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Abstract: The treatment of obesity and eating disorders such as binge-eating disorder or anorexia nervosa
is challenging. Besides lifestyle changes and pharmacological options, bariatric surgery represents
a well-established and effective-albeit invasive-treatment of obesity, whereas for binge-eating disorder
and anorexia nervosa mostly psychotherapy options exist. Deep brain stimulation (DBS), a method that
influences the neuronal network, is by now known for its safe and effective applicability in patients with
Parkinson’s disease. However, the use does not seem to be restricted to these patients. Recent preclinical
and first clinical evidence points towards the use of DBS in patients with obesity and eating disorders as
well. Depending on the targeted area in the brain, DBS can either inhibit food intake and body weight or
stimulate energy intake and subsequently body weight. The current review focuses on preclinical and
clinical evidence of DBS to modulate food intake and body weight and highlight the different brain areas
targeted, stimulation protocols applied and downstream signaling modulated. Lastly, this review will
also critically discuss potential safety issues and gaps in knowledge to promote further studies.
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1. Introduction

More than 35% of men and women are overweight or obese [1]. Overweight is defined by a body
mass index (BMI; kg/m2) between 25–30 kg/m2, whereas obese subjects have a BMI of more than
30 kg/m2. Unfortunately, the prevalence of obesity does not only increase in adults but also in children
and adolescents [1]. It is expected that the prevalence of obesity will continue to rise and with that
obesity-associated diseases, including insulin resistance, type 2 diabetes, coronary heart disease or stroke,
malignomas and psychiatric comorbidities [2–4]. Current treatment strategies encompass changes in
lifestyle including dietary approaches and increased physical activity as well as psychotherapy [5].
Pharmacological treatment plays a minor role so far; while few drugs are on the market, including Orlistat
(prevents lipid absorption), Liraglutide [a glucagon-like peptid (GLP)-1 analogue] or Lorcaserin (a subtype
selective serotonin receptor agonist), others are in the pipeline such as Metreleptin (a leptin analogue),
Pramlintide (an amylin analogue) or Topiramate [a gamma-aminobutyric-acid (GABA) inhibitor] [6].
Nonetheless, it is to note that pharmacological treatment only induces a moderate effect (~6% excess
weight loss) [7]. The most effective, although invasive, treatment option is bariatric surgery inducing
a reduction of ~20% excess weight loss in five years [7]. Binge-eating disorder (BED) is often associated
with obesity and reflected by the consumption of large quantities of food in a short period of time
and the loss of control [8]. Moreover, it is accompanied by negative emotions such as guilt and shame
afterwards [8]. The prevalence of BED is 1–3.5% in the general population and up to 15% in adolescents
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and young adults [8]. BED patients undergo behavioral therapy often in combination with medication
such as selective serotonin reuptake inhibitors or anti-obesity drugs (including Lorcaserin) [9].

Anorexia nervosa (AN) is an eating disorder reflected by the patients’ desire to lose body weight
or to maintain body weight at a lower level than adequate for their corresponding age and height [10].
AN patients suffer from body image disturbance and have an extreme fear to regain body weight [11].
The incidence of AN is at least eight people per hundred thousand per year, with an overall prevalence
of 0.3% [12] and a peak in young women and adolescent girls [13]. The pathogenesis of AN is
still incompletely understood and includes genetic, neuronal, social and environmental factors [14].
Treatment options encompass structured care and psychotherapy, whereas specific pharmacological
treatment options are still missing [12,14].

Deep brain stimulation (DBS), an implantation of intracranial electrodes, was first described by
the Spanish neuroscientist José M. Delgado in the early fifties of the 20th century [15]. He showed
that electric stimulation of various areas of the brain in cats or monkeys exerts effects on the animals’
behavior and motor activity [15]. In 1963, the Russian neuroscientist Natalia P. Bekthereva was the first
to demonstrate the use of chronic DBS of subcortical structures for the treatment of motor disorders [16],
followed by first experiments in psychiatric disorders performed by the Norwegian neurophysiologist
and psychiatrist Carl W. Sem-Jacobsen [17]. He safely implanted electrodes in the thalamus to describe
adequate target sites in the treatment of Parkinson’s disease (PD) [17]. Subsequently, more research
was performed on DBS, investigating its effects on chronic pain [18], vigil coma [19] or epilepsy [20].

Today, DBS is considered safe and well tolerated in the treatment of PD [21]. Especially the
subthalamic nucleus (STN) is an interesting target for DBS, resulting in an improvement of
wellbeing [22], motor symptoms [23] and gait function [24] in patients with PD. Since DBS is known
to influence the neuronal network, it is also tested in various other diseases, including Tourette’s
syndrome [25,26], epilepsy [27,28], depression [29,30] or in the treatment of obesity and eating
disorders [31–33]. Since the treatment of obesity and eating disorders is challenging as described above,
new approaches are desired to modulate food intake and body weight. Therefore, the application of
DBS might be a promising approach to influence the neuronal network of patients with obesity and
eating disorders.

Several studies investigated the effects of DBS on body weight gain and food intake in rats [34–38],
pigs [39], monkeys [40] and humans [31–33,41] under different conditions of chronically altered
body weight (obesity and AN). Since various areas of the brain are known to be involved in the
modulation of food intake [42], DBS might target different brain sites including the subcallosal
cingulate (SCC) [33,41], the reward circuitry [34–36], internal globus pallidus (GPi) [43], hypothalamic
areas [31,39,40], STN [44,45] or the rostromedial tegmental nucleus (RMTg) [46].

The aim of this review was to summarize the preclinical and clinical evidence on the potential
use of DBS in the treatment of obesity and eating disorders, namely BED and AN. Therefore, we will
discuss the effects of DBS on food intake and body weight in animal studies and will describe
studies that performed DBS in patients with obesity or eating disorders as well as other diseases
that might pave the way for a prospective application of DBS in the treatment of eating disorders.
Moreover, the underlying mechanisms will be mentioned. Lastly, hurdles and gaps in knowledge will
be highlighted to promote further research in this lively field.

2. Effects of DBS on Food Intake and Body Weight Gain

It was shown that the medial shell of the nucleus accumbens (NAcc) as part of the reward
circuitry is involved in the regulation of food intake [47]. The authors showed that pharmacological
bilateral inhibition of alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and kainate
glutamate receptors in the medial shell increased food intake in rats [47]. This discovery indicated the
medial shell of the NAcc as an interesting target for the application of DBS to modulate food intake and
subsequently body weight gain. In 2012, a study investigated the effects of bilateral DBS of the core,
lateral and medial shell of the NAcc, using biphasic stimulation, a frequency of 130 Hz and different
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electric currents from 0 to 100 µA [36]. The study showed that none of the used stimulation parameters
affected food intake if applied in the NAcc core or lateral shell. In the medial shell, however, DBS with
100 µA increased food intake one hour after the start of the stimulation, whereas all other parameters
did not affect food intake [36]. Although body weight was not assessed, this study paved the way for
further research using the medial shell of the NAcc as a potential target site to influence food intake
and body weight in rodents. Subsequent studies by our group confirmed the food intake-stimulatory
effect in the very first hour after DBS in rats using the same stimulation parameters (biphasic, 130 Hz,
100 µA) [34]. Moreover, continuous DBS of the medial shell of the NAcc moderately increased body
weight in rats after seven days compared to sham stimulation without affecting overall food intake [34].
Interestingly, a circadian shift of food intake was observed with an increase of food intake during the
light phase and a reduction of food intake during the dark phase without alterations in 24-hour food
consumption [34]. These results show that DBS of the NAcc medial shell exerts a rapid onset effect on
food intake (as reflected by the orexigenic effect during the first hour following stimulation [34,36])
without affecting overall food intake (as reflected by unaltered food consumption over 7 days [34]).
However, the shift of food intake to the light phase (the phase where rats usually do not eat [48]),
might contribute to the observed increase in body weight gain and therefore indicates the NAcc as
interesting target site when a stimulation of food intake and body weight is desired (e.g., in AN).
Since no alterations in behavior were detected, these results might also point towards an impact of
DBS on energy expenditure. Another study did not detect any impact of DBS of the medial shell of
the NAcc on body weight gain in normal weight rats using different stimulation parameters (130 Hz,
500 µA) [35], again showing the importance of the DBS parameters used.

It is to note that these experiments were performed in normal weight rats. However, several signaling
pathways of food intake regulation are altered under conditions of obesity [49]. Therefore, one might
assume that DBS of the NAcc shell has different effects under conditions of obesity. In line with this
assumption, a study showed that DBS of the NAcc shell (130 Hz, 500 µA) over 14 days decreased daily
caloric intake and body weight in diet-induced obese (DIO) rats, whereas food intake in normal weight
rats was not altered [35]. Similarly, continuous DBS in DIO mice for four days (160 Hz, 150 µA) decreased
caloric intake and subsequently body weight [50]. The authors showed that extracellular dopamine levels
and the mRNA expression of the dopamine D2 receptor were increased in the NAcc shell of DBS DIO rats
compared to sham-treated DIO rats [35]. Since dopamine D2 receptor availability was decreased in several
brain regions (e.g., amygdala and hypothalamus) in obese subjects undergoing bariatric surgery [51],
a modulation of central dopamine signaling might well be involved in the reduction of food intake and
subsequently body weight. Whether species differences (rat/mouse vs. human), site-specific effects (NAcc
vs. amygdala or hypothalamus) or the different methods (DBS vs. bariatric surgery) account for the
differential effects on dopamine signaling (increase vs. decrease) will have to be further investigated.
The underlying mechanisms remain to be unraveled but these results might give rise to the possible use of
DBS of the medial shell of the NAcc in the treatment of obesity. However, the results shown here must
be interpreted with caution and subsequent studies focusing on the NAcc shell are desired. Nonetheless,
DBS of the NAcc shell is a promising approach to influence food intake and body weight as shown in
animal studies. Interestingly, DBS of the NAcc shell has differential effects under normal weight and obese
conditions with a reduction of food intake under conditions of obesity by activation of the central NAcc
dopamine system, whereas in normal weight rats light phase food intake is increased.

The application of DBS of the NAcc shell was also investigated in a mouse model of binge
eating [50]. Binge eating was defined as more than 25% of a mouse’s daily caloric intake within
an one-hour period with access to a high fat food pellet. Acute DBS (160 Hz, 150 µA) during this
binge-eating period significantly reduced the high fat diet intake [50]. Interestingly, only DBS of the
NAcc shell but not of the NAcc core or the dorsal striatum (as part of the reward circuitry) affected
binge-eating behavior [50]. Activation of neuronal activity in the NAcc shell by DBS was shown using
c-Fos immunoreactivity [50]. Furthermore, the DBS-induced reduction of high fat diet consumption
was blunted by pretreatment with raclopride (a dopamine D2 receptor antagonist) [50]. A subsequent
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study investigated the effects of bilateral DBS of the NAcc core in binge-eating rats. Binge eating was
induced by access to sweet fat diet pellets, which were provided daily for two hours in addition to
regular chow and water. Intake of the highly palatable food, regular chow and water was measured
for two hours [52]. DBS (150 Hz, 150 µA) reduced binge-eating size during this two-hour period [52].
Since no effects of NAcc core DBS were observed in the BED mouse model [50], one could speculate
about species differences. Further research is needed to elucidate the role of the NAcc as potential
target for DBS in BED models.

The hypothalamus is a brain area containing several nuclei involved in the regulation of food
intake [42], including the paraventricular nucleus (PVN), the lateral hypothalamic area (LHA),
the arcuate nucleus (Arc) and the ventromedial hypothalamus (VMH). Therefore, several studies were
conducted investigating the effects of DBS targeting nuclei of the hypothalamus. Continuous bilateral
DBS of the LHA in rats fed a high fat diet (180–200 Hz, 2 V) did not alter food intake, but significantly
reduced body weight over a period of 24 days [53]. Subsequent research investigated the effects
of bilateral DBS of the LHA of obese Zucker rats, which was performed for one hour per day for
15 consecutive days with 130 Hz and 300 µA [37]. Interestingly, food intake was not altered during the
first 10 days, but significantly reduced after 15 days in DBS-treated animals associated with a reduction
in body weight [37]. Taken together, these results indicate a body weight-reducing effect of DBS of the
LHA under conditions of obesity in rats. Whether the stimulation parameters or strain differences
contribute to these different results will have to be further investigated.

In the VMH, unilateral DBS (10 µA) resulted in decreased body weight gain compared to
sham-treated rats at high frequencies of 150 or 500 Hz [38]. Since food intake was not altered,
the authors measured CO2 production in a respirometer. DBS of the VMH caused an increased
CO2 production compared to sham treatment during the 1.5-hour stimulation period indicative of
increased basal metabolism [38]. The effect of DBS of the VMH on body weight was confirmed by
a subsequent study in female Göttingen minipigs that underwent bilateral DBS of the VMH (50 Hz,
0.5–1.5 mA) [39]. Minipigs were maintained on a restricted food regimen for one month after DBS
surgery without stimulation. This period was followed by a two-months period with twice the
amount of food to produce obesity. During this period the animals were stimulated. Interestingly,
the VMH-stimulated animals gained significantly less body weight compared to the non-stimulated
group [39], indicating that DBS of the VMH is also effective to reduce body weight under conditions
of developing obesity. These results are further supported by the effects of DBS of the VMH in adult
Macaca fascicularis monkeys. Three of four animals lost body weight (~8%) following eight weeks
of unilateral DBS (monopolar, 80 Hz, 2 V), an effect accompanied by significant loss of body fat
(17–19%) in all four animals [54]. Animals received a standard re-feeding meal for one hour which was
significantly reduced in all animals undergoing DBS (80 Hz) compared to a non-stimulation control
or stimulation frequencies of 30, 50 and 130 Hz, respectively [54]. This acute trial was followed by
a chronic experiment that showed an increase of food intake in the washout period (DBS off) over
three weeks following eight weeks of DBS (80 Hz, 2 V, monopolar) [54]. Similarly, DBS of the VMH
(100 µA, 1 h every 12 h on 3 consecutive days) decreased food intake in dogs [55]. These results show
that findings differ based on the hypothalamic nucleus targeted, the laterality of application (bilateral
vs. unilateral) and the stimulation parameters. Additionally, current data point to species differences
with no effects of DBS of the VMH in rats, controversial effects in monkeys and a reduction of food
intake in dogs.

Another interesting target to reduce the desire to eat is the central nucleus of the amygdala. In rats,
DBS of the rat central nucleus of the amygdala (20 Hz or 130 Hz, 125 µA) decreased consumption
of sucrose pellets within 30 min and resulted in aversion of an otherwise liked sucrose taste [56].
Furthermore, DBS of the central nucleus of the amygdala reduced the animals’ motivation to press
the lever for sucrose pellets [56]. These results show that the central nucleus of the amygdala is
an interesting target to lower food intake by reducing the motivation and liking of tasty foods in rats,
effects desired in the treatment of obesity.
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The RMTg is located in the midbrain and connected to dopaminergic and serotonergic pathways.
A study investigated the effect of DBS of the RMTg on mood-related behaviors including anxiety and
depressive behavior in rats. In this context, another food intake test was performed where rats were
fasted for 24 h and received 60 g chow afterwards. Rats that received bilateral low frequency DBS
(10 Hz, 20 µA) ate significantly less compared to the sham-stimulated group [46]. It is important to
note that DBS of the RMTg did not alter behavior as assessed by the Skinner task, elevated zero maze
or open field test [46]. This makes the RMTg an interesting target for DBS to selectively reduce food
intake. However, this finding should be confirmed and further described in follow-up studies.

In addition, other brain areas were shown to increase body weight following DBS. The GPi
was stimulated in patients with PD. Bilateral DBS of the GPi (stimulation parameters not indicated)
slightly reduced BMI in patients with PD after one year of stimulation (−0.14 kg/m2, not significant),
whereas in patients with dystonia DBS of GPi slightly increased BMI (+0.14 kg/m2, not significant) [57].
A subsequent study in 19 patients with PD showed that bilateral, monopolar stimulation of the
GPi (130 Hz, 2.6 V) resulted in a significant increase of mean BMI (+0.66 kg/m2) [43]. However,
these studies were performed in patients with PD and at this point it remains to be further investigated
whether these results are transferable to other conditions such as eating disorders.

Besides the GPi, the STN is a very promising target in the treatment of PD [22]. In 30 patients
suffering from PD, DBS of the STN (DBS parameters were not mentioned) resulted in a significantly
increased body weight gain after one year (14.8 ± 9.8%), whereas 46.5% of patients already reported
weight gain during the first three months [58]. Subsequent studies in patients with PD confirmed these
results, showing a mean body weight increase [44,59] or a mean increase of BMI [57,59] following DBS
of the STN. Interestingly, a recently published study did not detect any effect of DBS of the STN (with
and without optimal drug therapy) on BMI following a two-year stimulation period in patients with
early stage PD [45]. These discrepancies might be due to a fairly high BMI (29.7 kg/m2) at the baseline
of this study (which is close to obesity) [45], whereas other studies enrolled PD patients with a baseline
BMI of 21.6 kg/m2 [58] or 24.8 kg/m2 [57]. Moreover, the stage of PD might also influence the results
(early stage PD vs. advanced stage PD). As already mentioned for the GPi, the results of DBS of the
STN have to be followed up in animal models for eating disorders.

In summary, DBS of different brain areas alters body weight not only by stimulating food intake
but also by affecting energy metabolism or energy expenditure, as shown in animal studies. Therefore,
future studies focusing on body weight regulation should also focus on other parameters besides
food intake, including energy expenditure, behavior, metabolic rate (including utilization of different
macronutrients) as well as the motivation to eat to further characterize the effect underlying the body
weight-modulating effects of DBS. All animal and human studies that investigated the effects of DBS
in distinct brain nuclei on eating behavior and body weight are summarized in Table 1.

Since pre-clinical and first clinical studies already provided data that DBS affected food intake and
body weight, the application of DBS is discussed as a potential treatment strategy in obesity and eating
disorders such as BED and AN. However, it should be kept in mind that DBS can induce side effects
and therefore patients should be selected very carefully. Additionally, it should be kept in mind that
some studies listed here were performed in patients with other diseases such as PD and only indicate
the potential effect of stimulation in certain brain areas without providing scientific evidence for the
treatment of eating disorders. The following sections highlight current data on DBS as a potential
treatment option in obesity, BED and AN.
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Table 1. Overview of current studies focusing on the effects of DBS on eating behavior and body weight.

Disease Brain area Mode Species Effect Reference

Obesity

Nucleus accumbens shell Unilateral, 160 Hz, 150 µA Diet-induced obese mice ↓ food intake; ↓ body weight [50]
Nucleus accumbens shell Unilateral, 130 Hz, 500 µA Diet-induced obese rats ↓ food intake; ↓ body weight [35]

Nucleus accumbens Bilateral, 185 Hz, 3.5 V Obese patient ↓ body weight [60]
Nucleus accumbens Bilateral, 130 Hz, 5 mA Obese patient ↓ body weight [61]

Lateral hypothalamus Bilateral, 180-200 Hz, 2 V Diet-induced obese rats - food intake; ↓ body weight [53]
Lateral hypothalamus Bilateral, 130 Hz, 300 µA Obese Zucker rats ↓ food intake; ↓ body weight [37]
Lateral hypothalamus Bilateral, 185 Hz, 1–7 V Obese patients ↓ body weight [31]

Ventromedial hypothalamus Unilateral, 150/500 Hz, 10 µA Sprague-Dawley rats ↓ body weight [38]
Ventromedial hypothalamus Unilateral, 100 Hz Dogs ↓ food intake [55]
Ventromedial hypothalamus Bilateral, 50 Hz, 0.5–1.5 mA Göttingen minipigs ↓ body weight [39]
Ventromedial hypothalamus Unilateral, 80 Hz, 2V Macaca fascicularis monkey ↓meal size; body weight; ↓ body fat [54]
Ventromedial hypothalamus Bilateral, 50 Hz Obese patient - food intake; ↓ body weight [32]
Central nucleus of amygdala Bilateral, 20/130 Hz, 125 µA Sprague-Dawley rats ↓ palatable food (sucrose) [56]

Rostromedial tegmental nucleus Bilateral, 10 Hz, 20 µA Sprague-Dawley rats ↓ food intake [46]

Binge-eating disorder

Nucleus accumbens shell Unilateral, 160 Hz, 150 µA Mouse model of binge eating ↓ binge eating [50]
Nucleus accumbens core Bilateral, 150 Hz, 150 µA Rat model of binge eating ↓ binge eating [52]

Lateral hypothalamus Bilateral, 185 Hz, 1–7 V Obese patients ↓ severe binge eating [31]
Ventromedial hypothalamus Bilateral, 50 Hz Obese patient ↓ tendency to binge [32]

Anorexia nervosa

Subcallosal cingulate Bilateral, 130 Hz, 5–7 V Anorexic patients ↑ body weight [33,41]
Subgenual cingulate cortex Bilateral, 130 Hz, 5 mA Anorexic patient ↑ body weight [62]
Subgenual cingulate cortex Bilateral, 120 Hz, 5 V Underweight patient ↑ body weight [63]

Nucleus accumbens Bilateral, 180 Hz, 6 V Anorexic patients ↑ body weight [64]
Nucleus accumbens Bilateral, 100 Hz, 6–8 V Anorexic patients ↑ body weight [65]

Bed nucleus of stria terminalis Bilateral, 130 Hz, 4.3 V Anorexic patient - body weight, ↓ anxiety of food and eating [66]
Nucleus accumbens shell Bilateral, 130 Hz, 100 µA Sprague-Dawley rats ↑ food intake (first hour) [36]
Nucleus accumbens shell Bilateral, 130 Hz, 100 µA Sprague-Dawley rats - food intake; ↑body weight [34]
Internal globus pallidus Bilateral, 130 Hz, 2.6 V Patients with PD ↑ body weight [43]

Ventromedial hypothalamus Bilateral, 185 Hz, 2.5 -3.5 V Vervet monkeys ↑ food intake [40]
Subthalamic nucleus Bilateral, 240 Hz, 2.4 mA Patients with PD ↑ high caloric and tasty food, ↑ body weight [44]
Subthalamic nucleus Bilateral, 185 Hz, 2.9 V Patients with PD ↑ body weight, ↑ appetite [67]
Subthalamic nucleus Not mentioned Patients with PD ↑ body weight [57–59]

Abbreviations: ↑ increase; ↓ decrease; - no change; PD, Parkinson’s disease.
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3. Potential Application of DBS in Obesity

Under conditions of obesity, the NAcc shell is a promising target to reduce food intake and body
weight. However, data are still limited. Acute and chronic DBS (160 Hz, 150 µA) of the NAcc shell
reduced intake of a high fat diet and body weight gain in DIO mice [50]. No differences in behavior
including locomotion, freezing, body turning and pivoting were observed [50]. Subsequent research
of an independent group confirmed these results in DIO rats undergoing DBS (130 Hz, 500 µA) of
the NAcc shell and reported reduced intake of high fat diet and a decrease of body weight [35].
Unfortunately, the authors did not monitor behavior during the stimulation period. Since these
results are different from the ones observed under normal weight conditions with a lack of a body
weight-decreasing effect [34–36], potential side effects of DBS of the NAcc shell should be investigated
under obese conditions as well to further approach the possible application in humans. Two case
reports investigated the effects of bilateral DBS of the NAcc in obese individuals showing a reduction
of body weight. In the first study a 47-year old obese woman lost 44 kg in 10 months following bilateral
DBS of the NAcc (185 Hz, 3.5 V) without any side effects detected [60]. The second study described
a 19-year old obese woman who lost 13.3 kg in 14 months following bilateral DBS of the NAcc (130 Hz,
2 mA) without any reported side effects [61].

DBS of the LHA resulted in decreased body weight gain in rats [37,53] without any signs of
pain, reduction in movement or other behavioral changes during the experiments [37]. In humans,
two out of three obese patients lost body weight (−12.3% and 16.4%) following bilateral DBS of
the LHA (185 Hz, 1–7 V) without reporting serious adverse effects during a mean follow-up of
35 months [31]. The authors also investigated serum levels of food intake-regulatory peptides such
as insulin, insulin-like growth factor, ghrelin, leptin, neuropeptide Y (NPY), agouti-related peptide
(AgRP) and peptide tyrosine tyrosine (PYY), which were not altered. [31]. These results point towards
direct DBS-induced neuronal alterations rather than humoral effects that underlie the reduction
of body weight, a hypothesis that needs further confirmation in animal studies or clinical trials.
Some mild side effects were detected including nausea, anxiety, and sensations of “feeling too hot
or flushed”, but these were only transient and lasted less than five minutes and were usually noted
during programming changes of the stimulator [31]. Moreover, DBS of the LHA had no negative
effect on psychological parameters including anxiety, tension, depression, cognitive dysfunction,
emotional lability and guardedness as assessed by the Millon Behavioral Medicine Diagnostic tool.
Taken together, although current data are sparse, targeting the LHA might hold therapeutic potential
but needs further investigation. Especially prospective clinical trials are warranted to investigate the
application of DBS of the LHA in bigger cohorts of obese patients.

Besides the LHA, several studies targeted the VMH. In rats, unilateral DBS of the VMH did not
result in any abnormal behavior at frequencies of 150 or 500 Hz and 10 µA. Only higher currents of
40 µA resulted in freezing behavior at the onset of the stimulation [38]. Bilateral DBS of the VMH
(50 Hz, 0.5–1.5 mA) in female Göttingen minipigs did not induce adverse effects on motoric and
affective behavior between the pre-surgery and post-surgery period as observed by veterinaries
blinded to the treatment. Additionally, no adverse reactions were observed during the initial activation
of DBS [39]. These animal data might indicate safe applicability of DBS in the VMH. In humans,
one study reported a rapid weight loss of 12 kg over five months without obvious changes in diet or
habits in an obese patient [32]. It is important to note that side effects were not systematically reported
in this case report. During the last four months, the patient switched off the stimulator at night because
the subjective quality of sleep was better without stimulation [32]. The availability of one case report
clearly indicates the need for larger randomized controlled studies further investigating the effects
(and side effects) of DBS in the VMH of obese patients.

4. Potential Application of DBS in Binge-Eating Disorder

Since DBS is a promising approach in the treatment of obesity, it might also be used in the
treatment of BED, often associated with or leading to obesity [8]. As already mentioned above, DBS of
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the NAcc shell (160 Hz, 150 µA) improved binge eating in mice [50]. Additionally, DBS of the NAcc
shell tended to increase the latency to consume high fat food [50]. No differences in behavior were
observed [50], possibly pointing towards a safe applicability of DBS in the NAcc shell in mice. It is to
note that a study investigating the effects of DBS of the NAcc core (150 Hz, 150 µA) on binge eating in
rats also showed reduction of binge-eating size without observing behavioral changes [52].

In humans, only one study investigated the effects of DBS of the LHA (bilateral, 185 Hz, 1–7 V)
in three patients with BED. Binge eating improved in the patient reporting a severe binge-eating
range preoperatively (as assessed using the Gormally Binge Eating Scale), while in the other two
patients with moderate binge eating no effects were observed [31]. These findings point towards the
need for further larger controlled studies that distinguish between severe and moderate BED when
investigating the effects of DBS of the LHA.

Another study applied DBS in the VMH (bilateral, 50 Hz). A male patient with a BMI of
55.1 kg/m2 receiving DBS of the VMH reported reduced cravings and a decreased tendency to binge
when DBS was turned on resulting in loss of 12 kg [32]. When DBS was switched off during the
last four months of the study (for an improvement of sleep quality), nighttime binging returned and
the patient regained the previously lost body weight [32]. These results might indicate the VMH as
a promising target in the treatment of BED; however, further studies are needed to corroborate these
preliminary results.

5. Potential Application of DBS in Anorexia Nervosa

In contrast to several pre-clinical studies in animal models for obesity and BED, the use of DBS in
animal models of AN, including the most established model for AN, namely activity-based anorexia,
is still missing. This animal model combines voluntary physical activity in a running wheel with
time-restricted feeding resulting in a relevant body weight loss [68]. This lack clearly highlights the
need for pre-clinical studies to better characterize the potential body weight-stimulating effects of DBS
under conditions of experimentally induced anorexia.

Recently, a group focused on the SCC in the treatment of AN. The first study was published in 2013
and a follow-up study in 2017, both showing an increase of BMI in patients with refractory AN [33,41].
In the first study, DBS of the SCC in anorexic patients (bilateral, 130 Hz, 5–7 V) increased BMI in three
out of six patients, who maintained their improved BMI after nine months [41]. The mean BMI of all
six patients increased from 13.7 to 16.6 kg/m2 [41]. These results were confirmed and extended in the
second study, showing an increase of mean BMI from 13.8 to 17.3 kg/m2 after 12 months following
DBS of the SCC in 14 AN patients [33]. Depressiveness also improved as reflected by a decline in
HAMD (Hamilton Depression Scale) and BDI (Beck Depression Inventory) scores, obsessive behavior
improved as reflected by a decline in the Yale-Brown Obsessive Compulsive Scale score, scores for
eating disorder rituals were reduced and the quality of life increased in three out of six patients
at six months following surgery [41]. The improvements of disordered eating, obsessive behavior
and depressiveness were confirmed in the follow-up study after twelve months using the same
questionnaires. Also, anxiety was assessed and improved in four out of sixteen patients [33]. Two out
of six patients did not have any serious side effects, whereas in four patients, adverse events occurred
including pancreatitis, hypokalemia, re-feeding delirium, hypophosphatemia, worsening of mood
and seizure in one patient [41]. The authors state that these adverse side effects were unrelated to
the treatment and rather related to AN itself [41]. Besides that, other adverse effects related to the
procedure were pain, nausea, air embolus and in one patient an intraoperative panic attack during
drilling the skull [41]. In addition to the side effects reported in the first study, one patient had
a surgical site infection and one patient needed the device to be explanted [33]. These data show
the DBS of the SCC might be a suited and—for most patients—tolerated method to induce body
weight gain in patients with severe AN. Nonetheless, further studies are needed, especially those using
a control group receiving sham stimulation.
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Areas of the reward circuitry are interesting targets in the treatment of AN. DBS of the NAcc
shell (130 Hz, 100 µA) as part of the reward circuitry increases body weight gain in rats without
affecting behavior (including feeding and drinking behavior, locomotion or grooming) [34]. Since other
studies could not show any differences in body weight gain following DBS with a higher electric
current (130 Hz, 500 µA) [35], stimulation parameters seem to greatly impact on the observed effects.
Bilateral DBS of the NAcc (180 Hz, 6 V) induced a mean 65% increase of body weight in four patients
with severe and refractory AN without inducing any side effects [64]. These results are further
supported by an independent study showing an increase of BMI in eight anorexic patients following
bilateral stimulation of the NAcc (100 Hz, 6–8 V) after twelve months from 13.3 to 20.1 kg/m2 [65].
In this study, no long-lasting adverse effects or postsurgical complications were reported (only fever
and headaches were detected which disappeared three to five days after surgery [65]). Taken together,
preliminary animal and human studies focusing on DBS of the NAcc (shell and core) give rise to
a potential application of DBS in severe and refractory AN and should be corroborated in a larger
follow-up randomized controlled trial.

In addition, several case reports focused on the role of DBS in the treatment of AN. A study
reported an increase of BMI in a 56-year old anorexic woman from 14.4 to 19.1 kg/m2 after two
years of bilateral stimulation of the subgenual cingulate cortex (130 Hz, 5 mA) without detecting
side effects [62]. A subsequent study in a 52-year old underweight woman with anorexic symptoms
confirmed these results, showing decreased concerns about food and weight gain accompanied by
an increase of BMI from 18.5 to 19.6 kg/m2 following bilateral stimulation of the subgenual cingulate
cortex (120 Hz, 5 V) without detection of side effects [63]. Recently, bilateral stimulation (130 Hz, 4.3 V)
of the bed nucleus of the stria terminalis was reported to reduce the anxiety for food and eating in
a 60-year old anorexic woman resulting in stable food intake without adverse effects [66]. However,
the BMI did not change over 24 months of evaluation [66]. Further research, preclinical and clinical,
is needed to show whether these brain areas hold true as potential target sites for DBS to improve
AN symptoms.

The GPi is another interesting area tested for DBS in patients with PD. Despite the fact that the
effects of DBS of the GPi are not as consistent as the results for the STN (one study showed a minimal,
non-significant reduction in BMI following one year of stimulation [57], while another study showed
a significant increase of BMI at four months after stimulation [43]), the application seems to be safe
without severe side effects. Moreover, DBS of the GPi in patients with PD showed no adverse effect on
verbal fluency [69], improved depression [70] and induces less neurocognitive impairments compared
to DBS of the STN [71]. Regarding mood and cognition, there were no differences following unilateral
DBS of the STN and GPi as shown in a randomized study with 45 subjects [72]. Therefore, the GPi
might also be a promising brain target in the treatment of AN, especially in light of the finding that
psychiatric complications seem to be less frequent and less severe in patients with PD following DBS of
the GPi compared to the STN [73]. However, studies testing this hypothesis in AN patients are lacking
so far. Further research directly focusing on body weight gain and psychiatric parameters following
DBS of the GPi in patients with AN is therefore warranted.

Since DBS of the STN—a nucleus involved in motor functions but also reward processing—resulted
in a reduction of nausea [58] and increased appetite [67] along with body weight gain [58,67] in patients
with PD, targeting this area might also be of interest in patients with AN. Besides these positive effects,
several side effects have been reported that should be kept in mind. The STN is involved in limbic functions
and plays a central role in human emotions [74]. DBS of the STN has been reported to increase emotional
lability [75] and in line with that, the suicide rate of patients undergoing DBS of the STN is 0.26% during the
first year post surgery [76]. Whether the occurrence of suicide is due to DBS or subsequent to an alteration
of depressiveness [77] needs further investigation. Moreover, the application of DBS of the STN has to be
tested directly in patients with AN. Recently, it was shown that bilateral DBS of the STN (~140 Hz, 2.4 mA)
increased the ‘wanting’ for low caloric foods (but not the ‘liking’) in patients with PD [44]. The desire for
food is controlled by the brain reward system and can be divided in ‘wanting’ and ‘liking’. Interestingly,
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the dopamine striatal system is predominantly involved in ‘wanting’, whereas the opioid and cannabinoid
systems are predominantly implicated in ‘liking’ [78]. Since dopamine is one of the main neurotransmitters
in the reward circuitry [79], it is likely affected under these conditions. However, it is to note that these
studies were performed in patients with PD and—although interesting—allow only limited transferability
to AN patients and therefore, effects of DBS should be directly investigated in these patients. Lastly, due to
the side effects reported the potential application of DBS in these areas should be carefully assessed and
performed with great caution.

6. Challenges of DBS in the Treatment of Eating Disorders

Although current studies focusing on DBS in the treatment of eating disorders are promising and
indicate a successful application, the cost-value ratio as well as ethic aspects must be discussed [80].
In PD, several studies have demonstrated the fiscal superiority of DBS over medical treatment. Indeed,
the initial surgical cost are higher in the first year, but afterwards overall medication in patients with
PD decreases and with that the expenses. For the treatment of obesity, DBS so far has higher surgical
costs compared to bariatric surgery; however complication rates (at least the ones known so far) are
lower. In consideration of the data for DBS in patients with PD, it is to say that DBS in the treatment of
obesity might have higher initial costs but might decrease long-term costs. Especially for patients who
failed bariatric surgery, DBS could be a promising alternative to lose body weight [80].

Besides that, there are also ethical considerations since DBS affects the neuronal network and with
that the patients’ autonomy. Therefore, patients should be selected carefully and should already be
refractory to medical or surgical treatment. The application of DBS should follow informed consent and
stringent inclusion criteria in conducting clinical trials [80]. Therefore, under conditions of obesity DBS
should only be considered in patients who failed drugs, psychological treatment and bariatric surgery,
e.g., obviously due to persistent binge-eating behavior. The cost-value ratio of DBS in obesity will
have to be evaluated in appropriate clinical trials with stringent inclusion criteria in refractory obese
individuals. The same caution should be applied in AN, where DBS might become an option in patients
with refractory AN that failed all other available treatment strategies. For AN, an ethical standard
framework has been recently introduced that will help at reaching a cautious and well-balanced
decision [81].

7. Conclusions

Although well established for patients with PD or depression, the application of DBS in obesity,
BED and AN is still in its infancy and its broad use cannot be recommended yet. Despite the fact
that various studies in animal models as well as in humans (Figure 1) showed promising results,
the stimulation parameters used in DBS are far from being standardized, hampering comparability.
Therefore, future studies are needed systematically and in a controlled fashion investigating the effects
of DBS in the respective patient groups. Since for obesity and BED only animal studies or case reports
are available, bigger clinical trials are urgently needed investigating respective patients. These studies
will help to define target areas, stimulation parameters and to describe possible side effects.
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Figure 1. Schematic overview of human studies investigating the role of deep brain stimulation (DBS)
in several brain areas to modulate food intake and body weight. The lateral and the ventromedial
hypothalamus could be targeted in obese patients and stimulation might be useful to reduce the
desire to binge. The nucleus accumbens, subcallosal cingulate and the subthalamic nucleus are
potential brain areas that could be targeted in the treatment of anorexia nervosa. Abbreviations: 3 V,
third brain ventricle; GPi, globus pallidus internus; LHA, lateral hypothalamus; LV, lateral brain
ventricle; NAcc, nucleus accumbens, SCC, subcallosal cingulate; STN, subthalamic nucleus; VMH,
ventromedial hypothalamus.

Acknowledgments: This work was supported by funding of the German Research Foundation (STE 1765/3-2) and
Charité University Funding (UFF 89/441-176, AS). We also acknowledge support by Deutsche Forschungsgemeinschaft
and Open Access Publishing Fund of University of Tübingen.

Author Contributions: A.S. conceived and outlined the review. P.P. wrote the paper. A.S. wrote, revised and
finished the review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ng, M.; Fleming, T.; Robinson, M.; Thomson, B.; Graetz, N.; Margono, C.; Mullany, E.C.; Biryukov, S.;
Abbafati, C.; Abera, S.F.; et al. Global, regional, and national prevalence of overweight and obesity in
children and adults during 1980–2013: A systematic analysis for the global burden of disease study 2013.
Lancet 2014, 384, 766–781. [CrossRef]

2. James, P.T.; Leach, R.; Kalamara, E.; Shayeghi, M. The worldwide obesity epidemic. Obes. Res. 2001,
9 (Suppl. 4), 228S–233S. [CrossRef] [PubMed]

3. Lopresti, A.L.; Drummond, P.D. Obesity and psychiatric disorders: Commonalities in dysregulated biological
pathways and their implications for treatment. Prog. Neuropsychopharmacol. Biol. Psychiatry 2013, 45, 92–99.
[CrossRef] [PubMed]

4. Yoshimoto, S.; Loo, T.M.; Atarashi, K.; Kanda, H.; Sato, S.; Oyadomari, S.; Iwakura, Y.; Oshima, K.; Morita, H.;
Hattori, M.; et al. Obesity-induced gut microbial metabolite promotes liver cancer through senescence
secretome. Nature 2013, 499, 97–101. [CrossRef] [PubMed]

5. Wyatt, H.R. Update on treatment strategies for obesity. J. Clin. Endocrinol. Metab. 2013, 98, 1299–1306.
[CrossRef] [PubMed]

6. Valsamakis, G.; Konstantakou, P.; Mastorakos, G. New targets for drug treatment of obesity. Annu. Rev.
Pharmacol. Toxicol. 2017, 57, 585–605. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(14)60460-8
http://dx.doi.org/10.1038/oby.2001.123
http://www.ncbi.nlm.nih.gov/pubmed/11707546
http://dx.doi.org/10.1016/j.pnpbp.2013.05.005
http://www.ncbi.nlm.nih.gov/pubmed/23685202
http://dx.doi.org/10.1038/nature12347
http://www.ncbi.nlm.nih.gov/pubmed/23803760
http://dx.doi.org/10.1210/jc.2012-3115
http://www.ncbi.nlm.nih.gov/pubmed/23443815
http://dx.doi.org/10.1146/annurev-pharmtox-010716-104735
http://www.ncbi.nlm.nih.gov/pubmed/28061687


Brain Sci. 2018, 8, 19 12 of 15

7. Schauer, P.R.; Bhatt, D.L.; Kirwan, J.P.; Wolski, K.; Aminian, A.; Brethauer, S.A.; Navaneethan, S.D.; Singh, R.P.;
Pothier, C.E.; Nissen, S.E.; et al. Bariatric surgery versus intensive medical therapy for diabetes—5-year
outcomes. N. Engl. J. Med. 2017, 376, 641–651. [CrossRef] [PubMed]

8. Mustelin, L.; Bulik, C.M.; Kaprio, J.; Keski-Rahkonen, A. Prevalence and correlates of binge eating disorder
related features in the community. Appetite 2017, 109, 165–171. [CrossRef] [PubMed]

9. Hutson, P.H.; Balodis, I.M.; Potenza, M.N. Binge-eating disorder: Clinical and therapeutic advances.
Pharmacol. Ther. 2017. [CrossRef] [PubMed]

10. Treasure, J.; Zipfel, S.; Micali, N.; Wade, T.; Stice, E.; Claudino, A.; Schmidt, U.; Frank, G.K.; Bulik, C.M.;
Wentz, E. Anorexia nervosa. Nat. Rev. Dis. Prim. 2015, 1, 15074. [CrossRef] [PubMed]

11. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.;
American Psychiatric Association Publishing: Arlington, VA, USA, 2013.

12. Zipfel, S.; Wild, B.; Gross, G.; Friederich, H.C.; Teufel, M.; Schellberg, D.; Giel, K.E.; de Zwaan, M.; Dinkel, A.;
Herpertz, S.; et al. Focal psychodynamic therapy, cognitive behaviour therapy, and optimised treatment as
usual in outpatients with anorexia nervosa (ANTOP study): Randomised controlled trial. Lancet 2014, 383,
127–137. [CrossRef]

13. Nagl, M.; Jacobi, C.; Paul, M.; Beesdo-Baum, K.; Hofler, M.; Lieb, R.; Wittchen, H.U. Prevalence, incidence,
and natural course of anorexia and bulimia nervosa among adolescents and young adults. Eur. Child
Adolesc. Psychiatry 2016, 25, 903–918. [CrossRef] [PubMed]

14. Zipfel, S.; Giel, K.E.; Bulik, C.M.; Hay, P.; Schmidt, U. Anorexia nervosa: Aetiology, assessment, and treatment,
Lancet. Psychiatry 2015, 2, 1099–1111. [CrossRef]

15. Delgado, J.M.; Hamlin, H.; Chapman, W.P. Technique of intracranial electrode implacement for recording
and stimulation and its possible therapeutic value in psychotic patients. Confin. Neurol. 1952, 12, 315–319.
[CrossRef] [PubMed]

16. Bekhtereva, N.P.; Grachev, K.V.; Orlova, A.N.; Iatsuksl. Utilization of multiple electrodes implanted in the
subcortical structure of the human brain for the treatment of hyperkinesis. Zh. Nevropatol. Psikhiatr. Im. S.
S. Korsakova 1963, 63, 3–8. [PubMed]

17. Sem-Jacobsen, C.W. Depth electrographic stimulation and treatment of patients with Parkinson’s disease
including neurosurgical technique. Acta Neurol. Scand. Suppl. 1965, 1 Pt 13, 365–377. [CrossRef]

18. Hosobuchi, Y.; Adams, J.E.; Rutkin, B. Chronic thalamic stimulation for the control of facial anesthesia
dolorosa. Arch Neurol. 1973, 29, 158–161. [CrossRef] [PubMed]

19. Hassler, R.; Ore, G.D.; Bricolo, A.; Dieckmann, G.; Dolce, G. EEG and clinical arousal induced by bilateral
long-term stimulation of pallidal systems in traumatic vigil coma. Electroencephalogr. Clin. Neurophysiol. 1969,
27, 689–690. [PubMed]

20. Riklan, M.; Cullinan, T.; Shulman, M.; Cooper, I.S. A psychometric study of chronic cerebellar stimulation in
man. Biol. Psychiatry 1976, 11, 543–574. [PubMed]

21. Martinez-Ramirez, D.; Hu, W.; Bona, A.R.; Okun, M.S.; Shukla, A.W. Update on deep brain stimulation in
Parkinson’s disease. Transl. Neurodegener. 2015, 4, 12. [CrossRef] [PubMed]

22. Benabid, A.L.; Chabardes, S.; Mitrofanis, J.; Pollak, P. Deep brain stimulation of the subthalamic nucleus for
the treatment of Parkinson’s disease. Lancet Neurol. 2009, 8, 67–81. [CrossRef]

23. Odekerken, V.J.; Boel, J.A.; Schmand, B.A.; de Haan, R.J.; Figee, M.; van den Munckhof, P.; Schuurman, P.R.;
de Bie, R.M.; NSTAPS Study Group. GPi vs. STN deep brain stimulation for Parkinson disease: Three-year
follow-up. Neurology 2016, 86, 755–761. [CrossRef] [PubMed]

24. Lizarraga, K.J.; Jagid, J.R.; Luca, C.C. Comparative effects of unilateral and bilateral subthalamic nucleus
deep brain stimulation on gait kinematics in Parkinson’s disease: A randomized, blinded study. J. Neurol.
2016, 263, 1652–1656. [CrossRef] [PubMed]

25. Martinez-Fernandez, R.; Zrinzo, L.; Aviles-Olmos, I.; Hariz, M.; Martinez-Torres, I.; Joyce, E.; Jahanshahi, M.;
Limousin, P.; Foltynie, T. Deep brain stimulation for Gilles de la Tourette syndrome: A case series targeting
subregions of the globus pallidus internus. Mov. Disord. 2011, 26, 1922–1930. [CrossRef] [PubMed]

26. Huys, D.; Bartsch, C.; Koester, P.; Lenartz, D.; Maarouf, M.; Daumann, J.; Mai, J.K.; Klosterkotter, J.;
Hunsche, S.; Visser-Vandewalle, V.; et al. Motor improvement and emotional stabilization in patients with
Tourette syndrome after deep brain stimulation of the ventral anterior and ventrolateral motor part of the
thalamus. Biol. Psychiatry 2016, 79, 392–401. [CrossRef] [PubMed]

http://dx.doi.org/10.1056/NEJMoa1600869
http://www.ncbi.nlm.nih.gov/pubmed/28199805
http://dx.doi.org/10.1016/j.appet.2016.11.032
http://www.ncbi.nlm.nih.gov/pubmed/27899295
http://dx.doi.org/10.1016/j.pharmthera.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28830840
http://dx.doi.org/10.1038/nrdp.2015.74
http://www.ncbi.nlm.nih.gov/pubmed/27189821
http://dx.doi.org/10.1016/S0140-6736(13)61746-8
http://dx.doi.org/10.1007/s00787-015-0808-z
http://www.ncbi.nlm.nih.gov/pubmed/26754944
http://dx.doi.org/10.1016/S2215-0366(15)00356-9
http://dx.doi.org/10.1159/000105792
http://www.ncbi.nlm.nih.gov/pubmed/13010010
http://www.ncbi.nlm.nih.gov/pubmed/13970358
http://dx.doi.org/10.1111/j.1600-0404.1965.tb01899.x
http://dx.doi.org/10.1001/archneur.1973.00490270040005
http://www.ncbi.nlm.nih.gov/pubmed/4591720
http://www.ncbi.nlm.nih.gov/pubmed/4187363
http://www.ncbi.nlm.nih.gov/pubmed/786383
http://dx.doi.org/10.1186/s40035-015-0034-0
http://www.ncbi.nlm.nih.gov/pubmed/26257895
http://dx.doi.org/10.1016/S1474-4422(08)70291-6
http://dx.doi.org/10.1212/WNL.0000000000002401
http://www.ncbi.nlm.nih.gov/pubmed/26819458
http://dx.doi.org/10.1007/s00415-016-8191-3
http://www.ncbi.nlm.nih.gov/pubmed/27278062
http://dx.doi.org/10.1002/mds.23734
http://www.ncbi.nlm.nih.gov/pubmed/21538528
http://dx.doi.org/10.1016/j.biopsych.2014.05.014
http://www.ncbi.nlm.nih.gov/pubmed/25034948


Brain Sci. 2018, 8, 19 13 of 15

27. Lega, B.C.; Halpern, C.H.; Jaggi, J.L.; Baltuch, G.H. Deep brain stimulation in the treatment of refractory
epilepsy: Update on current data and future directions. Neurobiol. Dis. 2010, 38, 354–360. [CrossRef]
[PubMed]

28. Salanova, V.; Witt, T.; Worth, R.; Henry, T.R.; Gross, R.E.; Nazzaro, J.M.; Labar, D.; Sperling, M.R.; Sharan, A.;
Sandok, E.; et al. Long-term efficacy and safety of thalamic stimulation for drug-resistant partial epilepsy.
Neurology 2015, 84, 1017–1025. [CrossRef] [PubMed]

29. Schlaepfer, T.E.; Cohen, M.X.; Frick, C.; Kosel, M.; Brodesser, D.; Axmacher, N.; Joe, A.Y.; Kreft, M.; Lenartz, D.;
Sturm, V. Deep brain stimulation to reward circuitry alleviates anhedonia in refractory major depression.
Neuropsychopharmacology 2008, 33, 368–377. [CrossRef] [PubMed]

30. Bergfeld, I.O.; Mantione, M.; Hoogendoorn, M.L.; Ruhe, H.G.; Notten, P.; van Laarhoven, J.; Visser, I.;
Figee, M.; de Kwaasteniet, B.P.; Horst, F.; et al. Deep brain stimulation of the ventral anterior limb of the
internal capsule for treatment-resistant depression: A randomized clinical trial. JAMA Psychiatry 2016, 73,
456–464. [CrossRef] [PubMed]

31. Whiting, D.M.; Tomycz, N.D.; Bailes, J.; de Jonge, L.; Lecoultre, V.; Wilent, B.; Alcindor, D.; Prostko, E.R.;
Cheng, B.C.; Angle, C.; et al. Lateral hypothalamic area deep brain stimulation for refractory obesity: A pilot
study with preliminary data on safety, body weight, and energy metabolism. J. Neurosurg. 2013, 119, 56–63.
[CrossRef] [PubMed]

32. Hamani, C.; McAndrews, M.P.; Cohn, M.; Oh, M.; Zumsteg, D.; Shapiro, C.M.; Wennberg, R.A.; Lozano, A.M.
Memory enhancement induced by hypothalamic/fornix deep brain stimulation. Ann. Neurol. 2008, 63,
119–123. [CrossRef] [PubMed]

33. Lipsman, N.; Lam, E.; Volpini, M.; Sutandar, K.; Twose, R.; Giacobbe, P.; Sodums, D.J.; Smith, G.S.;
Woodside, D.B.; Lozano, A.M. Deep brain stimulation of the subcallosal cingulate for treatment-refractory
anorexia nervosa: 1 year follow-up of an open-label trial. Lancet Psychiatry 2017, 4, 285–294. [CrossRef]

34. Prinz, P.; Kobelt, P.; Scharner, S.; Goebel-Stengel, M.; Harnack, D.; Faust, K.; Winter, Y.; Rose, M.; Stengel, A.
Deep brain stimulation alters light phase food intake microstructure in rats. J. Physiol. Pharmacol. 2017, 68,
345–354. [PubMed]

35. Zhang, C.; Wei, N.L.; Wang, Y.; Wang, X.; Zhang, J.G.; Zhang, K. Deep brain stimulation of the nucleus
accumbens shell induces anti-obesity effects in obese rats with alteration of dopamine neurotransmission.
Neurosci. Lett. 2015, 589, 1–6. [CrossRef] [PubMed]

36. van der Plasse, G.; Schrama, R.; van Seters, S.P.; Vanderschuren, L.J.; Westenberg, H.G. Deep brain
stimulation reveals a dissociation of consummatory and motivated behaviour in the medial and lateral
nucleus accumbens shell of the rat. PLoS ONE 2012, 7, e33455. [CrossRef] [PubMed]

37. Soto-Montenegro, M.L.; Pascau, J.; Desco, M. Response to deep brain stimulation in the lateral hypothalamic
area in a rat model of obesity: In vivo assessment of brain glucose metabolism. Mol. Imaging Biol. 2014, 16,
830–837. [CrossRef] [PubMed]

38. Lehmkuhle, M.J.; Mayes, S.M.; Kipke, D.R. Unilateral neuromodulation of the ventromedial hypothalamus
of the rat through deep brain stimulation. J. Neural Eng. 2010, 7, 036006. [CrossRef] [PubMed]

39. Melega, W.P.; Lacan, G.; Gorgulho, A.A.; Behnke, E.J.; de Salles, A.A. Hypothalamic deep brain stimulation
reduces weight gain in an obesity-animal model. PLoS ONE 2012, 7, e30672. [CrossRef] [PubMed]

40. Lacan, G.; de Salles, A.A.; Gorgulho, A.A.; Krahl, S.E.; Frighetto, L.; Behnke, E.J.; Melega, W.P. Modulation of
food intake following deep brain stimulation of the ventromedial hypothalamus in the vervet monkey.
Laboratory investigation. J. Neurosurg. 2008, 108, 336–342. [PubMed]

41. Lipsman, N.; Woodside, D.B.; Giacobbe, P.; Hamani, C.; Carter, J.C.; Norwood, S.J.; Sutandar, K.; Staab, R.;
Elias, G.; Lyman, C.H.; et al. Subcallosal cingulate deep brain stimulation for treatment-refractory anorexia
nervosa: A phase 1 pilot trial. Lancet 2013, 381, 1361–1370. [CrossRef]

42. Prinz, P.; Stengel, A. Control of food intake by gastrointestinal peptides: Mechanisms of action and possible
modulation in the treatment of obesity. J. Neurogastroenterol. Motil. 2017, 23, 180–196. [CrossRef] [PubMed]

43. Sauleau, P.; Drapier, S.; Duprez, J.; Houvenaghel, J.F.; Dondaine, T.; Haegelen, C.; Drapier, D.; Jannin, P.;
Robert, G.; Le Jeune, F.; et al. Weight gain following pallidal deep brain stimulation: A PET study. PLoS ONE
2016, 11, e0153438. [CrossRef] [PubMed]

44. Aiello, M.; Eleopra, R.; Foroni, F.; Rinaldo, S.; Rumiati, R.I. Weight gain after STN-DBS: The role of reward
sensitivity and impulsivity. Cortex 2017, 92, 150–161. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.nbd.2009.07.007
http://www.ncbi.nlm.nih.gov/pubmed/19631750
http://dx.doi.org/10.1212/WNL.0000000000001334
http://www.ncbi.nlm.nih.gov/pubmed/25663221
http://dx.doi.org/10.1038/sj.npp.1301408
http://www.ncbi.nlm.nih.gov/pubmed/17429407
http://dx.doi.org/10.1001/jamapsychiatry.2016.0152
http://www.ncbi.nlm.nih.gov/pubmed/27049915
http://dx.doi.org/10.3171/2013.2.JNS12903
http://www.ncbi.nlm.nih.gov/pubmed/23560573
http://dx.doi.org/10.1002/ana.21295
http://www.ncbi.nlm.nih.gov/pubmed/18232017
http://dx.doi.org/10.1016/S2215-0366(17)30076-7
http://www.ncbi.nlm.nih.gov/pubmed/28820391
http://dx.doi.org/10.1016/j.neulet.2015.01.019
http://www.ncbi.nlm.nih.gov/pubmed/25578952
http://dx.doi.org/10.1371/journal.pone.0033455
http://www.ncbi.nlm.nih.gov/pubmed/22428054
http://dx.doi.org/10.1007/s11307-014-0753-0
http://www.ncbi.nlm.nih.gov/pubmed/24903031
http://dx.doi.org/10.1088/1741-2560/7/3/036006
http://www.ncbi.nlm.nih.gov/pubmed/20460691
http://dx.doi.org/10.1371/journal.pone.0030672
http://www.ncbi.nlm.nih.gov/pubmed/22295102
http://www.ncbi.nlm.nih.gov/pubmed/18240931
http://dx.doi.org/10.1016/S0140-6736(12)62188-6
http://dx.doi.org/10.5056/jnm16194
http://www.ncbi.nlm.nih.gov/pubmed/28096522
http://dx.doi.org/10.1371/journal.pone.0153438
http://www.ncbi.nlm.nih.gov/pubmed/27070317
http://dx.doi.org/10.1016/j.cortex.2017.04.005
http://www.ncbi.nlm.nih.gov/pubmed/28494345


Brain Sci. 2018, 8, 19 14 of 15

45. Millan, S.H.; Hacker, M.L.; Turchan, M.; Molinari, A.L.; Currie, A.D.; Charles, D. Subthalamic nucleus
deep brain stimulation in early stage Parkinson's disease is not associated with increased body mass index.
Parkinsons Dis. 2017, 2017, 7163801. [CrossRef] [PubMed]

46. Melse, M.; Temel, Y.; Tan, S.K.; Jahanshahi, A. Deep brain stimulation of the rostromedial tegmental nucleus:
An unanticipated, selective effect on food intake. Brain Res. Bull. 2016, 127, 23–28. [CrossRef] [PubMed]

47. Kelley, A.E.; Swanson, C.J. Feeding induced by blockade of AMPA and kainate receptors within the ventral
striatum: A microinfusion mapping study. Behav. Brain Res. 1997, 89, 107–113. [CrossRef]

48. Rosenwasser, A.M.; Boulos, Z.; Terman, M. Circadian organization of food intake and meal patterns in the
rat. Physiol. Behav. 1981, 27, 33–39. [CrossRef]

49. Lean, M.E.J.; Malkova, D. Altered gut and adipose tissue hormones in overweight and obese individuals:
Cause or consequence? Int. J. Obes. 2016, 40, 622–632. [CrossRef] [PubMed]

50. Halpern, C.H.; Tekriwal, A.; Santollo, J.; Keating, J.G.; Wolf, J.A.; Daniels, D.; Bale, T.L. Amelioration of
binge eating by nucleus accumbens shell deep brain stimulation in mice involves D2 receptor modulation.
J. Neurosci. 2013, 33, 7122–7129. [CrossRef] [PubMed]

51. Dunn, J.P.; Cowan, R.L.; Volkow, N.D.; Feurer, I.D.; Li, R.; Williams, D.B.; Kessler, R.M.; Abumrad, N.N.
Decreased dopamine type 2 receptor availability after bariatric surgery: Preliminary findings. Brain Res.
2010, 1350, 123–130. [CrossRef] [PubMed]

52. Doucette, W.T.; Khokhar, J.Y.; Green, A.I. Nucleus accumbens deep brain stimulation in a rat model of binge
eating. Transl. Psychiatry 2015, 5, e695. [CrossRef] [PubMed]

53. Sani, S.; Jobe, K.; Smith, A.; Kordower, J.H.; Bakay, R.A. Deep brain stimulation for treatment of obesity in
rats. J. Neurosurg. 2007, 107, 809–813. [CrossRef] [PubMed]

54. Torres, N.; Chabardes, S.; Piallat, B.; Devergnas, A.; Benabid, A.L. Body fat and body weight reduction
following hypothalamic deep brain stimulation in monkeys: An intraventricular approach. Int. J. Obes. 2012,
36, 1537–1544. [CrossRef] [PubMed]

55. Brown, F.D.; Fessler, R.G.; Rachlin, J.R.; Mullan, S. Changes in food intake with electrical stimulation of the
ventromedial hypothalamus in dogs. J. Neurosurg. 1984, 60, 1253–1257. [CrossRef] [PubMed]

56. Ross, S.E.; Levin, E.L.; Itoga, C.A.; Schoen, C.B.; Selmane, R.; Aldridge, J.W. Deep brain stimulation in the
central nucleus of the amygdala decreases ‘wanting’ and ‘liking’ of food rewards. Eur. J. Neurosci. 2016, 44,
2431–2445. [CrossRef] [PubMed]

57. Mills, K.A.; Scherzer, R.; Starr, P.A.; Ostrem, J.L. Weight change after globus pallidus internus or subthalamic
nucleus deep brain stimulation in Parkinson’s disease and dystonia. Stereotact. Funct. Neurosurg. 2012, 90,
386–393. [CrossRef] [PubMed]

58. Barichella, M.; Marczewska, A.M.; Mariani, C.; Landi, A.; Vairo, A.; Pezzoli, G. Body weight gain rate in
patients with Parkinson's disease and deep brain stimulation. Mov. Disord. 2003, 18, 1337–1340. [CrossRef]
[PubMed]

59. Novakova, L.; Ruzicka, E.; Jech, R.; Serranova, T.; Dusek, P.; Urgosik, D. Increase in body weight is
a non-motor side effect of deep brain stimulation of the subthalamic nucleus in Parkinson’s disease.
Neuro Endocrinol. Lett. 2007, 28, 21–25. [PubMed]

60. Mantione, M.; van de Brink, W.; Schuurman, P.R.; Denys, D. Smoking cessation and weight loss after chronic
deep brain stimulation of the nucleus accumbens: Therapeutic and research implications: Case report.
Neurosurgery 2010, 66, E218. [CrossRef] [PubMed]

61. Harat, M.; Rudas, M.; Zielinski, P.; Birska, J.; Sokal, P. Nucleus accumbens stimulation in pathological obesity.
Neurol. Neurochir. Pol. 2016, 50, 207–210. [CrossRef] [PubMed]

62. Israël, M.; Steiger, H.; Kolivakis, T.; McGregor, L.; Sadikot, A.F. Deep brain stimulation in the subgenual
cingulate cortex for an intractable eating disorder. Biol. Psychiatry 2010, 67, e53–e54. [CrossRef] [PubMed]

63. McLaughlin, N.C.; Didie, E.R.; Machado, A.G.; Haber, S.N.; Eskandar, E.N.; Greenberg, B.D. Improvements in
anorexia symptoms after deep brain stimulation for intractable obsessive-compulsive disorder. Biol. Psychiatry
2013, 73, e29–e31. [CrossRef] [PubMed]

64. Wu, H.; van Dyck-Lippens, P.J.; Santegoeds, R.; van Kuyck, K.; Gabriels, L.; Lin, G.; Pan, G.; Li, Y.; Li, D.;
Zhan, S.; et al. Deep-brain stimulation for anorexia nervosa. World Neurosurg. 2013, 80, S29.e1–S29.e10.
[CrossRef] [PubMed]

http://dx.doi.org/10.1155/2017/7163801
http://www.ncbi.nlm.nih.gov/pubmed/28676842
http://dx.doi.org/10.1016/j.brainresbull.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27520392
http://dx.doi.org/10.1016/S0166-4328(97)00054-5
http://dx.doi.org/10.1016/0031-9384(81)90296-1
http://dx.doi.org/10.1038/ijo.2015.220
http://www.ncbi.nlm.nih.gov/pubmed/26499438
http://dx.doi.org/10.1523/JNEUROSCI.3237-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23616522
http://dx.doi.org/10.1016/j.brainres.2010.03.064
http://www.ncbi.nlm.nih.gov/pubmed/20362560
http://dx.doi.org/10.1038/tp.2015.197
http://www.ncbi.nlm.nih.gov/pubmed/26670280
http://dx.doi.org/10.3171/JNS-07/10/0809
http://www.ncbi.nlm.nih.gov/pubmed/17937228
http://dx.doi.org/10.1038/ijo.2011.271
http://www.ncbi.nlm.nih.gov/pubmed/22349575
http://dx.doi.org/10.3171/jns.1984.60.6.1253
http://www.ncbi.nlm.nih.gov/pubmed/6726369
http://dx.doi.org/10.1111/ejn.13342
http://www.ncbi.nlm.nih.gov/pubmed/27422085
http://dx.doi.org/10.1159/000340071
http://www.ncbi.nlm.nih.gov/pubmed/22922491
http://dx.doi.org/10.1002/mds.10543
http://www.ncbi.nlm.nih.gov/pubmed/14639677
http://www.ncbi.nlm.nih.gov/pubmed/17277730
http://dx.doi.org/10.1227/01.NEU.0000360570.40339.64
http://www.ncbi.nlm.nih.gov/pubmed/20023526
http://dx.doi.org/10.1016/j.pjnns.2016.01.014
http://www.ncbi.nlm.nih.gov/pubmed/27154450
http://dx.doi.org/10.1016/j.biopsych.2009.11.016
http://www.ncbi.nlm.nih.gov/pubmed/20044072
http://dx.doi.org/10.1016/j.biopsych.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23128051
http://dx.doi.org/10.1016/j.wneu.2012.06.039
http://www.ncbi.nlm.nih.gov/pubmed/22743198


Brain Sci. 2018, 8, 19 15 of 15

65. Wang, J.; Chang, C.; Geng, N.; Wang, X.; Gao, G. Treatment of intractable anorexia nervosa with inactivation
of the nucleus accumbens using stereotactic surgery. Stereotact. Funct. Neurosurg. 2013, 91, 364–372.
[CrossRef] [PubMed]

66. Blomstedt, P.; Naesström, M.; Bodlund, O. Deep brain stimulation in the bed nucleus of the stria terminalis
and medial forebrain bundle in a patient with major depressive disorder and anorexia nervosa. Clin. Case Rep.
2017, 5, 679–684. [CrossRef] [PubMed]

67. Moro, E.; Scerrati, M.; Romito, L.M.; Roselli, R.; Tonali, P.; Albanese, A. Chronic subthalamic nucleus
stimulation reduces medication requirements in Parkinson’s disease. Neurology 1999, 53, 85–90. [CrossRef]
[PubMed]

68. Routtenberg, A.; Kuznesof, A.W. Self-starvation of rats living in activity wheels on a restricted feeding
schedule. J. Comp. Physiol. Psychol. 1967, 64, 414–421. [CrossRef] [PubMed]

69. Dietz, J.; Noecker, A.M.; McIntyre, C.C.; Mikos, A.; Bowers, D.; Foote, K.D.; Okun, M.S. Stimulation region
within the globus pallidus does not affect verbal fluency performance. Brain Stimul. 2013, 6, 248–253.
[CrossRef] [PubMed]

70. Liu, Y.; Li, W.; Tan, C.; Liu, X.; Wang, X.; Gui, Y.; Qin, L.; Deng, F.; Hu, C.; Chen, L. Meta-analysis comparing
deep brain stimulation of the globus pallidus and subthalamic nucleus to treat advanced Parkinson disease.
J. Neurosurg. 2014, 121, 709–718. [CrossRef] [PubMed]

71. Combs, H.L.; Folley, B.S.; Berry, D.T.; Segerstrom, S.C.; Han, D.Y.; Anderson-Mooney, A.J.; Walls, B.D.;
van Horne, C. Cognition and depression following deep brain stimulation of the subthalamic nucleus and
globus pallidus pars internus in Parkinson’s disease: A meta-analysis. Neuropsychol. Rev. 2015, 25, 439–454.
[CrossRef] [PubMed]

72. Okun, M.S.; Fernandez, H.H.; Wu, S.S.; Kirsch-Darrow, L.; Bowers, D.; Bova, F.; Suelter, M.; Jacobson, C.E.T.;
Wang, X.; Gordon, C.W., Jr.; et al. Cognition and mood in Parkinson’s disease in subthalamic nucleus
versus globus pallidus interna deep brain stimulation: The COMPARE trial. Ann. Neurol. 2009, 65, 586–595.
[CrossRef] [PubMed]

73. Groiss, S.J.; Wojtecki, L.; Sudmeyer, M.; Schnitzler, A. Deep brain stimulation in Parkinson’s disease.
Ther. Adv. Neurol. Disord. 2009, 2, 20–28. [CrossRef] [PubMed]

74. Péron, J.; Fruhholz, S.; Verin, M.; Grandjean, D. Subthalamic nucleus: A key structure for emotional
component synchronization in humans. Neurosci. Biobehav. Rev. 2013, 37, 358–373. [CrossRef] [PubMed]

75. Smeding, H.M.; Speelman, J.D.; Koning-Haanstra, M.; Schuurman, P.R.; Nijssen, P.; van Laar, T.; Schmand, B.
Neuropsychological effects of bilateral STN stimulation in Parkinson disease: A controlled study. Neurology
2006, 66, 1830–1836. [CrossRef] [PubMed]

76. Voon, V.; Krack, P.; Lang, A.E.; Lozano, A.M.; Dujardin, K.; Schupbach, M.; D’Ambrosia, J.; Thobois, S.;
Tamma, F.; Herzog, J.; et al. A multicentre study on suicide outcomes following subthalamic stimulation for
Parkinson’s disease. Brain 2008, 131 Pt 10, 2720–2728. [CrossRef]

77. Julien, C.L.; Rimes, K.A.; Brown, R.G. Rumination and behavioural factors in Parkinson’s disease depression.
J. Psychosom. Res. 2016, 82, 48–53. [CrossRef] [PubMed]

78. Volkow, N.D.; Wang, G.J.; Baler, R.D. Reward, dopamine and the control of food intake: Implications for
obesity. Trends Cogn. Sci. 2011, 15, 37–46. [CrossRef] [PubMed]

79. Russo, S.J.; Nestler, E.J. The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 2013, 14, 609–625.
[CrossRef] [PubMed]

80. Ho, A.L.; Sussman, E.S.; Zhang, M.; Pendharkar, A.V.; Azagury, D.E.; Bohon, C.; Halpern, C.H. Deep brain
stimulation for obesity. Cureus 2015, 7, e259. [CrossRef] [PubMed]

81. Park, R.J.; Singh, I.; Pike, A.C.; Tan, J.O. Deep brain stimulation in anorexia nervosa: Hope for the hopeless
or exploitation of the vulnerable? The Oxford neuroethics gold standard framework. Front. Psychiatry 2017,
8, 44. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1159/000348278
http://www.ncbi.nlm.nih.gov/pubmed/24108066
http://dx.doi.org/10.1002/ccr3.856
http://www.ncbi.nlm.nih.gov/pubmed/28469875
http://dx.doi.org/10.1212/WNL.53.1.85
http://www.ncbi.nlm.nih.gov/pubmed/10408541
http://dx.doi.org/10.1037/h0025205
http://www.ncbi.nlm.nih.gov/pubmed/6082873
http://dx.doi.org/10.1016/j.brs.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/22766102
http://dx.doi.org/10.3171/2014.4.JNS131711
http://www.ncbi.nlm.nih.gov/pubmed/24905564
http://dx.doi.org/10.1007/s11065-015-9302-0
http://www.ncbi.nlm.nih.gov/pubmed/26459361
http://dx.doi.org/10.1002/ana.21596
http://www.ncbi.nlm.nih.gov/pubmed/19288469
http://dx.doi.org/10.1177/1756285609339382
http://www.ncbi.nlm.nih.gov/pubmed/21180627
http://dx.doi.org/10.1016/j.neubiorev.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23318227
http://dx.doi.org/10.1212/01.wnl.0000234881.77830.66
http://www.ncbi.nlm.nih.gov/pubmed/16801645
http://dx.doi.org/10.1093/brain/awn214
http://dx.doi.org/10.1016/j.jpsychores.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26944399
http://dx.doi.org/10.1016/j.tics.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21109477
http://dx.doi.org/10.1038/nrn3381
http://www.ncbi.nlm.nih.gov/pubmed/23942470
http://dx.doi.org/10.7759/cureus.259
http://www.ncbi.nlm.nih.gov/pubmed/26180683
http://dx.doi.org/10.3389/fpsyt.2017.00044
http://www.ncbi.nlm.nih.gov/pubmed/28373849
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Effects of DBS on Food Intake and Body Weight Gain 
	Potential Application of DBS in Obesity 
	Potential Application of DBS in Binge-Eating Disorder 
	Potential Application of DBS in Anorexia Nervosa 
	Challenges of DBS in the Treatment of Eating Disorders 
	Conclusions 
	References

