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A considerable amount of research investigating the pathophy-
siology of psychiatric diseases led to a better understanding of neuro-
chemical, neuroanatomical, environmental and genetic bases of affec-
tive and compulsive disorders [1]. In the last decades, biological
components of psychiatric diseases became important and neural net-
work models have been developed. These network models describe
psychiatric diseases as a dysfunction of specific brain circuits. Particu-
larly, networks mediating mood and reward responses play an im-
portant role in major depressive disorder (MDD) and in obsessive
compulsive disorder (OCD) as well [2,3]. Research from different dis-
ciplines has led to novel conceptualizations of the underlying neuro-
biology of affective disorders in the term of a network of tightly in-
tegrated and reciprocally connected centers processing affective
stimuli. Those centers communicate both chemically and electrically.
Therefore new emerging treatments can be developed using specific
chemical and electrical stimulation to regulate those circuits. In this
article, we focus on deep brain stimulation (DBS) with an open-loop as
well as closed-loop system, highlight new insights from optogenetics as
well as magnetogenetics, demonstrate new developments in ablative
surgery techniques like focused ultrasound and introduce the new field
of temporal interference.

Famm and colleagues [4] describe a future where the majority of
medical treatments will use electrical impulses to repair lost function
and restore health. Already, devices treating disease conditions with
electrical stimulation could be implemented targeting disease-specific
neural circuits but not specific cells within those circuits. To create
devices controlling action potentials in individual neurons inter-
disciplinary teams need to be established in the future [4]. Their per-
spective is interesting because all the authors are working at a phar-
maceutical manufacturer, highlighting a concept shift from
pharmacology to neuromodulation.

We believe that DBS is the most promising modality of targeted
neuromodulation regarding its efficacy and the ability to precisely
verify predetermined hypotheses, today. DBS is an invasive treatment
that requires a neurosurgical procedure for the bilateral implantation of
electrodes into specific, well selected brain targets. This treatment is

approved for movement disorders, especially Parkinson’s disease (PD),
dystonia and essential tremor showing high effects at controlling motor
symptoms [5]. Until today, more than .000 patients with movement
disorders are treated with DBS. Recently, DBS has been actively re-
searched as a treatment option for psychiatric diseases, especially MDD
and has been associated with rapid and sustained antidepressant effects
[6,7]. Different brain targets associated with the brain reward circuit
have been investigated so far. In brief, the following targets have suc-
cessfully been used for DBS in MDD: subgenual cingulate cortex (Cg25)
[8], anterior limb of the capsule interna (ALIC) [9], nucleus accumbens
(NAcc) [10], ventral capsule (Vc)/ventral striatum (Vs) [11] and the
superolateral branch of the medial forebrain bundle (slMFB) [12].

The slMFB has been proposed as a more effective DBS target for
MDD as it is neuroanatomically and functionally connected with other
DBS targets described and evaluated in depression (SCC, ALIC and
NAcc) [13]. The results of slMFB DBS in treatment-resistant depression
(TRD) showed rapid antidepressant effects one week after stimulation
onset in two independent unblinded non-randomized trials [12,14].
These promising results have been replicated in a larger randomized
controlled trial (RCT) describing comparable acute effects in 16 pa-
tients [15]. Besides these acute effects, slMFB DBS could be associated
with sustained antidepressant efficacy up to five years after stimulation
onset [16,17]. Blinded discontinuation of stimulation after continuous
stimulation of six to twelve months was associated with an aggravation
of depressive symptoms emphasizing the idea that permanent stimu-
lation is needed to maintain response [8,9]. Although these data are
promising, two RCTs one stimulating Vc/Vs [18] and one stimulating
Cg25 [19] showed controversial results. Both studies failed to show
superiority of DBS to sham stimulation at short-time because they were
terminated after a futility analysis in a subgroup of patients. Among
other reasons, the study design has been put forward as a major pro-
blem [20]. The RCT trial investigating slMFB DBS did not show a sig-
nificant difference between active and sham stimulation eight weeks
after stimulation onset either [15]. Nonetheless, there was a trend
showing an increase of depressive symptoms in the sham control group
after eight weeks. This observation seems interesting in the light of the

https://doi.org/10.1016/j.pmip.2019.07.002

⁎ Corresponding author at: Department of Interventional Biological Psychiatry, Medical Center – University of Freiburg, Faculty of Medicine, University of Freiburg,
Germany.

E-mail address: Thomas.schlaepfer@uniklinik-freiburg.de (T.E. Schlaepfer).

Personalized Medicine in Psychiatry 17–18 (2019) 46–50

Available online 08 November 2019
2468-1717/ © 2019 Published by Elsevier Inc.

T

http://www.sciencedirect.com/science/journal/24681717
https://www.elsevier.com/locate/pmip
https://doi.org/10.1016/j.pmip.2019.07.002
https://doi.org/10.1016/j.pmip.2019.07.002
mailto:Thomas.schlaepfer@uniklinik-freiburg.de
https://doi.org/10.1016/j.pmip.2019.07.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pmip.2019.07.002&domain=pdf


effect that insertion effects have been described in PD as well [21]. It is
assumed that eight weeks are not sufficient to show a significant dif-
ference between both groups regarding the influences of electrode in-
sertion and placebo. Irrespective of brain target, acute antidepressant
effects after surgery were observed even in the sham group. These ef-
fects need to be studied in more detail and should be taken into account
in the planning of larger RCTs. The first pilot trial (FORESEE I; regis-
tered @clinicaltrials.gov with Identifier NCT01095263) and one
gateway trial (FORESEE II; registered @clinicaltrials.gov with Identifier
NCT01778790) have been completed investigating the efficacy of
slMFB DBS in MDD with promising results paving the way for a third
multicenter, randomized, sham-controlled and double blind study cur-
rently recruiting up to 50 patients with TRD (registered @clinical-
trials.gov with Identifier NCT03653858). In summary, the results of
studies investigating slMFB DBS support the hypothesis of network
dysfunctions in TRD and the idea of DBS restoring and regulating the
function of this dysfunctional network [2,12,22].

Despite its therapeutic effects, there is still uncertainty on under-
lying biological mechanisms of DBS [23,24]. Functional abnormalities
might be reversed due to inhibition of neuronal networks or activation
of neurons. It is hypothesized, that DBS may suppress pathological
states, modulate pathological brain activity or lead to a recalibration of
functional states. In studies investigating NAcc DBS in TRD, stimulation
was associated with acutely decreased hypometabolism in the pre-
frontal cortex (PFC) and acutely increased metabolism in the Vs
[10,25]. Furthermore, different neurotransmitter systems (e.g. dopa-
mine) seem to play an important role in the effects of DBS. Studies
investigating dopamine following slMFB DBS in rodents reported a
significant increase in dopamine D2 receptors in the PFC [26] and an
increase of dopamine release in the Vs acutely after onset of stimulation
[27].

Additionally, precise predictors of response are lacking. It might
very well be that ‘one size fits them all’ is likely in DBS but nonetheless
some patients appear not to respond to this treatment. In the currently
used open-loop DBS systems, stimulation parameters have to be
adapted manually by the physician at clinical visits. Once, stimulation
parameters are set by the physician, DBS delivers a constant level of
stimulation regardless of different disease states. Due to the reason that
the symptomatology of mental disorders is not static and that the se-
verity of symptoms may fluctuate over time (days/months/years), a
constant stimulation may not be the most efficient option. Furthermore,
efficacy of therapeutic parameters may diminish over time, acute re-
sponses do not guarantee sustained therapeutic effects and parameter
adaptation relies on the subjective experience of both the patient and
clinician. Clinicians may have to repeat a trial-and-error based process
several times to find the stimulation parameters with the best clinical
outcome for the individual patient. This trial and error procedure in
order to find the most efficient stimulation parameters currently is in-
evitable in open-loop DBS systems. Additionally, the stimulation para-
meters cannot be adapted acutely in response to aggravation of disease
symptoms [3,28]. Together, all these factors may complicate optimized
stimulation in open-loop DBS systems. Steps towards an individualized
treatment and personalized medicine with a better treatment selection
for individual patients as well as automatic parameter adaptation
considering the different disease states seem relevant for the develop-
ment of future DBS systems.

Closed-loop/adaptive DBS systems can be one of those steps. There
are several logical possibilities that make the development of closed-
loop stimulation systems mandatory. Closed-loop control systems rely
on sensor feedback. In those systems, an adaptation of stimulation
parameters following changes of biological brain states (neurochemical
changes, changes in electrical brain activity) is possible as an acute
response without the need of a clinical visit. Studies focusing on the
development and implementation of closed-loop systems use anato-
mical as well as physiological approaches [29]. While the anatomical
approach rather describes ways to place the electrode individually

relative to the individual brain, the physiological approach deals with
the challenge to identify brain-responsive biomarkers.

In MDD treatment with antidepressants an effect called anti-
depressant tachyphylaxis (‘poop-out’) is described [30]. Despite con-
tinuation of a previously effective treatment, approximately 25% of
patients experience a recurrence of depressive symptoms. This effect is
associated with the development of tolerance after chronic exposure to
antidepressants. A permanent adaptation of DBS parameters in response
to changes in biological markers might prevent this effect although
there is no evidence for recurrence of symptoms despite maintenance of
DBS until today. DBS to the slMFB is associated with lasting anti-
depressant effects over more than five years and permanent adaptation
of stimulation parameters was not necessary in order to sustain anti-
depressant efficacy [16,17]. Interestingly, a discontinuation of slMFB
DBS has been associated with a recurrence of depressive symptoms
within days [31]. However, habituation to stimulation parameters has
been described in a sample of patients with essential tremor treated
with DBS of the nucleus ventralis intermedius [32]. In this study, im-
mediate effects following the adaptation and optimization of stimula-
tion parameters diminished ten weeks later due to a habituation of the
tremor network to DBS. Closed-loop systems with permanently chan-
ging stimulation parameters may prevent relapse of symptoms, habi-
tuation or tolerance development.

In epilepsy, responsive closed-loop cortical DBS is approved in the
US since 2013 and represents a personalized approach providing on-
demand stimulation responding to intracranial patterns of electro-
corticography [33]. Additionally, vagal nerve stimulation (VNS) has
been developed as an adaptive treatment for epilepsy, too. The VNS
system is responsive to tachycardia because heart rate changes precede
electrographic and clinical changes during seizure [33]. Closed-Loop
systems have successfully been implemented in the treatment of pain
syndromes with spinal cord electrical stimulation sensing the patient’s
body activity and position [28]. In PD, first developments for closed-
loop systems have been implemented as well, offering ways to reduce
stimulation-induced adverse effects (such as dyskinesia), prolong bat-
tery life of the generator and maintain stimulation parameters with
changes in patient’s condition [34,35]. Swann and colleagues (2018)
could demonstrate the feasibility of adaptive DBS in two patients with
PD using basal ganglia signals for feedback control. Therapeutic effi-
cacy was comparable to effects with open-loop DBS but energy savings
were substantial in the adaptive DBS condition [36].

Before closed-loop systems can be implemented in psychiatric dis-
orders it is necessary to understand the system mechanisms and to
identify biomarkers. Lo et al. (2017) describe the identification of
meaningful biomarkers for the titration as the biggest challenge for the
development of closed-loop systems. Despite decades of research on the
underlying mechanisms of depression, the electrical signature of psy-
chiatric symptoms is still largely unknown [3,34].

First approaches to quantitatively characterize complex neural
networks and brain states in psychiatric diseases have been realized
through the System-Based Neurotechnology for Emerging Treatments
(SUBNETS) project funded by the Defense Advanced Research Project
Agency (DARPA) [37,38]. The goal of this program is the identification
of predictive biomarkers indicating changes in psychiatric symptom
states, to deliver a safe and targeted neural stimulation realized in an
adaptable closed-loop treatment for neuropsychiatric diseases and to
apply therapies that incorporate near real-time recording, analysis and
stimulation. Recently, promising data have been published describing a
decoding technology that allows to predict mood state variations from
neural activity [39]. Neurophysiological correlates of mood-state
changes could be found enabling continuous electrocorticography in
patients with epilepsy implanted with intracranial electrodes for seizure
localization [40] and a combination of electroencephalography and
machine learning methods could help to discover a brain subnetwork
correlating with self-reported mood changes [41]. Roads to a better
understanding of biological mechanisms underlying psychiatric
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diseases are urgently needed but seem to be very challenging con-
sidering the long history of research for biomarkers in psychiatric dis-
orders [42].

Optogenetic tools currently represent one way to get new insights
into biomarkers of psychiatric diseases as well as for the future devel-
opment in neurosciences, basic neurobiology and the neural mechan-
isms involved in psychiatric diseases [43]. Optogenetics as a research
area contribute to a better understanding of the mode of action of DBS,
the therapeutic effects of DBS and the development of more effective
antidepressant treatments [34,44,45]. Optogenetics constitute a
groundbreaking technology and a new neuromodulation approach that
allows a precise control (activation or inhibition) or monitoring of
neural activity with light. To enable optical modulation of selected
cells, optogenetics involve lasers and fiber optics for light delivery as
well as genetic tools (genes called microbial opsins) to encode light-
activated proteins that allow a transmission of action potentials through
ion channels. By this biological technique, specific cells or pathways of
interest become sensitive to light enabling the activation or inhibition
of neural circuitries in a very precise way [46,47].

Optogenetic studies in rodents already lead to a better insight into
the mode of action of DBS in PD [48,49] and showed first progress in
treating refractory epilepsy on the level of preclinical models [45].
Despite this success in neurological disorders, a clinical application for
psychiatric disorders is far more challenging due to fact that causal
roles of specific neuronal circuits still need to be elucidated in psy-
chiatric disorders [50]. Optogenetic studies investigating neuronal
pathways and functional anatomy of neuronal populations in psychia-
tric diseases already contributed to a better understanding of neural
circuits underlying addictive disorders, fear, anxiety and depression.
Optogenetics significantly improved the knowledge of healthy brain
activity and connections as well as neuronal changes in psychiatric
disorders [45]. Yet, the transition of this new technology from the
preclinical model into the human model as a putative treatment for
neurological and psychiatric diseases is still far away. A main problem
herewith will be the development of safe viral vectors. However, ideas
exist that combine optogenetic tools with adaptive closed-loop systems.
Grosenick et al. [51] describe a closed-loop and activity-guided opto-
genetic control method with a structured, time-varying light stimulus
that is automatically modulated based on the difference between de-
sired and measured outputs (behavioral, electrophysiological or read-
outs of activity). They conclude that optogenetics with a closed-loop
control theory applied to optogenetic stimulation could help to un-
derstand how circuits change with optical stimulation and learning.

In 2010, Covington and colleagues could demonstrate anti-
depressant-like effects in response to optogenetic stimulation of the
mPFC in mice, restoring normal social interaction via optogenetic sti-
mulation [52]. Furthermore, a susceptible, depression-like phenotype
could be triggered via optogenetic induction of phasic firing in ventral
tegmental area (VTA) dopamine neurons. An inhibition of the VTA-
NAcc projection could rapidly cause resilience whereas activation of
VTA neurons projecting to the NAcc induced susceptibility even in mice
that were resilient previously [53]. Considering these results,
Schlaepfer and colleagues (2014) speculate that slMFB DBS increases
the tonic dopamine output from the VTA and by that increases synaptic
dopamine in NAcc and the PFC leading to the clinically described an-
tidepressant effects [2]. Insights generated through studies in-
vestigating optogenetic stimulation may help to better understand the
mechanisms of slMFB DBS in depression and psychiatric illness in
general.

The optogenetic approach in principal is very promising and might
allow overcoming limitations of molecular and chemistry based drug
designs. Optogenetic stimulation itself may develop as a new ther-
apeutic option for the clinical use in humans providing the knowledge
to establish circuit-centric therapeutics [44,50]. It is proposed that
studies in nonhuman primates (NHPs) rather than in rodents would be
the better model for human brain functions and disorders [54]. Today,

optogenetic stimulation is not yet applicable as a treatment option for
humans regarding the following limitations: viral vectors need to be
delivered to discrete brain regions, limited ability to direct cell type
specificity, greater volume of tissue due to larger size of the brain, light
delivery to cells by genetic introduction of light-sensitive proteins with
reducing brain tissue damage and in vivo assessment of opsin expres-
sion level need to be developed. Nonetheless, an optogenetic-driven
circuit-centric strategy could help to refine DBS protocols [50]. In fu-
ture, optogenetic stimulation potentially could help to exert more se-
lective stimulatory or inhibitory effects compared to DBS [44].

Finally, a different putative treatment option for the clinical use in
humans could be the development of magnetogenetics [55]. This ap-
proach might be interesting due to the fact that optogenetics require
genetic alteration and intracranial delivery of light which makes them
currently infeasible for the clinical use in humans. The basic idea of
magnetogenetics is to manipulate neurons with magnetic stimuli re-
lying on an inducible, genetically encoded molecule that might activate
neurons in a temporally precise and robust way [55]. Wheeler and
colleagues [56] described a method that couples ferritin (a para-
magnetic protein) directly to the calcium channel (TRPV4) making it
sensitive to the application of a strong static magnetic field resulting in
a magnetic activation. There are still a number of major issues that need
to be resolved before an implementation of this technique will become
possible in humans. The major advantage compared to optogenetics
would be that no intracranial surgery is needed.

Non-invasive treatments that are currently feasible for the treatment
of psychiatric diseases include ablative surgery techniques. One of these
techniques is the Gamma Knife Radiation Surgery (GKRS) [57]. This
ablation technique utilizes ionizing radiation to provide a radiation
dose sufficient to cause neuronal cell death in specific brain areas
without the need for an open surgery. One randomized, double-blind,
sham-controlled study using GKRS for capsulotomy with the isocenters
targeted to the ventral border of the anterior limb of the internal cap-
sule included 16 OCD patients [58]. At 12months follow-up, 25% of the
active treatment group responded (response>35% reduction in the
Yale-Brown Obsessive-Compulsive Scale (Y-BOCS)) and response rates
were increased at the last follow-up (54months: 62.5% responders).
Disadvantages and possible risks of GKRS include the need for radia-
tion, the latency to the clinical and radiographic effects, the necessity of
repetitive treatments as well as problems with lesion accuracy [57].
Additionally, there are some concerns regarding untoward long-term
histological developments after GKRS (e.g. radiation necrosis) [59].
While this is worrisome it is unclear how this is actually related to
clinical effects.

Recently, focused ultrasound has been proposed as a non-invasive
method for neuromodulation in neurological and psychiatric diseases.
Compared to GKRS ultrasound has the advantage that there is no need
for radiation exposure and that it can be used at different intensities.
Ultrasound is defined as sound waves that are higher than the audible
range of human hearing (> 20 KHz) and can be used as a diagnostic,
surgical, neuromodulation and drug delivery tool. Therapeutic ultra-
sound uses similar instrumentation as it is known from the diagnostic
ultrasound tools using the instrumentation at a higher power [60]. MR-
guided focused ultrasound is available in two different modalities:
thermal/high-intensity focused ultrasound (HIFU) or nonthermal/low-
intensity focused ultrasound (LIFU).

HIFU is a non-invasive ablation technique that generates precise
lesions in the brain through the intact skull following a sufficient in-
crease in temperature in an irreversible way. This technique is con-
ducted under real-time MRI guidance and with a specially designed
helmet. For now, approximately 1000 patients with movement dis-
orders have been treated with focused ultrasound ablation worldwide
[61]. Besides this application, focused ultrasound as a surgical tool has
been used in neuropathic pain, brain tumors, stroke and psychiatric
disorders [60]. Two studies published data on overall 15 patients with
OCD treated with bilateral thermal capsulotomy ablating the ALIC
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(representing a DBS brain target for depression, too) with MR-guided
focused ultrasound [62]. At six-month follow-up mean improvement of
OCD symptoms was 33% (measured with Y-BOCS) and mean reduction
of depressive symptoms was 61.1% (measured with Hamilton Depres-
sion Rating Scale (HAM-D)). Clinical symptoms decreased significantly
over a time period of 24months with 54.5% (6/11) responders at this
time point [63]. Currently one single case, a patient diagnosed with
MDD, who was treated with thermal ablation of the ALIC via MR-
guided focused ultrasound has been demonstrated [64]. Directly one
week after the treatment, depressive symptoms decreased significantly
and continued to be significantly reduced 12months after the treatment
compared to baseline. Two clinical trials (registered at clinicaltrials.gov
with identifier NCT02348411 and NCT02685488) are currently un-
derway investigating antidepressant effects of lesioning ALIC in TRD
patients [65].

LIFU does not directly lead to a lesion but has the potential as a new
non-invasive, highly spatially and very precise focused neuromodula-
tion technique instead of having ablative effects by thermal coagula-
tion. Applying ultrasound at sublesional temperatures affords to mod-
ulate the brain activity in a reversible way. This allows the examination
of clinical effects and can precede the step of generating an irreversible
lesion. Leinenga (2016) summarize that neural activity can be altered
through the targeting of electrical stimulation to restore function, re-
lieve symptoms or probe the function of brain circuits in behavior [60].
A “first-in-man” clinical trial has been conducted in one patient suf-
fering from post-traumatic disorder of consciousness 19 days post-in-
jury showing rapid improvements in the Coma Recovery Scale Revised
[66]. Furthermore, the effect of transcranial ultrasound on mental
states in a healthy human control group already could be demonstrated
[67]. Improvements in subjectively assessed mood were reported ten
minutes and 40min after subthermal LIFU compared to sham in 31
chronic pain patients [68]. In a sample of adults with mild to moderate
depressive symptoms worry (measured with the PSWQ) was sig-
nificantly reduced after five days of receiving LIFU compared to adults
receiving a sham stimulation [69]. They described that LIFU could re-
duce Default Mode Network resting state connectivity and could in-
crease connectivity within the Cognitive Control Network. The authors
assume that LIFU to the right inferior frontal gyrus (rIFG) affects mood
via reducing perseverative thinking. In 2017, Sanguinetti and collea-
gues reported that LIFU to the rIFG in healthy volunteers possibly
changes brain connectivity. This change may be associated with
changes in mood [70].

In conclusion, focused ultrasound potentially is an effective, safe
and promising technology for both ablative as well as non-ablative
applications. Rapid effects on neurophysiological outcomes could be
demonstrated and a modulation of neural networks involved in psy-
chiatric disorders seems possible. In future, focused ultrasound may
develop as a promising non-invasive alternative to invasive DBS. Before
focused ultrasound can be applied for the clinical use, a lot of work
remains investigating parameter estimation and careful testing is ne-
cessary [71].

Another application possibility of ultrasound consists in its ability to
transiently open the blood brain barrier (BBB) for drug delivery. The
permeability of the BBB can be increased via ultrasound permitting
molecules that normally fail to cross the intact BBB due to their size to
enter the brain [72]. Tsai [73] formulated the hypothesis that focused
ultrasound could increase the brain derived neurotrophic factor (BDNF)
levels and neurogenesis in the hippocampus. Compelling evidence that
BDNF is involved in the pathogenesis and recovery of MDD led to
thoughts about its therapeutic application. It might very well be that
modulation of the BBB by focused ultrasound might represent an al-
ternative strategy for the treatment of MDD via regulating BDNF levels.

Another idea of noninvasive deep brain stimulation has currently
been described by Grossmann and colleagues (2017) and uses tempo-
rally interfering electrical fields [74]. Temporal interference (TI) de-
scribes a novel strategy of electrical brain stimulation applying high-

frequency oscillating electric fields at both sites outside the brain dif-
fering in their frequency by a small amount and thereby causing in-
terference phenomena. This technique allows stimulation of deep re-
gions of the brain without stimulating overlying neurons at the cortex
and without invasive surgery. There is still a lot of research needed
investigating the efficacy of TI stimulation. Particularly, future studies
need to explore how strong electric fields affect the brain, how a small
focal volume may be achieved and if electric fields may have effects
beyond a brief transient change in the neural activity. The authors
conclude that addressing all the unanswered questions TI may have the
potential to develop as a new strategy to stimulate deep regions of the
brain non-invasively and be studied in human clinical trials.

It is promising, that despite the obvious dearth of novel pharma-
cological treatments several new possible avenues of the development
of putative treatments for psychiatric disorders with a biological ap-
proach exist, as described above. The main driving factor of this de-
velopment is a novel conceptualization of MDD as dysfunctions in a
discrete brain network, processing affective stimuli, rather than mere
dysfunctions of synaptic transmitters. This novel conceptualization
became possible via studies using brain imaging methods investigating
the pathophysiology of psychiatric diseases. The development of new
emerging treatments for psychiatric disorders is still a major issue due
to the fact that a lot of patients are treatment-resistant to conventional
methods. To enable the above described biological approaches for the
clinical use in humans, interdisciplinary teams including among others
psychiatrists, neurosurgeons, physicians and engineers need to be es-
tablished and have to work closely together.
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