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A B S T R A C T

The complexity and expansive nature of thalamic research has led to numerous interventions for varied disease
states. At the same time, this complexity along with siloed areas of study can hinder a comprehensive under-
standing. The goal of this paper is to give the reader a broader and more detailed perspective on the thalamus. In
order to accomplish this goal, the paper begins with a summary of the function, electrophysiology, and anatomy
of the normal thalamus. With this foundation, thalamic involvement in neurological diseases is discussed with a
focus on epilepsy. Therapeutic interventions in the thalamus for epilepsy as well as movement disorders, psy-
chiatric conditions and disorders of consciousness are described. Lastly limitations in the field and future models
of data sharing and cooperation are explored.
Introduction

The thalamus, first described by philosopher and physician
Claudius Galenus in the 2nd century A.D, derives from the Greek word
meaning “inner chamber” or “anteroom” [1]. This waiting room was
originally thought to represent a hollow chamber connecting the
optic tracts with the lateral ventricle. Over one thousand years later
the thalamus became known by its other architectural meaning of
“bridal chamber” where information must first pass through a solid mass
of ovoid subcortical gray matter with functions still yet to be discovered
[2].

As of this writing, there are 67,000 PubMed entries for the word
thalamus, and despite this explosion of investigation, the mysteries of the
structure and function still abound. This article provides a comprehen-
sive understanding of the structure and function of the thalamus, its role
in disease states, as well as the history and promise of thalamic in-
terventions. The target audience includes clinicians, particularly neu-
rologists and psychiatrists as well as basic scientists in need of a wider
perspective.
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Development of the thalamus

In human development, at 4 weeks, the central nervous system di-
vides into 3 vesicles, the prosencephalon, the mesencephalon and
rhombencephalon. By week 5, the prosencephalon has further divided
into the telencephalon, which becomes the cerebral hemispheres
(including the amygdala and basal ganglia) and the diencephalon.
Further differentiation of the diencephalon creates the thalamus and the
hypothalamus [3]. Thalamic neurons are born in the ventricular zone
surrounding the third ventricle and are thought to migrate laterally along
radially oriented glial fibers, with the earliest generated cells taking the
most lateral position. The separate nuclei begin to be discernible during
gestational weeks 8–16. Interestingly, the development and differentia-
tion of the thalamus precede that of the telencephalon [4].

Thalamic structure and function

The thalamus is a large cluster of gray matter at the center of the
brain. Its very anatomical position - between the brainstem and the ce-
rebral cortex – hints at its function as a relay station and a hub for
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communication. In addition, the thalamus is a key component involved in
controlling our level of consciousness and is involved in sleep initiation,
stabilization and termination [5–9]. Vastly different experiences like
arousal, vision, hearing, touch, movement, and emotional regulation all
involve the thalamus but center in different nuclei. What unites the
thalamus is not its functions, which are multi-faceted and disparate, but
its method.

Thalamic cell types

The thalamus is comprised of two fundamental cell types [10,11]. The
first cell type, projection neurons, are excitatory and glutamatergic,
extending their axons outside the thalamus to target the cortex, striatum,
and amygdala. As they exit the thalamus, these neurons send collaterals
to specific subsections of the reticular nucleus [10]. Interestingly, there
are no recurrent intra-thalamic excitatory inputs. This is in stark contrast
to cortical neurons that receive abundant excitatory input from local and
long distance intracortical connections [11]. The lack of local excitatory
connections could restrict the thalamus’ function to organizing the
perception of a signal rather than modifying the signal itself. The second
fundamental cell type, inhibitory GABAergic interneurons, do not leave
their nucleus of origin. They are extensively interconnected with the
projection neurons and with each other [11].

Burst and tonic mode

Thalamic projection neurons have response modes known as burst
and tonic [11,12]. Burst mode is intrinsically linked to the state of the
T-type calcium channels in the soma and dendrites. Burst mode was
originally described in drowsiness and in sleep [9]. A thalamic cell enters
burst mode when there is a large degree of hyperpolarization, and in this
state the T-type calcium channel is closed. The T-type calcium channel
becomes active with slight depolarization, opening the voltage gated
channel, causing an influx of Ca2þ which in turn activates a burst of
conventional action potentials. Once the channel is open, intrinsic
mechanisms inactivate the channel, preventing further calcium conduc-
tance. This inactivation is slow, lasting 100 ms or longer, so at most the
neuron can fire a few times per second. In the inactive state, the channel
requires a hyperpolarized state to return to the de-inactivated state
(which can be considered the closed state). A neuron in burst mode does
not reflect the activity of its inputs with any fidelity.

Neurons that are in a more depolarized state are in a tonic mode,
meaning that further depolarization causes a train of action potentials
whose frequency is proportional to the input magnitude. Tonic firing is
sustained by voltage gated sodium and potassium channels whereas the
T-type calcium channel is less involved.

One can conceptualize these two modes as a system for gating the
specificity of information leaving the thalamus. Focusing attention on
facial sensation may put the thalamic neurons of the ventral poster-
omedial nuclei into tonic mode, a state in which the afferents are
transmitted with fidelity. In sleep, thalamic neurons are mostly in burst
mode, effectively blocking transmission from the specific inputs. How-
ever, cells in burst mode do transmit information. In fact, a cell in burst
mode is more likely to fire with only a slight depolarization, making this
mode a more sensitive detector of change [12].

Drivers and modulators

Thalamic nuclei can be roughly divided into those subserving a spe-
cific function (e.g., vision and the lateral geniculate nucleus) and asso-
ciation nuclei which are involved in broader diffuse networks (e.g.,
dorsomedial, intralaminar, pulvinar). For the specific nuclei, the afferents
can be conceptualized as drivers and modulators. The drivers are easy to
grasp sending the content of information to the thalamus, via glutaminergic
synapses. Examples of drivers are the retinal cells going to the lateral
geniculate or neurons containing sensory information going from the
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gracile and cuneate nuclei to the ventral posterolateral nucleus (VPL) [11,
13]. The second category of afferents are modulatory, consisting of axons
originating from cortical layer VI neurons (most often the same area of
cortex that receives information from that thalamic nucleus), subcortical
structures including the basal ganglia, intrathalamic neurons (which are
all inhibitory), the cerebellum and projections from the brainstem retic-
ular formation. The neurotransmitters of the modulatory inputs are more
diverse and can be glutamate, gamma-aminobutyric acid (GABA), sero-
tonin, dopamine, acetylcholine and norepinephrine [14]. Themodulators
far outnumber the drivers and determine whether and in what form the
content from the specific inputs reaches the cortex. For many thalamic
nuclei like the pulvinar or dorsomedial nucleus the function of the nu-
cleus itself is not fully understood, and hence the afferents cannot be
simply subdivided into drivers and modulators. These nuclei are often
termed association nuclei and are involved in visual salience, perception,
multi-modal sensory processing, behavioral flexibility, and level of con-
sciousness [3,15–19].

Thalamic nuclei

Although the thalamus can be divided into around 30 different nuclei,
we will be discussing and illustrating only a handful (Figs. 1 and 2). The
thalamic subdivisions are not easily visible on MRI and historically there
has been variation in naming convention and anatomical location out-
lined in different atlases [20–24]. For the purposes of this paper, the
Morel atlas is followed most closely.

The anterior nucleus
The anterior nucleus is comprised of three different subnuclei-

anterodorsal, anteroventral and anteromedial all with slightly different
connections [25]. It is part of the limbic circuit, historically known as the
circuit of Papez, which begins in the hippocampus, moves posteriorly
through the crura of the fornix which then fuse into the body of the
fornix. The fornix then arches anteriorly and descends with primary
projections onto the mammillary bodies. The mammillary bodies project
to the anterior nucleus via the mammillothalamic tract. The primary
efferent of the anterior nucleus connects to the anterior cingulate cortex,
which projects to the entorhinal cortex and then in turn back to the
hippocampus [26] (Fig. 3). The anterior thalamic nucleus is involved in
arousal as well as sleep. Recently, the anterior thalamic nucleus has been
implicated in organizing sleep rhythms, specifically sleep spindles, and
coordinating these sleep oscillations in memory consolidation [27].

The motor and sensory nuclei
The lateral division of the thalamus is further divided into a dorsal

and ventral tier. Within the ventral tier, the motor and sensory nuclei are
anatomically arranged from anterior to posterior to communicate with
related areas of the telencephalon. The more anterior divisions, the
ventral anterior and ventral lateral nuclei are most connected to the
motor system, receiving afferent information from the cerebellum. The
ventral intermediate nucleus sits behind the ventral lateral nucleus and is
thought to receive projections for deep (kinesthetic) sensation and to
mediate tremor, thus containing function that is both sensory and motor
[28]. Of note, this nucleus is considered a subfield of ventral lateral
nucleus in the Morel atlas [21–23]. The ventral posteromedial (face) and
lateral (body) nuclei are more posterior and receive input from the sen-
sory tracks from the brainstem and project onto the sensory cortex.

The lateral geniculate and medial geniculate nuclei
The most posterior and inferior nuclei of the ventral group are the

lateral geniculate nuclei and the medial geniculate nuclei, which receive
direct inputs from the visual and auditory systems, respectively.

The pulvinar
The dorsal tier of the lateral division contains the largest of the

thalamic nuclei, the pulvinar, which is a large association nucleus with



Fig. 1. The anatomy of the thalamus. Right and left
thalami shown. The left thalamus is shown with the
reticular nucleus removed. The anterior division
(blue), medial division (purple), lateral division dorsal
tier (greens), lateral division ventral tier (reds/or-
anges), and intralaminar nuclei (yellow/blue) are
shown. The reticular nucleus (gray) covers the lateral
surface of the right thalamus. This diagram adheres
most closely to the Morel atlas with the exception that
the ventral intermediate nucleus is considered part of
the ventral lateral nucleus in the Morel atlas. Diagram
courtesy of artist Vera Liu.
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extensive connections to the posterior parietal, occipital, insular and
cingulate cortices (Fig. 3). Further, it is connected to the anterior tem-
poral lobe. It is thought to be involved in multimodal sensory processing
and visual attention and salience [18,19]. Of all the nuclei of the thal-
amus, the pulvinar has increased in size the most in evolution [29].

The reticular nucleus
The thalamic reticular nucleus covers the lateral surface of the thal-

amus like a blanket, receiving input from projection neurons as they
enter or leave the thalamus. Interestingly, thalamic reticular neurons
only project onto the thalamus itself, via synapses that are strictly
inhibitory. The thalamic reticular nucleus is the only one without
Fig. 2. Thalamic segmentations using high field imaging and automatic segmentatio
interest, the anterior, centromedian, and medial pulvinar overlaid on a T1-MPRAGE
resolution ¼ 0.7 mm isotropic) acquired using a 7 tesla Siemens MRI scanner. FreeSu
normalization, skull stripping and neck removal, automatic segmentation, and parcel
subsequent subnuclei.
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excitatory projections outside of the thalamus. In wakefulness, this nu-
cleus is involved in selective attention. In sleep, a loop between the
reticular nucleus of the thalamus and the other nuclei is thought to un-
derlie sleep spindles [8,30].

The dorsomedial nucleus
The largest nucleus on the medial surface of the thalamus is dorso-

medial nucleus with extensive projections to the prefrontal cortex, the
cingulate and insular cortices as well as the brainstem [29,31–33]. It
receives input from the limbic system, including the amygdala and the
cingulate cortex. It is involved in affect, memory, and level of con-
sciousness. Bilateral lesions here can be a cause of coma [34].
ns. Example of single-slice segmentation of the thalamus and three subnuclei of
of a single subject (TR ¼ 6000 ms, TE ¼ 3.62 ms, FOV ¼ 240 mm � 320 mm,
rfer 7.2 (Fischl et al., 2001; Fischl et al., 2004) with motion correction, intensity
lation processing steps was used with the T1 image to segment the thalamus and



Fig. 3. Connectivity of thalamic nuclei in a single subject using diffuse-weighted MRI. Example of 3D rendering of tracts emanating from the anterior, centromedian,
and medial pulvinar nucleus in an individual subject. Each subnuclei, segmented with the methods used in Fig. 1 is displayed along with the tracts which were
generated from a high-angular-resolved diffusion-weighted imaging MRI (dMRI) sequence (b ¼ 1500 s/mm2, TR ¼ 7200 ms, TE ¼ 67.6 ms, FOV ¼ 210 � 210 mm,
resolution ¼ 1.05 mm isotropic, 64 directions, and 5 b0 acquisitions) acquired at 7T. The dMRI series in both anterior-to-posterior and posterior-to-anterior directions
were collated into a single volume which was denoised and corrected for eddy current distortions, motion, and B1 inhomogeneity. MRtrix was used to generate
tractography seeding from each individual subnuclei to whole brain using SIFT2 and tcksample with 1000 seeds per voxel.
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Intralaminar nuclei, with a focus on the centromedian (CM) and central
lateral (CL)

Some of the thalamic nuclei are separated by the internal medullary
lamina. This lamina further encircles other nuclei, which are aptly
termed intralaminar nuclei and includes the centromedian nucleus (CM).
The CM projects primarily to the striatum with some direct peri-rolandic
projections to the neocortex (Fig. 3). Other regions of the brain are
influenced via multisynaptic connections [35]. This CM is part of the
reticular activating system, which plays a crucial role in regulating
wakefulness, arousal and consciousness. The afferents of the CM are from
the brainstem, the cerebellum, the basal ganglia, other thalamic nuclei
and the motor cortex. The central lateral nucleus is contiguous with the
CM and (not surprisingly) farther from the midline, with a similar
efferent and afferent profile [36]. This nucleus is also highly connected to
the reticular activating system and is being tested as a target for disorders
of consciousness [37].

Lesions of the thalamus

As neurologists, we learn the function of an area from its dysfunction
(lesion). Korsakoff syndrome, which is linked to vitamin B1 deficiency
due to alcohol use disorder, leads to both anterograde and retrograde
amnesia. It is characterized by widespread brain atrophy, with the
most significant degeneration occurring in the anterior thalamic nucleus
[38,39]. The rare autosomal dominant prion disease fatal familial
insomnia is thought to involve preferential destruction of the dorsome-
dial and anterior nucleus of the thalamus, disrupting the natural sleep
cycle causing insomnia, specifically with lack of slow wave sleep, as one
of the earliest manifestations [40]. Thalamic vascular lesion can cause a
4

wide range of symptoms, dependent on their exact location, including
memory disturbances, decreased level of consciousness or coma, aphasia,
hemiataxia, pain syndrome, and sensory loss [41]. Interestingly, acquired
lesions to the thalamus do not cause epilepsy. One notable exception is
that neonatal thalamic lesions are linked to developmental and/or
epileptic encephalopathy with spike-wave activation in sleep (DEE-S-
WAS), a condition in which epileptic spikes are triggered during
non-REM sleep. Clinically, this condition has varying phenotypes and is
associated with behavioral disturbances, language regression, acquired
aphasia and epilepsy. Children with this condition often have a thalamic
lesion, of varying etiologies [42–45]. Furthermore, children with
DEE-SWAS and normal MRIs have changes on magnetic resonance
spectroscopy and with MRI based quantitative volume analyses to sug-
gest neuronal cell loss as well as smaller thalamic volumes [46–48].

Epilepsy and the thalamus

Neuromodulation of the thalamus in drug-resistant epilepsy

Neuromodulation of the thalamus differs from most other surgical
interventions as the thalamus is not considered the seizure onset zone.
Rather, the thalamus is involved in seizure propagation and particularly
involved in the loss of consciousness with seizures [49–52]. Further, the
widespread cortical connections of the thalamic nuclei offer a way to
reach multiple brain regions at once in our effort to interrupt the seizure
network. In temporal lobe epilepsy, the degree of thalamocortical syn-
chrony correlates with the presence of early loss of consciousness and a
high degree of synchrony worsens the prognosis after focal epilepsy
surgery [49].



Table 1
Working concepts of nucleus selection for thalamic neuromodulation.

Anterior nucleus CM Pulvinar

Epilepsy
type

Focal/Multifocal epilepsy
Epilepsy involving the
limbic network
� Mesial temporal lobe

epilepsy
� Anterior cingulate

gyrus

Generalized
epilepsy
LGS
Frontal lobe
epilepsy

Temporal lobe
epilepsy
Posterior quadrant
epilepsy
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Given the widespread thalamocortical connectivity, it is surprising
that thalamic stimulation is tolerated as well as it is. Stimulation side
effects when they do occur are location specific. For example, stimulation
in the CM can cause facial paresthesia due to the proximity of the ventral
posteromedial nucleus. It is worth noting that results from the previous
century, often in animal models, were mixed and some thalamic stimu-
lation (particularly high intensity and low frequency) was found to be
proconvulsant with high frequency stimulation having a desynchronizing
and anticonvulsant effect [53,54].

Thalamic targeting is particularly appealing when the seizure network
is large and not amenable to resection. The anterior thalamic, CM, pulvinar,
dorsomedial and central lateral nuclei are areas of active investigation and
use [50,55]. While there are hundreds of articles on thalamic stimulation
and epilepsy, there are only a few published randomized double-blind
controlled trials. In the last 20 years there are 2 for deep brain stimula-
tion (DBS) in the anterior nucleus [56,57] in people with drug-resistant
focal epilepsy and 1 for DBS in the CM for Lennox Gastaut syndrome
(LGS) [58]. Randomized double-blind trials for responsive stimulation in
the thalamus for IGE and for patients with LGS are underway [59,60].
There are no head-to-head comparisons testing what thalamic nucleus
works best for what type of patient, or whether to use responsive, contin-
uous or duty cycle stimulation. Further, stimulation parameters like pulse
width, frequency, and voltage are untested by formal means.

Open loop (duty cycle and continuous) vs closed loop (responsive)
stimulation

An open loop for any systemmeans that there is no real time feedback
guiding function. In a closed loop, data is being collected and used in real
time to drive the system action. Open loop stimulation in epilepsy has a
history dating back to the 1980s at least, with a closed loop system being
a more recent actor. As of this writing, the randomized, double-blind,
controlled trials with thalamic stimulation used an open loop stimula-
tion, delivered on a duty cycle, typically with alternative 1-min active
and 5-min inactive phases.

Responsive neurostimulation (RNS) differs from duty cycle stimula-
tion in that the device stimulates only when there is a detected change in
electrocortical (ECoG) activity, based on physician specified detection
parameters. Detectors are set to deliver hundreds to thousands of ther-
apies per day and are not necessarily limited to the ECoG signature that
resembles seizure onset. The two approaches have not been studied head-
to-head. However, both approaches are well tolerated by patients and
with few side effects. Advantages and disadvantages of these systems
have little to do with closed loop versus open loop delivery system and
more to do with the specific model versions. Advantages of DBS include
at home adjustment capabilities and a rechargeable Implantable Pulse
Generator (IPG). Advantages of RNS are detection and response to
seizure activity in real-time with targeted stimulation and ECoG data
storage to the cloud which allows epileptologists to have a deeper un-
derstanding of their patient's epilepsy which goes far beyond the flawed
seizure diary [61]. DBS disadvantages include running the risk of mood
exacerbation (in the anterior nucleus specifically) whereas RNS requires
sophisticated programming and frequent adjustments.

The pivotal RNS study leading to pre-market approval included pa-
tients with one or two seizure onset zones, with contacts placed on or in
the cortex of the seizure onset with strip or depth electrodes [62]. In the
blinded period the sham group showed significantly less reduction in the
frequency of seizures and in the open label period the patients originally
assigned to the sham group saw a significant reduction in seizures.
Further the device efficacy improved with time with a 75 % medium
reduction at 9 years [62,63].

The initial concept for the RNS came from the observation that brief
pulses of stimulation stopped after-discharges and seizures during brain
mapping [64]. However, further study has suggested that the beneficial
effects are not from “stopping seizures” but from stimulation-induced
modulation of the network [65,66].
5

Importantly, none of the original stimulation targets were in the thal-
amus. Since the pivotal RNS paper, many centers have begun to use
responsive thalamic stimulation. The current RNS system allows for the
placement of two leads with four contacts each. One option with the RNS
system is to place one lead in the thalamus and one in the cortex. If seizures
are seen in the thalamus at or close to the moment of onset, bilateral
thalamic RNSwithout a cortical leadmay be used. Alternatively, as is being
tested in an ongoing LGS trial, two RNS systems can be placed bilaterally
with detection in the cortex and stimulation in the thalamus [61].

Single and multicenter retrospective series of thalamic RNS [67–76]
have reported benefit with the largest multisite retrospective review of
25 patients demonstrating a 54% at 6months to a 75% at 2 years median
seizure reduction [71]. Of note, these papers contain heterogeneous
patient populations with focal, multifocal, idiopathic, and symptomatic
generalized epilepsy. Implantations included different thalamic nuclei
(anterior nucleus, CM, and pulvinar), with varying detection and stim-
ulation pathways. In addition, some patients had bilateral thalamic im-
plants, some had a single thalamic lead and a cortical lead and rarely two
RNS systems implanted with each system having a cortical and ipsilateral
thalamic lead [74]. Numbers were too small to compare the efficacy of
any of these variables. The retrospective data published so far does
suggest that RNS thalamic stimulation is safe and shows promise
[67–75]. Smaller papers which focused on a single thalamic nucleus will
be discussed in the section of that nucleus.

Thalamic nucleus selection for the treatment of drug-resistant epilepsy

One must begin to think about the relationship of the thalamic nu-
cleus to the seizure onset zone in terms of time, connectivity, and func-
tional effect. This inquiry is being pursued via several modalities
including stereo-EEG (SEEG) with thalamic sampling, structural con-
nectivity studies and the rather obvious methods of examining efficacy
outcomes in patients with thalamic stimulation.

One current working hypothesis is efficacy will be optimized by
choosing a thalamic nucleus with the greatest connectivity to the seizure
onset zone (Table 1). The best evidence for this is in a sub-analysis of the
Sante trial of 11 patients with anterior thalamic DBS. Patients with sei-
zures within the network comprised of the hippocampal formation-
mammillary bodies-anterior nucleus-cingulate gyrus (historically
referred to as the circuit of Papez) had a significantly higher median
seizure reduction rate (80 % vs 53 %) compared to those with seizures
outside this network at 1 year [77,78].

In clinical practice, multiple centers include thalamic leads while
designing an individual SEEG implant, knowing that resection or ablation
may not be possible. The trajectory of a thalamic lead can be tailored to
address the hypothesis for a particular patient. For example, in a patient
with seizures of bilateral independent onsets with unresponsiveness �
falls, bilateral leads had their internal contacts in the CM with mid con-
tacts in the posterior insular and external contacts in the parietal oper-
culum (Fig. 4). A review of thalamic SEEG exploration demonstrated that
the medial pulvinar, CM, anterior nucleus, and dorsomedial nucleus have
been sampled and that this practice is safe with no reported long-term
complications [79]. Further, one study suggests that thalamus-driven
hypersynchronization may be a mechanism by which seizures are termi-
nated [80].



Fig. 4. Thalamic recordings from SEEG to RNS. A woman with DRE and bilateral independent seizure onsets on scalp EEG with semiology of unresponsiveness and
occasional falling. SEEG had broad bilateral coverage including CM leads whose trajectory included the posterior insular and the parietal operculum [A]. [B] Seizures
had broad bilateral independent onsets with CM involvement within 100 msec (right onset shown, only subset of SEEG shown). Patient underwent bilateral CM RNS
[C] and seizures were well detected (left sided onset shown). Patient has not had a fall since RNS but continues to have very brief focal impaired awareness seizures.
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In one study of focal epilepsy with at least one contact in the thalamus
during SEEG, the thalamus was involved within 15 s of onset in most
seizures (86 %) and involved in the epileptogenic zone in 20 % of pa-
tients. Further, the patients with a higher epileptogenicity index in the
thalamus had a poorer response to surgery. Thalamic involvement was
independent of epilepsy etiology or lobe of origin [81].

Wu et al. looked at the propagation patterns within the thalamus of 11
patients with presumed temporal lobe epilepsy [82]. Interestingly, onsets
during SEEGwere seen in themesial temporal lobe, lateral temporal lobe,
insula, and orbital frontal cortex, highlighting the importance of intra-
cranial EEG for precise localization. There was SEEG sampling of the
dorsomedial, medial pulvinar and anterior nucleus (the CM was unfor-
tunately not sampled in this study). A stereotyped seizure in a given
patient would have a predictable spread pattern in the thalamus. Further,
more than half of the subjects showed spread to the medial pulvinar prior
to the anterior nucleus. Most interestingly, the seizure onset anatomical
location did not predict if the seizure was going to be seen in the pulvinar
or anterior nucleus first. This suggests that a patient-specific approach
may have the best outcome, and our more textbook knowledge of net-
works may not be applicable at the individual level. While clinicians are
gaining data that feels useful from thalamic exploration during SEEG,
there is controversy over this practice. Bernabei et al. suggest that
thalamic SEEG be done with IRB approval and that data should be
aggregated and shared across centers to further maximize the knowledge
gained [83].

Another non-invasive individualized approach is using advanced
imaging such as fMRI, high field MRI and diffusion MRI to understand
thalamic involvement and to define networks [32,84–86]. The ability to
noninvasively differentiate and visualize volumes and connectivity of the
thalamic subnuclei may result in greater precision and accuracy for
future epilepsy treatment paradigms.

If bilateral thalamic RNS is being considered, the temporal relation-
ship may be of particular importance as stimulation within 1 s of onset is
thought to be most effective. In addition, the electrographic signature of
the thalamic SEEG should stand out from the background enough that a
6

sensitive and specific detection algorithm can be designed around it. If
the thalamic onset is highly subtle or delayed an open loop approachmay
be best.

In generalized epilepsy, the relationship of the thalamus and the
cortex is considered more tightly coupled, with Penfield and Jasper
postulating that generalized seizures arise from a deeper source that they
termed centroencephalic [87]. As early as the 1950s, the generalized
spike and wave discharges of absence seizures were recorded from the
thalamus in humans, with several recordings seen in the “electro-
thalamogram” but not in the cortex [88]. Currently the relationship is
seen as bidirectional with generalized onset seizures being generated
from a thalamocortical loop network. Regarding nuclei specificity, in a
simultaneous EEG-fMRI study, Tyvaert et al. demonstrated that CM is
involved prior to the anterior nucleus in the generation of generalized
spike and wave discharges [89].

Anterior nucleus

In the first randomized controlled double-blinded investigation of
DBS in DRE, the SANTE trial, 110 patients with drug resistant focal ep-
ilepsy underwent lead implantation into the anterior nucleus pro-
grammed with duty cycle stimulation [57]. For 3 months patients were
randomized to receive stimulation or sham stimulation. In this blinded
period, the sham participants had a 14.5 % seizure reduction, and the
stimulated group had 40.4 % seizure reduction. After 3 months all par-
ticipants received stimulation. By 2 years, there was a 56 % median
reduction of seizure frequency with 54 % of patients having a seizure
reduction of at least 50 %. Characteristic of many neuromodulatory
studies in epilepsy, the results in long term follow up continued to
improve with a 70 % median seizure frequency reduction and improved
quality of life [78]. A second smaller randomized trial again tested DBS in
the anterior nucleus of 18 patients. This trial, however, failed to show a
significant difference in seizure frequency in the stimulated group versus
the not stimulated group after 6 months and the results did not improve
over time, though only 12 months of data were published [56]. An
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observation study of DBS in the anterior nucleus with nearly 200 patients
showed a more modest efficacy but with a 33 % seizure reduction at 2
years [90].

A common side effect reported in anterior nucleus stimulation is
depression which was reported in 37 % of subjects at 7 years in the
SANTE trial, though two thirds had depression as a premorbid condition.
The rate of SUDEP in the SANTE trial was lower than expected for drug
resistant epilepsy patients and similar to the rates of patients who are
surgically treated with resection or laser ablation. No adverse events
worsened over long term follow up [78,91].

Further analysis of the anterior nucleus target has shown that patients
with better outcomes are being stimulated in the most anterior aspect of
the anterior nucleus, closer to the mammillothalamic tract [92]. The lead
placement in the SANTE trial was subsequently analyzed, with bilateral
lead placement scored on a scale of 0 (poor) to 6 (perfect) using axial,
coronal, and sagittal images of the thalamus.When the leads failed to be in
the ideal spot, theyweremostly either toomedial or too posterior. Patients
with low scores were significantly less likely to be responders [93].

Centromedian nucleus (CM)

The CMhas widespread connections with the basal ganglia, brainstem,
cerebellum, anterior cingulum, and frontal cortex. Velasco's promising
open label trials of CM stimulation in 1987 showed an overwhelming
reduction in tonic-clonic seizure activity prompting further study into this
nucleus as a potential neurostimulation target [94]. Fisher [95] and Val-
entin [96] then looked at the CM as a target for DBS in generalized and
focal epilepsy, with results suggesting greater efficacy in generalized ep-
ilepsy. Multiple further studies (uncontrolled) demonstrated safety as well
as efficacy with a mean seizure reduction of about 70% [97–100].

The first randomized double-blind controlled trial looking at stimu-
lation in the CM using DBS in patients with LGS did not show a statisti-
cally significant difference in the primarily end point of seizure reduction
as documented in caregiver diaries at 3 months between the sham group
and the stimulation group, though the trend was improvement in the
stimulation group [58]. A strength of this paper was the use of ambula-
tory EEG data to obtain more objective information. For electrographic
seizures, 59 % of the stimulation group and none of the controls had a
>50 % reduction at the end of the blinded phase. Differences in
responder rates may be secondary to electrode placement, as a follow up
study showed that DBS at the anterior and inferior CM border, near the
ventral lateral nucleus had the best response [101]. Further, better
response was associated with increased connectivity from the CM to the
premotor and prefrontal cortex, the putamen, and the pontine brainstem
on EEG-fMRI [101,102]. However, this is not a settled matter as a
meta-analysis of several studies of CMDBS for generalized epilepsy found
that a dorsal lead placement correlated with greater seizure control
[100]. Retrospective case series suggest that CM is a promising target for
therapy in genetic generalized epilepsies using the responsive neuro-
stimulator (RNS) [71,72,75,103]. A small paper of two pediatric patients
with LGS and autism demonstrated 50–99 % seizure reduction with RNS
in the CM [69]. More recently radiofrequency ablation of the CM has
been tried for drug resistant multifocal or generalized epilepsy with re-
ductions of generalized (but not focal aware) seizures [104]. Currently,
there are clinical trials underway looking at bilateral CM RNS for treating
LGS and genetic generalized epilepsy [59,60].

Pulvinar

One clue as to saliency of the pulvinar in the epilepsy network is the
MRI findings during status epilepticus [84,105]. Specifically, there may
be unilateral or bilateral pulvinar diffuse hyperintensity with apparent
diffusion coefficient (ADC) dropout, that resolves shortly after the status
epilepticus ends. In unilateral cases the finding is ipsilateral to the seizure
onset zone. Pulvinar findings are often seen in conjunction with cortical
MRI findings, and most often in connection with MRI changes in the
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temporal lobe, though multiple other areas including the opercular,
insular and occipital lobe have been reported. This suggests that during
the excessive activity of status epilepticus, the reciprocal connections
between the pulvinar and the cortex undergo relative hypoxia and/or
excitotoxicity which results in the MRI findings [105]. Interestingly, this
is not seen in other thalamic nuclei. The anterior and mesial temporal
lobe are highly connected to the medial pulvinar nucleus via a pulvinar
temporal white matter bundle [106].

In a study of temporal lobe DRE, ictal activity in the pulvinar was seen
in 80 % of seizures during SEEG. Rhythmic spikes were seen most
frequently in mesial onsets and low frequency fast activity was more
likely in neocortical onsets. The seizures without pulvinar activity were
restricted to the seizure onset zone [107]. A brain mapping study in 2019
attempted to abort seizures caused by hippocampal stimulation during
brain mapping with a pulse in the ipsilateral medial pulvinar. There was
no difference in the overall duration of seizures that received pulvinar
stimulation and those that did not. However, seizures that received the
pulvinar stimulation were less likely to cause a loss of consciousness, did
not generalize, and had a shorter tonic phase [108].

In one case series, 3 patients with posterior quadrant epilepsy were
implanted with the RNS system [74]. One patient had 2 RNS systems
implanted with bilateral medial pulvinar depths, and bilateral occipital
leads. The other 2 patients had a unilateral pulvinar depth with an ipsi-
lateral occipital lead. Seizure frequency reduction of 60–95 % was re-
ported. Published work and clinical practice suggest that pulvinar
implantation is feasible and may be efficacious, but more work is needed
to characterize safety/efficacy profiles.

Vagal nerve stimulation (VNS) and the thalamus

To date, VNS is the most commonly used neurostimulator device in
patients with epilepsy. The antiseizure effect of VNS differs from direct
intracranial electrostimulation in the thalamus. The literature supports
thalamocortical connections as having a key a role in the efficacy of VNS
although its exact mechanism of action is unknown [109,110]. Changes
in regional cerebral blood flow and neuronal activation within the thal-
amus follow efficacious VNS placement [111]. The presumedmechanism
of action includes vagus nerve afferents projecting to the nucleus tractus
solitarius (NTS). The NTS sends information to the thalamic reticular
nucleus which indirectly modulates the cortex via thalamocortical relay.
Additionally, the intralaminar nuclei which project diffusely over the
cerebral cortex receive ascending inputs from the vagus nerve. Thala-
mocortical synchronization is also likely involved in the antidepressant
effects of VNS [112]. The effects of VNS for seizures and depression
improve over time suggesting, like in RNS and DBS, a long-term neuro-
modulator change which is yet poorly understood [113].

Epilepsy as a disorder of consciousness

Being gripped with fear, seeing flickering lights, or being suddenly
unable to understand language are some common manifestations of focal
seizures. These experiences are not pleasant, but they are not the source
of the major morbidity and mortality of epilepsy. When a seizure causes a
depression in the level of consciousness, an individual may lose control of
a car, fall into the subway tracks, or spill boiling water on themselves.
Apart from any actual injury, the fear of this unpredictable loss of control
is a source of depression and anxiety, which can deeply affect quality of
life [114,115]. When consciousness does not resume after a seizure is
over, one's respiratory state may be compromised, this again is an
extremely dangerous state, and one of the causes of sudden unexpected
death in epilepsy (SUDEP) [52,116].

Consciousness can be divided into content and level. When the level
of consciousness is affected, the thalamus has a starring role, in seizures
of both focal and generalized onset. fMRI, SPECT, and EEG studies have
shown an activation in parts of the thalamus at the moment of decreased
awareness [110,117,118].
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The brain's natural loss of awareness, sleep, is epitomized by the
electrical synchronization and sleep spindles on an EEG. Spindle forma-
tion is driven by rhythmic inhibitory action (GABA containing neurons)
of the reticular nucleus on thalamocortical projection neurons, and
excitatory cortical feedback that leads to spindle oscillations. During
spike and wave discharges, prolonged inhibition of the reticular nucleus
may result in depressed levels of consciousness [8]. In a fMRI study of
people with absence epilepsy, during generalized spike and wave, there
is a symmetric and bilateral activation of the thalamus [119,120].

The loss of awareness in focal seizures is postulated to occur simul-
taneous to the seizure's thalamic involvement. In an SEEG study of a
single patient, gamma activity was seen in the dorsomedial nucleus
during wakefulness. During focal seizures, this was predictably inter-
rupted at the moment of loss of consciousness and returned when con-
sciousness was restored [121].

Blumenfeld has long advocated for a systematic thought process to
understand and target the treatment for loss of consciousness in seizures
[52,122]. He posits that in limbic network seizures there is spread to the
subcortical arousal system, including the thalamus, which in turn de-
presses the level of arousal of the cortex. Thismay be the reason that as the
seizure spreads, focal slowing is often seen in brain regions other than the
seizure onset zone. There is an ongoing study to test if intralaminar
thalamic stimulation at the central lateral nucleus can restore conscious-
ness more quickly in focal seizures of temporal lobe origin [51,123].

Treatment of the thalamus in other neurological conditions

Thalamic stimulation for disorders of consciousness

We can imagine that the same thalamocortical oscillations that un-
derlie sleep and wake fail us in comatose states. Consciousness does not
reside in a specific location but depends upon a network involving the
thalamus as well as the upper brainstem reticular activating system, basal
forebrain, and frontoparietal association cortices.

Thalamic stimulation in comatose, traumatically brain injured (TBI)
patients, is as old as thalamic stimulation for epilepsy [124–126]. In the
1940's Moruzzi and Magoun demonstrated a causal link of thalamic or
midbrain stimulation and forebrain arousal [127]. This early stimulation
involved the CMandmidbrain reticular formation. Steriade and Glenn later
identified a monosynaptic pathway from the midbrain reticular formation
to the rostral-intralaminar region of the thalamus controlling consciousness
[30]. Additionally, the dorsomedial, anterior and ventral anterior nuclei
have shown reduced fiber density in disorders of consciousness [128].

There was initially a positive outcome in a single case of DBS placed
in the anterior intralaminar nuclei and the adjacent area resulting in
increased responsiveness in a minimally conscious patient [129]. Other
studies have looked at central thalamic nuclei and DBS with mixed re-
sults [129–133]. A more recent study examined the physiology in the
thalamus in people with disorders of consciousness who recovered
following CM-parafascicular complex DBS. In patients with better out-
comes there is more activity including higher firing rates and higher
multiunit activity with successful intervention [134]. Outside of level of
consciousness, stimulation of the central lateral nucleus was shown to
improve executive control with chronic TBI in a small study [135].

Movement disorders

The thalamus has been a consistent and effective target in movement
disorder surgery since the 1950s [136]. Before the advent of DBS, a
thalamotomy in which a small area is lesioned via various heating
techniques, was widely used for treatment of tremor and dystonia. While
targets differed (ventral lateral thalamus for dystonia and ventral pos-
terior intermediate for tremor), limitations of this procedure included the
risk of waning benefit or permanent neurologic deficit, especially when
bilateral procedures were performed [137,138]. The complication profile
guided efforts to perform reversible modulation, aided by the advent of
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DBS in the late 1980s. In their seminal work published in 1987, Benabid
and Pollak described stimulation of the thalamic ventral intermediate
nucleus creating a reduction in tremor severity [139]. Subsequently the
term “informational lesion” was coined by Grill and colleagues to
describe how high frequency DBS stimulation is essentially equivalent to
a destructive lesion by masking the pathological transmission [140].

The patients likely to be selected for ventral intermediate nucleus
neuromodulation include those with essential tremor (ET) and some with
tremor-dominant Parkinson's disease. Since a large minority (up to 50 %)
of ET patients do not have a sufficient response to medication, neuro-
modulation has been used as an alternative treatment and was approved
by the FDA in 1997. While subthalamic targets are also used, within the
borders of the thalamus, the accepted area for stimulation is the ventral
intermediate nucleus with expected tremor reductions of 60%–90 %
[141]. Stimulation may be most beneficial when it intersects with the
dentato-rubro-thalamic tract [142] or the lateral cerebellothalamic tracts
[143] . Recent years have seen a resurgence in interest in thalamotomy
procedures guided by the advent of magnetic resonance guided focused
ultrasound (MRgFUS, also known as high intensity focused ultrasound –

HIFU). This procedure was tested in a randomized trial and showed
benefit in terms of tremor and quality of life in the active group compared
to the sham group [144] but limitations (albeit lesser compared to older
methods of lesioning) remain in terms of loss of efficacy and permanent
side effects. In the case of focal hand dystonia, thalamotomy of the
ventral lateral nuclei has had demonstrated efficacy [145]. Thus, despite
evolution over time, over 30 years of experience has cemented thalamic
interventions as a cornerstone of movement disorders surgery, but
further research to refine and perfect the targets and method continues.

Psychiatric disorders

In the psychiatric realm, thalamic stimulation has been used in about
half of the reported DBS cases for Tourette's syndrome, a tic disorder
characterized by repetitive movements and involuntary vocalizations.
Tourette's syndrome is thought to be caused by a hyperdopaminergic
state, and treatments are often dopamine receptor antagonists. The
preferred targets are the dorsomedial or CM/parafascicular area. Recent
data shows median improvement on the Yale Global Tic Severity Scale of
greater than 50 %, supporting the utilization of such stimulation in cases
where quality of life is severely affected and if self-harm is a possibility
with the uncontrollable movements [146,147]. While the mechanism of
action is not fully understood, there is the suggestion that stimulation
normalizes the cortico-striate-thalamus circuits. PET scan studies suggest
a decrease in dopamine during the stimulation-on times, which may be
the mechanism of circuit stabilization [148,149]. Connectomic studies
suggest that the anti-tic effects are dependent on precisely targeted
stimulation of CM connections to motor cortex while stimulation of
nearby dorsomedial thalamic connections to limbic regions can trigger
depressed mood [150]. DBS is of burgeoning interest in many psychiatric
disorders but in other conditions (major depressive disorder, OCD, eating
disorders) the main targets of interest are not thalamic.

Conclusion

In the last 50 years, tens of thousands of articles on the thalamus have
been written. Neuroscientists like Jones, Sherman and Guillery have
devoted much of their careers to understanding its structure and func-
tion. Neurologists have turned to the thalamus hoping that intervention
in this central location can steer the brain toward neurological health:
Anterior nucleus stimulation is a key therapeutic target in both focal and
multifocal epilepsy, with evidence demonstrating its ability to reduce
seizure frequency [57,67,71,73,77,78]. The ventral intermediate nucleus
is primarily targeted for tremor control [141–143]. While the CM has
garnered significant interest in epilepsy [58,69,76,95,96,98–100,103,
104,151,152] and is also being utilized to manage severe tics in Tour-
ette's syndrome [147–150]. The central lateral nucleus, which is strongly
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connected to the reticular activating system, is currently being investi-
gated for its potential to improve cognition following traumatic brain
injury [135] and to prevent loss of consciousness in epilepsy [122,123].
This massive body of work, while impressive, is fractured. Each publi-
cation while increasing specificity about a piece, does not necessarily
further our understanding of the whole.

The results in neuromodulation for epilepsy are promising with
increased seizure reduction over time, reduced risk of SUDEP, and
improved quality of life [62,63,78,113]. And yet, seizure freedom with
neuromodulation, including in the thalamus, remains elusive. Every epi-
leptologist reading this paper likely has patients for whom no intervention
has yet worked. And the literature may reflect a bias toward positive
outcomes as retrospective reviews are often only embarked upon when
the results are favorable. This gap creates our ongoing need for further
prospective controlled investigation. Prospective randomized multicenter
studies are ongoing for the use of RNS in LGS and IGE [59,60].

However, thalamic stimulation parameters in use are not standardized
and any ongoing trials will not answer all the questions. In the field of
epilepsy, efforts have been made to share EEG data across three central
databases (EPILEPSIAE, IEEG.org, Kaggle), two of which are publicly
accessible. However, most institutions still store data only locally. Further,
the neurophysiology data alone is insufficient; clinical phenotyping, im-
aging, thalamic stimulation location and settings, as well as outcome data
are also essential. Therefore, to maximize the value of the shared data and
facilitate the potential for novel insights, data sharing solutions need to be
multi-modal with newer standards for data curation, sharing and rean-
alysis. To address these needs, data sharing protocols such as Brain Imaging
Data Structure (BIDS) have been developed that provide standardized
organizational criteria for multimodal datasets (imaging, electrophysio-
logical, clinical, behavioral, etc.) common in neuroscience [153]. These
standards, originally developed to facilitate sharing of MRI data, have been
extended for other relevant types of data (MEG, EEG, etc.) and now include
specific extensions for intracranial datasets arguably critical to pool across
sites given their rare but highly detailed and valuable depiction of human
brain data such as the thalamic data here discussed [154,155].

There are other significant barriers to data sharing, such as physician
time constraints, financial costs, and the need to de-identify data. Ideally,
data streams into BIDS or a similar standard should be automated (e.g. by
data mining from the electronic medical record) to minimize costs, but in
practice dedicated efforts are necessary to carry out full standardization.
This extra overhead for standardization is starting to be identified as a
necessary part of clinical and research datastreams, and therefore is
starting to be required or supported by funding agencies. For example,
recent changes in NIH Data Management and Sharing (DMS) policies,
which requires NIH-funded researchers to submit a plan for managing
and sharing scientific data, have already started incentivizing data
sharing. Other funding agencies are providing earmarked financial sup-
port for data sharing and dissemination, which will likely increase
adoption of these practices. Another hurdle is that researchers are often
incentivized to publish first rather than develop and curate data for
sharing. However, researchers like Wagenaar et al. have suggested
rewarding data sharing, such as by replacing the traditional H-index,
commonly used for academic promotions, with a “sharing index” (S-
index) [156]. Finally, the development of resources devoted to neuro-
science data sharing such as OpenNeuro, which facilitate access to
accessible online repositories as well as guidance on sharing principles
such as data versioning, data standardization and de-identification,
should facilitate cross-institutional data integration efforts [157].

In today's “information age,” cross-specialty collaboration may be
crucial to understanding this complex structure. Beyond epilepsy, all
subspecialties involving the thalamus, whether neurologic or psychiatric,
should engage in collaborative data collection, encompassing clinical
phenotyping, imaging, intervention, and outcome data. As we continue
to investigate the thalamus, we hope, like the structure itself, we can
integrate our efforts and forge forward with a clearer message to help our
patients.
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