed to potentially modulate cortical excitability.
Repetitive TMS (rTMS) refers to applying recurring TMS pulses to a
specific brain region, and this method is commonly used to treat psy-
chiatric and neurological disorders such as treatment-refractory depres-
sion, obsessive-compulsive disorder and posttraumatic stress disorder
[38–40]. Treatment targets include the DLPFC, the dorsomedial pre-
frontal cortex (DMPFC), the orbital frontal cortex (OFC) and the sup-
plementary motor area (SMA). These targets have been applied most
commonly for treatment-resistant depression and obsessive-compulsive
disorder. More recent evidence suggests that rTMS could be applied to
the DLPFC and insula bilaterally to reduce food cravings in obese patients
[41,42].

In a case study conducted by Ferrulli et al., a 23-year-old PWS patient
with severe hyperphagia and obesity, as well as comorbid metabolic
disorders, arterial hypertension, hypogonadism and obstructive sleep
apnea syndrome, received a total of 15 treatment sessions of rTMS to
bilateral PFC and insulae over the span of five weeks, and followed-up for
3 months [43]. The primary outcome measures of the study included
weight changes and cognitive abilities as measured by the Mini-Mental
State Examination (MMSE) and the Montreal Cognitive Assessment
(MOCA) tests. Other outcomes which quantified the patient's desire for
food, impulsiveness and behavior, self-esteem, and quality of life were
also collected.

The patient lost 1 kg per week during the rTMS treatment, with a total
weight loss of 4.4 kg at the end of a 5-week session and 5.9 kg at the 3-
month follow-up. The MMSE scored improved from 22 to 29, while
behavioral and psychiatric disturbances did not show improvement.

Deep brain stimulation (DBS)

Deep brain stimulation (DBS) is a neurosurgical procedure that in-
volves the precise implantation of electrodes into specific brain regions to
modulate neural activity with the intent to treat symptoms and behaviors
[44]. Since its inception, DBS has been shown to be safe and effective in
treating select movement disorders and in general the therapy has
facilitated the understanding of brain circuits and their potential con-
tributions to diseases [45–47]. For the past two decades, DBS has shown
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increasingly promising effectiveness for the treatment of neuropsychi-
atric conditions such as OCD, refractory depression, and addiction [48].
Several animal and human studies have investigated DBS as a treatment
option for refractory obesity, most commonly targeting the hypothala-
mus for satiety and hunger control or alternatively the nucleus accum-
bens for reward/motivation circuitry [49,50]. Specific to the PWS
population, there have been 2 studies with a total of 5 patients reported.
In both studies, the DBS target investigated was bilateral lateral hypo-
thalamus (LH).

Using local field potential (LFPs) recordings derived from the lateral
hypothalamic area (LHA) in a PWS patient, Talakoub et al. reported the
ability to distinguish hunger and satiety states [51]. The authors found
significant increases in beta/low-gamma power and reduced theta ac-
tivity when food images were presented to the patient in a hungry state.
Neutral animal pictures increased alpha activity and decreased theta
activity. However, in the satiated condition, food images induced a
reduction in beta and theta band power while the animal images
continued to induce increased alpha band activity. In order to test if the
satiation could be induced by DBS, LH-DBS was set at 8 Hz, 90 μs and 3 V
during the hunger state. The patient reported a sensation of fullness,
although he continued to experience food craving, suggesting that
cravings and satiety may be differentially regulated [51].

Following this case report, a small case series involving 4 PWS in-
dividuals aged between 18 and 28 years old was performed to investigate
the effectiveness of continuous LH-DBS [52]. All 4 patients had comorbid
clinical obesity and psychiatric disturbances, ranging from aggressive-
ness to skin-picking. Two had undergone bariatric surgeries and failed to
achieve sustained weight control. These patients underwent LH-DBS with
the target described as adjacent to the fornix, anterolateral to the
mammillary bodies, and posterior to the optic tract. They first received
low frequency stimulation (LFS) (3 mA, 210 μs, 40 Hz) for one month,
followed by another month of high frequency stimulation (HFS) (2 mA,
91 μs, 130 Hz). The patients then received HFS/LFS for 6 months based
on their individual subjective reports. The primary outcome was to test
the safety of LH-DBS on PWS patients, and the secondary outcome was to
measure the treatment effectiveness of chronic DBS [52]. Three of 4
patients were chronically stimulated with the HFS parameter. There were
no significant changes in the anthropometric and calorimetric parame-
ters following 6 months of DBS (mean 9.6% increase in weight, 5.8%
increase in BMI). Hormonal levels and neuropsychological evaluations
were also unchanged. Two patients developed stimulation-induced
manic symptoms, and two patients developed infections with one
infection in association with skin picking.

Discussion

In this systematic review, we summarized the literature on device-
based neuromodulation therapies for the treatment of PWS. Although
there was only a total of 9 studies that met the final inclusion and
exclusion criteria, all were drawn from the past 8 years, highlighting the
infancy of this field. PWS is increasingly considered a condition involving
aberrant neural circuitries. Several of these studies provide promising
preliminary results and may open new avenues for treatment. We will
review the gaps in knowledge and potential future directions.

Aberrant neural circuitries in PWS

With increasing availability of advanced neuroimaging techniques,
various groups have identified aberrant structural and functional imag-
ing findings in PWS suggesting abnormalities in one or more brain net-
works. Many authors tested these circuits using rest conditions and
conditions induced with cues. These affected brain regions can be
broadly grouped into (a) the limbic system which is involved in moti-
vation/reward (OFC, striatum, hippocampus/parahippocampus, amyg-
dala and anterior insula), (b) the cortical inhibitory cognitive/emotional
control circuit (DLPFC, MPFC, anterior cingulate cortex and insula) and
6

(c) the hypothalamus [23]. Additionally, many structural changes in
brain MRI in PWS individuals have been reported [23]. These imaging
studies suggest that the local cortical gyrification index and cortical
complexity in bilateral frontal, temporal, and parietal lobes are reduced
when compared to healthy controls [53–56]. Volume reduction in
subcortical, limbic, brainstem and cerebellar structures has also been
reported [57,58]. Positron emission tomography (PET) imaging with
[11C] flumazenil has revealed that these regions may have a reduction in
GABA-A receptors, suggesting potential correlation to underlying
cognitive impairment and consequent poor impulse control [59].

PWS individuals have also been reported to respond differently dur-
ing fasted and satiated states. Compared to non-syndromic obese pa-
tients, PWS individuals demonstrated higher activity in the reward/
limbic circuits while revealing hypoactivity in the prefrontal inhibitory
cortices and hypothalamus in response to food images and when in a
hungry condition. Post-meal, PWS individuals exhibited hyperactivation
in the subcortical reward circuitry involving the hypothalamus, amyg-
dala and hippocampus [60]. Early fMRI studies found significant delay
(24 min) in activation in the hypothalamus, as well as reward-related
brain regions such as the insula, vmPFC and nucleus accumbens [61,
62]. When compared to healthy individuals, PWS individuals had
hyperactivation of limbic and paralimbic brain regions (orbitofrontal
cortex, medial PFC, insula, hippocampus, and parahippocampus) when
presented with food images following eating [63]. Using a comparative
fMRI study of PWS individuals and healthy siblings in a fasting state, a
Dutch study found that viewing food pictures resulted in less activation of
the brain regions involved in olfactogustatory sensation, emotional
decision-making, and reward processing in PWS individuals. Amygdala
activation was also positively associated with leptin levels, and was
found to be related to reward circuitry in obese patients and negatively
associated with glucose levels [64].

Subsequent investigations of resting state neural connectivity also
revealed significant alterations in PWS, especially in networks involved
in food and reward processing [65]. Building on prior knowledge of
dysfunctional ventral prefrontal-basal ganglia connectivity in OCD pa-
tients, Pujol et al. reported overlapping hyperconnectivity between the
prefrontal cortex and ventral striatum, which positively correlated with
obsessive-compulsive behaviors [66]. In addition, self-picking was found
to be associated with increased functional connectivity in the primary
sensorimotor-putamen loop and obsessive eating behavior was associ-
ated with reduced coupling of the ventral striatum with limbic structures
important for internal homeostasis (hypothalamus and amygdala) [66].
These findings suggest abnormal connections between limbic structures
and the ventral frontostriatal systems related to reward, motivation, and
satiety. Another group investigated this relationship using Granger cau-
sality analysis and identified elevated driving forces derived from the
medial PFC and anterior cingulate cortex to the amygdala, which were
reflective of impaired inhibition to food cues, as well as increased causal
influences from the amygdala to the hypothalamus. These aberrant in-
puts possibly account for the override of normal homeostatic function in
the hypothalamus in PWS [67]. Altered functional connectivity in the
DLPFC was also positively correlated with the Autism-Spectrum Quotient
[68]. Such resting aberrant neural circuitry was also found in a study
using 18-F-FDG PET imaging in 16 PWS children, who exhibited
decreased glucose metabolism in right superior temporal gyrus and left
cerebellar vermis, regions that are associated with taste perception/food
reward and emotional function respectively. Finally, metabolism was
higher in regions involved in cognitive functions related to eating or
obsessive-compulsive behavior [69].

While PWS has been postulated to be a disease model of hypothalamic
dysfunction [7,10,70], it is evident that at least some of the manifesta-
tions of PWS involve more than the hypothalamus. As shown above,
numerous functional imaging studies suggest dysfunction in brain re-
gions that were connected to the hypothalamus, but not the hypothala-
mus itself. In an imaging study specifically investigating the
hypothalamus, no difference in the volume of hypothalamus or
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mammillary bodies between children with PWS and healthy controls was
found, although 50% smaller pituitary volumes were reported. The study
revealed hyper-connectivity between the hypothalamus and the lateral
occipital complex [71]. These findings suggest that the manifestation of
hypothalamus dysfunction may be an end-result of aberrant and imbal-
ance of neural inputs rather than a structural dysfunction. The afferent
and efferent projections of the hypothalamus have been hypothesized to
account for some of the behavioral and neuropsychiatric aspects of PWS
[72,73]. In support of this concept, Blanco-Hinojo et al. conducted a fMRI
study to investigate the mechanisms of indiscriminate eating in PWS
[74]. They compared brain responses of PWS individuals to matched
controls following viewing appetizing and disgusting food scenes. They
found that the activation at the cortical level was similar, albeit less
extensive, however subcortical limbic activation in the hypothalamus,
amygdala/hippocampus, ventral striatum and peri-aqueductal gray were
mostly absent. This finding was in distinct contrast to a normal temporal
response that includes first activation of orbitofrontal and visual cortices,
followed by engagement of periaqueductal gray and limbic structures.
These observations collectively suggest multiple neural mechanisms that
underlie indiscriminate eating and possibly multiple brain networks.

PWS genotype-phenotype relationship

PWS, which is a condition with identified genetic causation provides
us a potential model for understanding the role of genetic to phenotypic
expression. The different genetic subtypes of PWS, especially between
the UPD and DEL subtypes, have been shown to display differences in
clinical manifestations, such as psychological features [3,75]. The DEL
subtype has been associated with hypopigmentation, higher body mass
index (BMI), higher prevalence of scoliosis in adulthood, and more
“typical” PWS-related facial features [75–81]. In contrast, the UPD sub-
type was associated with greater psychotic episodes, more challenging
behavioral disturbances as well as increased autism spectrum features
[75–79]. It has been hypothesized that the increased prevalence of psy-
chosis may be due to overexpression of the UBE3A gene in the UPD
group, functioning as a possible ‘second-hit’ [3,82]. Intriguingly,
different PWS subtypes may also manifest differences in neural cir-
cuitries. Using a fMRI study, Holsen et al. found that PWS individuals
with the DEL subtype displayed hyperactivation of the food motivation
network in the medial prefrontal cortex and amygdala, while the UPD
group demonstrated greater activation in the inhibitory control circuits
(dorsolateral prefrontal cortex and parahippocampal gyrus) [83]. It is
currently unclear how the different genetic subtypes may lead to the
above changes in clinical and neuroimaging manifestations. However,
the different genetic subtypes may result in gene dosage differences for
specific genes in the 15q11-13 region. One example is the hap-
loinsufficiency of nonimprinted genes in individuals with the DEL sub-
type, and relative overexpression of maternally expressed, imprinted
genes in individuals with the UPD subtype may result in different phe-
notypes and may be underpinned by different circuitries [82,83]. Un-
derstanding whether these gene dosage differences manifest as subtle
alterations in neural circuitry may help us to elucidate the underpinnings
of the core manifestations of PWS.

Limitations

In this systematic review, we comprehensively identified 9 studies
reporting the use of neural stimulation therapies to treat PWS. Although
some of these studies demonstrated promising results, all had small
numbers (maximum of 12 participants) and had short follow-up dura-
tion. Only the 2 studies of VNS had follow-up periods of up to 1 year, and
interestingly the authors reported significant improvement in outcomes
only after 9 months of stimulation. Non-invasive stimulation therapies,
including tDCS and rTMS, were applied for very short durations of time.
While the authors reported clinical outcomes up to 3 months, the dura-
bility of these therapies in the long run was left uncertain. The
7

importance of laterality of treatment target was also not addressed in
these small studies. Additionally, whether repeated treatment is
required, or may produce similar outcomes, remains unknown. Limita-
tions of wearing off durability of neuromodulatory treatment is currently
of concern to experts designing clinical applications [84]. It is possible
that modulation of this neural circuitry may require more chronic stim-
ulation to alter network connectivity, especially for the symptoms that
are non-episodic and more pervasive [85].

The failure of DBS in PWS to reach a primary outcome could have
been due to the brain target choice. In addition, failures could also be
driven by management of medications and programming of the device.
The presence of numerous important nuclei within the hypothalamus
makes it difficult to isolate the therapeutic target for DBS without inad-
vertently affecting other hypothalamic functions. This lesson is best
illustrated by adverse effects in the Franco's case series [52]. To date,
greater therapeutic successes have been reported in the treatment of
obesity using DBS targeting the nucleus accumbens [41,44,49,86].
However, very few patients have been implanted and the best target in
PWS is still unknown. Recent translational work using MRI findings of
PWS patients have identified a potential novel target in the cerebellum,
which when stimulated in mice, increased striatal dopamine levels and
led to reduced food consumption [87].

Future directions

There is growing appreciation of PWS as a brain disorder and neural
circuitopathy, joining a myriad of neurological and neuropsychiatric
disorders in the race to understand the underlying aberrant connectivity,
potential biomarkers, brain target and optimal neuromodulation therapy
[82]. However, the exact understanding of this condition remains elusive.
While PWS is a rare disorder affecting a small population when compared
to other neurological disorders, the absence of any effective therapy is an
important clinical gap which negatively impacts the lives of PWS patients
and their caretakers. The genetic basis of PWS facilitates a potential for
investigating genotype-phenotype relationships, neurochemistry, and
neural circuitry changes. Current evidence supports the possibility that we
should consider a paradigm shift from a symptom-specific treatment
approach to a network-based approach. Larger studies combining the use
of neuroimaging, and a combination of non-invasive neuromodulation
and invasive neuromodulation approaches will facilitate a more accurate
depiction of this multi-system disorder. International collaborative efforts
between specialist centers will be needed and possibly a registry given the
rare prevalence of PWS. Improved understanding of PWS pathophysi-
ology may also inform the understanding of overlapping disorders such as
obsessive-compulsive disorders, various behavioral disorders, eating dis-
orders and diseases of hypothalamic dysfunction.

In parallel with this growing research on neural stimulation therapies
in PWS, concerns about neuroethical aspects of these clinical studies
should be anticipated and proactively discussed [88,89]. For example, in
vulnerable populations, such as individuals with PWS, special attention
must be paid to ensuring adequate participant and caregiver under-
standing of study information to facilitate informed decisions regarding
research participation [90]. Though a recent interview study of young
individuals with PWS revealed that all were potentially interested in
participating in clinical trials for treatments addressing hyperphagia or
anxiety, it also raised questions about what constitutes meaningful un-
derstanding and consent for this population [91]. Future efforts should
grow sustained partnerships between researchers, ethicists, and the PWS
community so that future research can move in an ethically responsible
manner.

In this systematic review, we summarized the literature and presented
the neuromodulation techniques used for the experimental treatment of
PWS, which is increasingly understood as a circuitopathy. Although
several small studies present promising results, we will need to better
understand the biology and neural networks as we embark on an era of
brain stimulation for this population.
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