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Aut inveniam viam aut faciam

‘I shall either find a way or make one’



CONTENTS

Chapter I General introduction and thesis outline 9

PART I: DISORDERS OF CONSCIOUSNESS

Chapter II The intralaminar thalamus: a review of its role as a target 
in functional neurosurgery
Brain communications (2023)

25

Chapter III Clinical and neurophysiological effects of central 
thalamic deep brain stimulation in the minimally 
conscious state after severe brain injury
Scientific Reports (2022)

79

Chapter IV The dilemma of hydrocephalus in prolonged disorders 
of consciousness
Journal of Neurotrauma (2020)

111

PART II: DISORDERS OF DIMINISHED MOTIVATION

Chapter V On the pathophysiology and treatment of akinetic 
mutism
Neuroscience & Biobehavioral Reviews (2020)

129

Chapter VI Awakening after a sleeping pill: restoring functional 
brain networks after severe brain injury
Cortex (2020)

153

Chapter VII Modulating arousal and motivation with deep brain 
stimulation after severe brain injury: restoring residual 
brain functions in a zolpidem-responsive patient
Under review

181

Chapter VIII Ethical issues in experimental neurosurgical treatment 
of an incompetent patient: the relevance of moral case 
deliberation
Under review

203

Chapter IX General discussion 225



APPENDICES

Appendix I Summary 236
Appendix II Samenvatting (Dutch) 240
Appendix III List of publications 244
Appendix IV Contributing authors 246
Appendix V Review committee 250
Appendix VI PhD portfolio 252
Appendix VII Dankwoord 254
Appendix VIII About the author 258





Chapter I
General introduction and 
thesis outline



10

Chapter 1

GENERAL INTRODUCTION
This thesis contains research on two severe neurological conditions that can occur 
after acquired brain injury. Part I of this thesis is focused on patients with prolonged 
disorders of consciousness, specifically those with a minimally conscious state. Part 
II concentrates on patients with disorders of diminished motivation, in particular 
those with akinetic mutism. Both hyporesponsive conditions remain one of the most 
dramatic phenomena in human medicine.

PART I. PROLONGED DISORDERS OF CONSCIOUSNESS

I.I Classification and diagnosis
The unresponsive wakefulness syndrome (UWS), previously known as the vegetative 
state, and the minimally conscious state (MCS) are two different forms of prolonged 
disorders of consciousness (PDOC) after severe brain injury.1-3 In both conditions, 
patients have periods of wakefulness but lack adequate and consistent responses 
to the outside world. In contrast to UWS, MCS is characterized by signs of partial 
preservation of self-awareness and environmental awareness, demonstrated by 
non-reflexive reactions, such as pursuing eye movements, object manipulation, 
recognizable yes-no responses, and/or inconsistent command following (see figure 1). 2 
While MCS patients show discernable evidence of consciousness, it remains minimal 
and inconsistent. Therefore, living within MCS is sometimes described as ‘life at the 
cusp of consciousness’.4 The most common causes of UWS and MCS are traumatic 
brain injury, stroke, and hypoxemia following cardiac arrest.

In recent years, further sub-classifications of the minimally conscious state have 
been described, which respect the clinical heterogeneity of the condition. Two 
sub-categories, termed MCS- and MCS+ (figure 1), are now recognized based on 
the presence or absence, respectively, of behavioral evidence of residual language 
function as measured by the Coma Recovery Scale-Revised (CRS-R). 5-7 The CRS-R is 
an assessment instrument that measures behavioral responses in different domains 
and is specifically designed for level of consciousness determination in patients with 
PDOC. The diagnosis of MCS, and its sub-classification, is primarily based on a series 
of clinical assessments of consciousness using the CRS-R.6,8
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Figure 1. Evolution of motor (X-axis) and cognitive function (Y-axis) after severe brain injury. 
Red circles represent patients who are unconscious with only reflexive movements (coma 
and UWS). Blue circles represent patients in a minimally conscious state (MCS - and MCS + 
depending on language preservation). When patients emerge from MCS and have functional 
communication, they can evolve to a confusional state or have severe or moderate disabilities. 
Full recovery remains rare and patients can be permanent in one of these conditions. The figure 
is used with permission from ‘Thibaut et al. Therapeutic interventions in patients with prolonged 
disorders of consciousness. Lancet Neurology, 2019;18(6):600-614’ 2

In addition to the CRS-R and further behavioral assessment, a variety of conventional 
neurophysiological tests, such as electroencephalography (EEG) and more modern 
neuroimaging techniques, including fluorodeoxyglucose-positron emission 
tomography (FDG-PET), diffusion tensor (DTI)-MRI, and functional MRI (fMRI) 
with resting-state or active paradigms may be used to further substantiate the 
clinical diagnosis (figure 2).8-11 However, even with these techniques, there is still 
a relatively high rate of misdiagnosis in patients with PDOC.12 An experienced 
assessor may detect (minimal) signs of consciousness using the CRS-R in 41% of 
patients who are considered to be unresponsive.13 Accessory techniques may facilitate 
the detection of cognitive-motor dissociation (‘covert consciousness’) in a further 
15-20% of patients.10,14 In recent years, new artificial intelligence paradigms have been 
studied that can assist in objectively comparing individual neurophysiological and 
neuroimaging data with data from large groups of PDOC patients, helping to reduce 

1
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diagnostic pitfalls.15 To date, these have, however, not been implemented yet in clinical 
practice in the Netherlands.

Figure 2. Different diagnostic techniques for the (multimodal) assessment of disorders of 
consciousness. These techniques include both active (‘mental image’) and passive (resting 
state) paradigms of functional MRI (fMRI), positron emission tomography (PET), and diffusion 
tensor imaging (DTI). Differences between different states of consciousness are shown in three 
different patients, as well as a comparison to a healthy control (note: negative responses to 
active paradigms in MCS patients frequently occur). The figure is used with permission from 
‘Gosseries et al. Measuring consciousness in severely damaged brains. Annual Review of Neuroscience, 
2014;37:457-78’ and Gosseries et al. Recent advances in disorders of consciousness: Focus on the 
diagnosis. Brain Injury, 2014; 28(9), 1141-1150’.

I.II Prognosis
Natural recovery of consciousness occurs rather frequently in the first months after 
brain injury but becomes less likely as time passes.1,10 The natural history of PDOC 
is not well-defined.10 In the 1990s, the Multi-Society Task Force on the Persistent 
Vegetative State concluded that the probability of recovery of awareness is very small 
(<1%) after three months for non-traumatic UWS or after 12 months for traumatic 
UWS.16 However, studies over the past decade have consistently shown that PDOC 
patients may have meaningful functional recovery beyond 12 months after their brain 
injury.17,18 There is currently more awareness of detecting signs of consciousness in 
patients with previous classifications of unresponsiveness, sometimes resulting in 
unexpected late ‘discoveries’ of residual consciousness.10,19 Reliable prognostic tools 
are, however, currently lacking and, while multimodal approaches to prognostication 
are being developed, there is no single tool that accounts for the wide variety of 
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outcomes for patients with PDOC.10 In general, MCS is associated with a better 
prognosis than UWS.11 Most patients with MCS after acute traumatic brain injury 
will regain full consciousness within 12 weeks of injury and/or improve to a level of 
‘household independence’ at one year, though a majority maintain severe disabilities.20 
While long-term outcomes of chronic MCS show that emergence from MCS after one 
year is not exceptional, there remains a relatively large subgroup of severely injured 
patients with persistent MCS.10,11 A significant proportion of this subgroup survives 
for many years, receiving intensive medical and nursing care in a long-term care 
facility or at home. Medical care in the late phase after the injury is mainly focused 
on minimizing secondary complications, although advance care planning remains an 
important aspect of clinical management as well.

I.III Therapies
There are currently few evidence-based treatments for the improvement of 
consciousness in patients suffering from PDOC. A number of small and uncontrolled 
pharmacological case or cohort studies with dopaminergic agents, such as amantadine, 
and levodopa, or with agonists of subtype 1 of the gamma-aminobutyric acid (GABA) 
receptors, like zolpidem, have reported a positive clinical effect on the level of 
consciousness in UWS and MCS patients.2 Responses were variable, ranging from 
an increase in wakefulness, partial recovery of motor, verbal or communication 
functions to full recovery. However, several studies took place in the acute phase 
after injury and are therefore biased due to naturally occurring (early-onset) recovery. 
Besides amantadine, which probably hastens functional recovery in the early stages 
after PDOC, most pharmacological treatments fail to show any clinically significant 
improvement. Some specialized neurorehabilitation centers offer sensory stimulation 
programs during which different types of environmental stimuli are presented to the 
patient in an attempt to optimize the level of consciousness.21,22 In animal studies, such 
‘enriched environments’ increased the capacity for learning, memory, and adaptation.22 
However, the evidence for the efficacy of tactile and auditory therapies in patients 
with PDOC is relatively low, since they have only been tested in small heterogeneous 
sets of patients, along with variable therapeutic paradigms and outcome measures.23 
In the Netherlands, virtually all PDOC patients are enrolled in a nationwide cohort 
on the outcomes of specialized multimodal rehabilitation, which should lead to new 
insights after 2024.24 Recently, peripheral nerve stimulation techniques, including 
median nerve stimulation and vagus nerve stimulation, are increasingly studied in 
patients with disorders of consciousness. However, these have especially been used 
in the acute phase after injury and strong evidence for efficacy in those with PDOC 
remains lacking. 23

1
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I.IV Deep brain stimulation and the rationale for its use in PDOC
Deep brain stimulation (DBS) is a neurosurgical procedure in which electrodes 
are placed in specific brain regions to influence malfunctioning neurocircuits and 
networks by delivering local electrical pulses.25 The DBS system consists of two main 
components: an electrode in the brain that is surgically placed in a specific deep-
seated brain region and a pulse generator (neurostimulator) that is placed under the 
skin of the sub-clavicular region of the chest (figure 3). DBS electrodes have several 
independently programmable contact sites that electrically modulate surrounding 
brain tissue with a programmable frequency, intensity, and pulse width.

Figure 3. Deep brain stimulation (DBS) device, including two programmable electrodes. The 
electrodes are connected with an extension cable to a neurostimulator under the skin of the 
chest. There are different DBS electrodes with different contact points. Every single contact 
point can be individually stimulated and some contact points are subdivided into different 
segments through which electricity can be ‘steered’ in a certain direction.

The idea of using neurostimulation to improve consciousness after brain injury dates 
back to the early 1960s.26,27 With the advancement of mechanical ventilation in the 
1950s, more patients with severe brain damage survived their initial injuries and 
developed PDOC. Several attempts of ‘awakening’ the brain with neurostimulation 
of different brain structures followed in a rather heterogenic group of severely injured 
PDOC patients with mixed results varying from disappointing clinical effects to a 
few anecdotal cases with spectacular, often short-term improvements of arousal and 



15

General introduction and thesis outline

wakefulness.28 Hereafter, a larger group of UWS and MCS patients was treated with 
DBS throughout the 1990s in different centers throughout Europe, the United States, 
and Japan.29 Once again, the results of these studies were rather heterogeneous and, in 
retrospect, influenced by methodological limitations, such as the inclusion of patients 
in the early phase after injury and lack of formal assessments of consciousness, as a 
result of which some patients in these studies, in retrospect, were judged to have a 
different initial classificiation of consciousness.

In the last years, new evidence from neurophysiological and neuroimaging studies in 
both animals and humans has increased the understanding of arousal regulation and 
its disruption in patients with PDOC.27,28 In response to this increasing knowledge, 
the focus on using DBS after severe brain injury has shifted toward MCS patients who 
are thought to have more residual cortical connectivity and, thereby, an increased 
chance of benefiting from neuromodulation.29 Moreover, there is more consensus 
on the target of stimulation: the central (intralaminar) thalamus.30 Neurons within 
the central thalamus are well-known to have a primary role in maintaining arousal 
and wakefulness. It is thought that severe brain injury can result in a malfunctioning 
(meso)circuit that travels through the central thalamus, resulting in disturbed arousal 
regulation.31 With the use of DBS, this circuit may be restored, thereby re-activating 
dormant brain networks. However, the mechanism of action of DBS in patients with 
PDOC remains unknown.

II. DISORDERS OF DIMINISHED MOTIVATION

II.I Classification and diagnosis
Disorders of diminished motivation are characterized by impairments in goal-directed 
behavior, thought, and emotion.32,33 Clinically, these disorders can be observed as a 
gross underproduction of speech, movement, and emotional responses. The traditional 
position is that disorders of diminished motivation are variations along a spectrum, 
with apathy as the mildest form and akinetic mutism as the most severe form (figure 
4).34 In general, patients with AM show a lack of voluntary movement (akinesia) and 
absence of speech (mutism), though eye-opening and spontaneous or environmentally 
induced visual tracking remains well maintained. Patients seem awake but do not 
display affective reactions, do not initiate eating or drinking, and if speech occurs, it 
remains sparse. There is a great variety of associated neurological symptoms. While 
some patients show a minimal degree of command following and verbalization, others 
remain largely apathetic and akinetic. AM has been described in both children as 
adults, and, in general, has no correlations with previous medical or psychiatric 

1
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conditions.32,35 AM is associated with a variety of underlying neurological diseases 
and has been described in patients with cerebrovascular disease, hydrocephalus, and 
tumors in the region of the third ventricle. More recently, several cases of AM have 
been described after experiencing COVID-19 infections.36

Figure 4. The clinical spectrum of disorders of diminished motivation. In patients with 
apathy, there is a variety of symptoms associated with decreased motivation, including a lack 
of interest, enthusiasm, or emotional concern. In patients with abulia, there is a clear lack of 
spontaneous movement, spontaneous speech, social interactions, and passivity. In akinetic 
mutism, which is the end of the spectrum, there a no purposeful movement or speech, though 
the patient seems alert. Usually, those patients become wheelchair-bound.

II.II Prognosis
The prognosis of AM is highly dependent on its underlying neurological condition. 
AM may be a permanent condition after irreversible brain injury, such as after a 
severe stroke, but also be of temporary origin.32,37 Some patients with AM have a 
considerable preservation of both speech and motor functions that can return if 
neurological recovery occurs. The preservation of executive functions is strikingly 
demonstrated in AM patients that experience a supposedly ‘telephone effect’, referring 
to unpredictable events, such as a ringing telephone or other verbal or environmental 
stimuli that cause a sudden restoration of speech and movement, possibly by a brain 
functioning on some sort of ‘automatic pilot’.38,39 These patients quickly lose these 
capacities when the stimulus ends. Usually, the severity of the akinesia and mutism 
impairs any relational exchange with others, making a patient wheelchair-bound and, 
often, completely dependent on nursing care. Akinesia and mutism often prevent the 
deployment of any rehabilitation interventions.
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II.III Therapies and the paradoxical working of a sleeping pill
The first step in the treatment of AM is to treat the neurological condition that 
precedes the development of symptoms, such as hydrocephalus or a brain tumor. 
However, if AM represents a more permanent clinical state after severe brain injury, 
such as after a stroke or bleeding, a variety of drugs can be administered to diminish or 
resolve the dysfunction of motivational neurocircuitry. The treatment of AM remains 
difficult and reports in the literature on possible treatment strategies, optimal doses, 
and duration of treatment are relatively limited. 32 Most reports have been written 
about the effects of dopaminergic agonists, such as bromocriptine and levodopa. 
Moreover, there is special interest in the use of zolpidem: a non-benzodiazepine short-
acting allosteric agonist of the a1 receptor subtype of the gamma-aminobutyric acid 
receptor complex (GABA) that has well-established sleep-promoting properties.32,40 
This sleeping pill is known to cause paradoxical signs of neurological recovery in a 
small subset of patients with severe brain injury. Unfortunately, zolpidem only causes 
partial and temporary relief of symptoms, sometimes allowing a patient to speak or 
freely move for a few hours, whereafter there is a progressive and inevitable return to 
the previous affected state. The underlying working mechanism of zolpidem and the 
reason why only a few patients respond to the drug remain unknown.

AIM & OUTLINE OF THIS THESIS
In general, this thesis aims to explore the mechanism of action and clinical value 
of experimental therapies such as zolpidem and DBS in patients with severe brain 
injury. It is an attempt to improve the behavioral performance of patients who are 
severely affected by disorders of consciousness and diminished motivation. Moreover, 
this thesis describes the ethical dilemmas that accompany experimental research in 
patients who maintain a complete lack of decision-making capacity after brain injury.

In PART I of this thesis, the focus lies on patients with PDOC. In CHAPTER II, a 
comprehensive overview is provided of functional neurosurgery of the intralaminar 
thalamus, since this central part of the brain is heavily involved in arousal regulation 
and has been one of the most important target areas for neuromodulation of 
consciousness. In CHAPTER III, we describe our first experience with the 
experimental use of DBS of the centromedian-parafascicular (CM-Pf) complex 
in a patient with MCS and use advanced neurophysiological tools to unravel the 
mechanisms of action and its effects on functional brain networks. In CHAPTER IV, 
we highlight common dilemmas that arise when hydrocephalus develops in patients 
with PDOC after (traumatic) brain injury and provide suggestions to optimize care 
in the post-hospital phase.

1
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In PART II of this thesis, the focus of research lies on disorders of diminished 
motivation. In CHAPTER V, a narrative review is provided of akinetic mutism and 
its etiology, diagnosis, and prognosis, as well as current therapies and limitations 
in treating this enigmatic disorder. In CHAPTER VI, we study the spectacular 
temporary ‘awakening’ effects of zolpidem, a sleeping pill, in a patient with akinetic 
mutism and use magnetoencephalography (MEG) to describe the neurophysiological 
effects that parallel this paradoxical phenomenon. Based on hypotheses that are 
derived from findings in this study, we use DBS in an attempt to more permanently 
improve the behavioral performance of this patient and describe both its clinical 
and neurophysiological effects in CHAPTER VII. Finally, in CHAPTER VIII, 
we highlight specific ethical dilemmas that arise when (experimental) research is 
considered in incompetent patients with severe brain injury and describe the ethical 
framework that formed the basis of the experimental interventions we performed in 
this thesis.
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ABSTRACT
The intralaminar thalamus, in particular the centromedian-parafascicular complex, 
forms a strategic node between ascending information from the spinal cord and 
brainstem and forebrain circuitry that involves the cerebral cortex and basal ganglia. 
A large body of evidence shows that this functionally heterogeneous region regulates 
information transmission in different cortical circuits, and is involved in a variety of 
functions, including cognition, arousal, consciousness, and processing of pain signals. 
Not surprisingly, the intralaminar thalamus has been a target area for (radio)surgical 
ablation and deep brain stimulation in different neurological and psychiatric disorders. 
Historically, ablation and stimulation of the intralaminar thalamus have been explored 
in patients with pain, epilepsy, and Tourette syndrome. Moreover, deep brain 
stimulation has been used as an experimental treatment for disorders of consciousness 
and a variety of movement disorders. In this review, we provide a comprehensive 
analysis of the underlying mechanisms of stimulation and ablation of the intralaminar 
nuclei, historical clinical evidence, and more recent (experimental) studies in animals 
and humans to define the present and future role of the intralaminar thalamus as a 
target in the treatment of neurological and psychiatric disorders.
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INTRODUCTION
The intralaminar part of the thalamus, through its extensive connections with the 
striatum and widespread cortical targets, is critically involved in a variety of cognitive 
functions, including memory, attention, and perception.1-5 Moreover, it remains a vital 
structure in the relay of nociceptive input to the cerebral cortex.6 Not surprisingly, 
the intralaminar thalamus, in particular the centromedian-parafascicular (CM-Pf) 
complex, has long been an area of interest as a target in functional neurosurgery, 
including deep brain stimulation (DBS) procedures and (radio)surgical ablation to 
influence disease processes in various neurological and psychiatric disorders, such 
as pain, epilepsy, Gilles de la Tourette syndrome, movement disorders and disorders 
of consciousness following traumatic brain injury. In this review, we provide a 
comprehensive analysis of historical evidence and more recent (experimental) studies 
in both animals and humans in order to define the present and future role of the 
intralaminar thalamus as a target in functional neurosurgery.

BRIEF ANATOMY OF THE INTRALAMINAR THALAMUS
The intralaminar thalamic nuclei are embedded in a thin lamina of myelinated fibers 
(‘lamina medullaris interna’) that courses centrally through the thalamus along its 
rostro-caudal axis. The intralaminar complex consists of a variety of nuclei that 
are classically subdivided into a rostral (anterior) and a caudal (posterior) group. 7-9 
Traditionally, the intralaminar thalamus, together with the midline thalamic nuclei, 
has been viewed as a non-specific relay of ascending information projecting diffusely 
to the cortex. However, with the advent of more sophisticated neuroanatomical 
tracer methods, it has been demonstrated that distinct intralaminar thalamic nuclei 
influence specific cortical areas, striatal regions, and also parts of the pallidum and 
subthalamic nucleus that form relays of closed re-entrant cortical-basal ganglia loops.7-

10 This provides the intralaminar thalamus with a strong modulatory influence on 
functionally distinct cortical-basal ganglia circuits.8 One aspect of the connectivity 
of the intralaminar nuclei that still characterize them as ‘non-specific’ is the 
brainstem input from monoaminergic (locus coeruleus), serotonergic (raphe nuclei), 
and cholinergic cell groups (dorsolateral tegmental nucleus), the pedunculopontine 
nucleus, and neurons in the reticular formation that distribute over the entire 
intralaminar complex (for a complete overview, see Krout et al.).11 Such inputs may 
thus jointly affect extensive cortical areas and multiple cortical-subcortical loop 
systems.8,11 Nevertheless, inputs from several brainstem and spinal cord pain-relaying 
nuclei, cerebellum, basal forebrain, and several basal ganglia structures show a clear 
selectivity in their intralaminar targets.
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As indicated above, the intralaminar thalamic nuclei can be subdivided into a rostral 
and a caudal group. The rostral group includes the central lateral nucleus (CL), the 
paracentral nucleus (Pc), and the central medial nucleus (CeM). The caudal group 
corresponds to the CM-Pf, the ‘central complex’. In humans, the CM is relatively large 
compared to the other intralaminar nuclei and measures about 10 mm in diameter. 
This relatively large size of the human CM compared to the other intralaminar nuclei 
is related to the great expansion in the course of the evolutionary development of 
neocortical and associated striatal areas with which CM is connected. Together with 
the CL, the CM-Pf complex constitutes the major part of the intralaminar nuclei 
(see Fig. 1 and 2). The rostral intralaminar nuclei receive ascending subcortical 
input from the above-mentioned transmitter-specific brainstem nuclei as well as, 
more specifically, from the spino- and trigeminothalamic tracts (pain conducting 
pathways) and the cerebellum. Cortically, CL is mainly interconnected with motor 
and parietal cortical areas, while CeM and Pc have more intense interconnections 
with prefrontal and medial limbic cortical areas, including the anterior cingulate 
cortex.5, 7 Subcortically, the rostral group predominantly projects to the striatum, 
in particular the central parts of the caudate-putamen. Likewise, the caudal nuclei 
receive rich inputs from a large part of the brainstem, especially from the ascending 
reticular activating system. The CM and, though to a lesser extent, the Pf also receive 
robust projections from the internal segment of the globus pallidus and the reticular 
part of the substantia nigra, i.e., the output nuclei of the basal ganglia. 2 Cortically, 
the CM is predominantly connected to sensorimotor cortical areas, while the Pf has 
important interconnections with the prefrontal and cingulate cortices. Similar to the 
rostral intralaminar nuclei, the caudal group projects strongly to the striatum.5 Within 
the striatum, CM preferentially targets the dorsolateral caudate and putamen (i.e., 
the recipient domain of sensorimotor cortical areas), while the Pf mainly projects to 
cognitive and limbic areas (i.e., central caudate and putamen). Further projections, 
although less strong, have been described to the pallidal complex and subthalamic 
nucleus.2,12 Though the connectivity of each of the individual intralaminar nuclei 
presented above remains primarily based on evidence from experimental animal 
studies in rats and subhuman primates, a recent human study using diffusion tensor 
tractography largely confirms these observations.13,14 In conclusion, the intralaminar 
thalamic nuclei are strongly influenced by monoaminergic, cholinergic, serotonergic 
and reticular arousal systems in the brainstem, as well as more differentially by 
ascending pain pathways and outputs from cerebellum and basal ganglia. With 
their strong projections to basal ganglia targets and reciprocal connections with the 
cerebral cortex these thalamic nuclei seem to have a crucial position to modulate 
the functioning of a variety of cortical-subcortical circuits in the sensorimotor, 
attentional, cognitive, and emotional domains.
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A short note on the composition of the axonal fiber tracts related to the 
intralaminar complex
An important aspect of the anatomy of the intralaminar thalamus in the context of 
neurosurgical ablations and DBS is the composition, course, and orientation of fiber 
tracts that traverse or connect these nuclei with other brain regions. As stated above, 
the individual intralaminar nuclei are embedded in the lamina medullaris interna of 
the thalamus that, in neuroanatomical fiber stains, clearly shows to be composed of 
myelinated fibers. However, the relatively strong inputs from brainstem areas, such as 
those originating from the monoaminergic, serotonergic, and cholinergic nuclei are 
thin and non-myelinated. Furthermore, these ascending fiber tracts are oriented in 
a caudal to rostral direction. Thus, fibers that are destined for the rostral (anterior) 
intralaminar nuclei course close to or through the caudal (posterior) intralaminar 
nuclei. Neurosurgical lesions or stimulation of the caudal nuclei, therefore, may 
affect fiber projections to the more rostral intralaminar nuclei as well. Similarly, the 
CM-Pf complex, in its medial aspects, is traversed by the fasciculus retroflexus, which 
connects the habenular complex in the medial (epi)thalamus with the interpeduncular 
nucleus and the raphe nuclei in the midbrain. This fiber tract is an important direct 
and indirect regulator of the serotonergic and cholinergic systems in the brainstem 
and may be, indirectly, affected by neurosurgical procedures aimed at the CM-Pf.

Anatomy and nomenclature of the human thalamus
As indicated above, data on the connections of the intralaminar thalamic nuclei 
are primarily based on observations in non-human primates and rodents. It should 
further be noted that anatomical descriptions and delineations of individual nuclei 
of the human thalamus, including the intralaminar complex, have been rather 
heterogeneous.15 As a consequence, this is an important limitation in the interpretation 
of results of neurosurgical procedures reported below that rely on information from 
different stereotactic atlases. The delineations of the intralaminar thalamic nuclei 
as presented in figure 1 and 2 are primarily based on the stereotactic atlas of Morel 
et al.16 and have different names and representations in other atlases. Moreover, 
stereotactic coordinates of individual nuclei, including those of the CL and CM-Pf, 
vary greatly between studies and are often patient-specific, since the anatomical 
location of the intralaminar thalamus has a strong relation to the variable width of 
the third ventricle. A greater consensus on the delineations, anatomical terminology, 
and use of standardized stereotactic reference points of the thalamic nuclei would 
be of importance for better comparability of future neurosurgical approaches and 
clinical results.15 
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Figure 1. Schematic anatomy of the intralaminar thalamic nuclei adapted from Morel’s 
stereotactic atlas of the human thalamus.16* A: Coronal plate perpendicular to the 
intercommisural plane, 7.2 millimeter anterior to the posterior commissure. B: Coronal 
plate perpendicular to the intercommisural plane, 5.4 millimeter anterior to the posterior 
commissure. C: Axial section oriented parallel to the AC-PC plane, 2.7 milliliters dorsal to the 
intercommissural plane. D: Axial section oriented parallel to the AC-PC plane at the height of 
the intercommissural plane.

Abbreviations: AC = anterior commissure, Cd = caudate nucleus, CeM = central medial nucleus, 
CL = central lateral nucleus, CM = centromedian nucleus, Fx = fornix, Hb = habenular nucleus, lat. = lateral, 
LD = lateral dorsal nucleus, Li = limitans nucleus, LP = lateral posterior nucleus, MDmc = mediodorsal 
nucleus, magnocellular division, MDpc = mediodorsal nucleus, parvocellular division, med. = medial, 
MTT = mammillothalamic tract, MV = medioventral nucleus, Pf = parafascicular nucleus, Po = posterior 
nucleus, PuA = anterior pulvinar, PuL = lateral pulvinar, PuM = medial pulvinar, Pv = paraventricular 
nuclei, R = reticular thalamic nucleus, RN = red nucleus, SN = substantia nigra, sPf = subparafascicular 
nucleus, STh = subthalamic nucleus, VAmc = ventral anterior nucleus, magnocellular division, VLa = ventral 
lateral anterior nucleus, VM = ventral medial nucleus, VPLa = ventral posterior lateral nucleus, anterior 
division, VLp = ventral lateral posterior nucleus, VPLp = ventral posterior lateral nucleus, posterior 
division, VPMpc = ventral posterior medial nucleus, parvocellular division, ZI = zona incerta,
* Note that there is a variety in nomenclature and competing parcellations of the human thalamus between 
different stereotactic atlases.15
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THE INTRALAMINAR THALAMUS AS TARGET FOR PAIN

Rationale
The CL and CM-Pf are involved in pain perception and receive signals from the 
spinothalamic tract that originate from neurons in the deep dorsal horn of the spinal 
cord and the spinal trigeminal nucleus, as well as, multisynaptically, from pain relaying 
areas in the reticular formation of the brainstem.17 Classically, two pain-conducting 
systems have been distinguished: the ‘medial pain system’, with its relay in the 
intralaminar thalamus, and the ‘lateral pain system’, with its relay in the ventral 
posterolateral (VPL) and posteromedial nucleus (VPM) of the thalamus. Different 
dimensions of pain perception have been associated with these two systems and are, 
classically, attributed to specific structures within the thalamus.18,19 The medial pain 
system was previously thought to be mainly associated with affective dimensions 
of pain, including feelings of unpleasantness and emotions associated with future 
implications of pain. The fact that the pain-related output of the intralaminar 
thalamus is mainly directed towards the cingulate gyrus, an important interface for 
the interaction between pain and emotions, contributes to this view. Pain, however, is 
a highly complex phenomenon for which this distinction between two systems appears 
to be too simple. Modern views of pain consider the various cerebral cortical and 
thalamic structures primarily as part of networks or matrices which are dynamically 
involved in different aspects of the perception of pain. It is now thought that the 
pathway via the medial and intralaminar thalamus to limbic structures encodes 
affective aspects of pain that converge with discriminative information processed 
via other thalamocortical pathways. Others have even argued that the sensory and 
affective dimensions of pain are inseparable aspects of a unitary experience, and pain 
itself is a unidimensional construct.20 Certainly, the strict dichotomy used previously 
is an oversimplification, since sensory-discriminative and limbic brain regions may 
also be sensitive to cognitive processes.

In the neural circuits for pain, the nuclei of the intralaminar thalamus function as 
a relay, that has previously been assumed to act in the defense against ‘nociceptive 
aggression’.19,21 These nuclei are thought to maintain a gate control function, 
propagating only salient noxious stimuli and suppressing certain other stimuli. This 
gate control function might be disturbed in patients with specific pain syndromes, 
such as deafferentation pain, which is known to present with sustained neuronal 
bursting or ‘hyperactivity’ in the intralaminar thalamic nuclei.22,23 Opioid analgesics, 
such as morphine have long been known to inhibit (evoked) activity in the medial 
and intralaminar thalamus.19,24 This formed part of the scientific basis for the early 
stereotactic ablation and stimulation studies of the medial structures of the thalamus 
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for the relief of various pain syndromes. In general, both ablation and high-frequency 
DBS are thought to interfere with aberrant activity in the intralaminar thalamus in 
patients with a variety of pain syndromes (see Fig 2.).

Ablation of the intralaminar thalamus in pain
In the early years of functional stereotactic surgery, Hécaen et al.25 reported on a 
successful thalamotomy for intractable pain, primarily targeting the CM-Pf complex 
of the thalamus. Furthermore, isolated stereotactic ablation of the CM for chronic pain 
was performed by Talairach26 as early as 1949 and later by Monnier and Fischer27. Soon 
thereafter, ‘medial thalamotomies’ became a treatment option in patients with a wide 
variety of pain syndromes. Different case series were reported with various targets, 
commonly including the CM-Pf complex and, less often, the CL (for an overview: 
see Supplementary Table).17,28,29 Inconsistent use of terminology and clinical jargon 
along with inaccuracies in target descriptions, however, limits the interpretation 
of these early studies. In most cases, medial thalamotomies encompassed multiple 
targets, as well as areas of the medial pain pathways caudal to the intralaminar 
nuclei. Moreover, it often remains unclear which exact pain syndrome was treated. 
Since medial thalamotomies were considered relatively safe, the procedure remained 
particularly appealing in the early beginnings of functional neurosurgery. Generally, 
medial thalamotomies were associated with a low rate of neurologic complications, 
most often consisting of minor paresthesia, and transient cognitive disturbances.

Different case-series in the early literature report a rather encouraging, but widely 
varying, direct pain relief in patients after medial thalamotomies, ranging from 13-
100%. In a large overview of the early literature, Tasker30 described the results of 
medial thalamotomies in a total of 175 patients with nociceptive (usually cancer) 
pain. Overall pain relief was described in 46% of patients. In contrast, in patients 
with neuropathic pain, relief was present in only 29%, suggesting that the procedure 
might be more effective in patients with nociceptive pain. Jeanmonod and colleagues31 
reported a higher rate (67%) of patients attaining pain relief (50-100%) in their series 
of 45 patients who underwent medial thalamotomy (with the CL as the main target). 
Dougherty et al. 32 reviewed data from 34 publications with a total of 913 patients and 
indicated that initial partial pain relief was found in 73% of patients with a variety of 
pain syndromes.

In addition to surgical ablation of the medial thalamus, radiosurgical ablation was 
also studied in different types of cancer pain, trigeminal neuralgia, thalamic pain, and 
phantom limb pain. Leksell33 was the first to perform a medial thalamotomy for the 
treatment of intractable pain by the use of radiosurgery in 1972. The CM-Pf complex 
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was targeted in a total of 25 patients. Of these, 10 demonstrated improvement of 
pain. Hereafter, several series of gamma knife thalamotomy for pain were published. 
In the case-series of Steiner et al.34 two-thirds of their 52 patients experienced early 
pain relief with different response rates of 56-67%, confirming the efficacy of the 
procedure. Moreover, Young et al.35,36 described an efficacy rate (≥50% pain reduction) 
of 53% in various patients with intractable pain. Based on the cumulative results of 
these series, a potential success rate of up to 60% was quoted, with a complication 
rate of 6-17%. Follow-up studies, however, demonstrated relatively high recurrence 
rates of 30-45% after radiosurgical ablation and up to 88% after surgical ablation.30,37,38

DBS of the intralaminar thalamus in pain
In comparison with ablative surgery, DBS of the intralaminar thalamus has been used 
less often. Most early animal and human studies of intracranial stimulation for pain 
relief focused on other targets, such as the periaqueductal grey (PAG).39 DBS of the 
CM-Pf was pioneered by Ray and Burton40 and by Andy41 in the late 1970s. Remarkably, 
Ray and Burton40 described pain relief of 50% or more in 21 of 28 patients with different 
pain syndromes. In 2001, Krauss et al.42 described the preliminary results of CM-Pf 
DBS in 11 patients with neuropathic pain and showed that the short-term effects of 
CM-Pf stimulation were superior to more commonly used targets for pain, such as the 
VPL/VPM. Since then, there has been re-interest in the CM-Pf as a target for chronic 
pain. In 2016, Sims-Williams and colleagues43 demonstrated that CM-Pf DBS was 
comparable to PAG stimulation in facial pain associated with anesthesia dolorosa. 
More recently, the long-term follow-up of 40 patients with various neuropathic pain 
syndromes who underwent both implantations of DBS electrodes in the CM-Pf and 
VPL/VPM was published. Of the total of 20 patients that were treated with CM-Pf 
DBS over the course of 17 years, including those that were published by Krauss et 
al.42 in 2001, half of them showed an average improvement of ≥50% in pain intensity. 
There was no difference when comparing the efficacy of CM-Pf versus VPL/VPM DBS. 
Though follow-up times varied, these recent results are the first evidence of the long-
term effectiveness of CM-Pf DBS in various types of neuropathic pain.

The future role of the intralaminar thalamus as a target for pain relief
The renewed interest in the CM-Pf and CL for the treatment of a variety of pain 
syndromes, especially in the context of ablation, may accelerate in the coming years 
with the advent of alternative non-invasive ablation techniques, such as high-intensity 
focused ultrasound.17,44-46 For now, there is no consensus on when to perform ablation 
or DBS of the intralaminar thalamus, which of the intralaminar and medial thalamic 
nuclei constitutes the optimal target, and which patients might be suitable candidates. 
Moreover, ablation and DBS might have various effects on pain and different efficacy 
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in different pain syndromes.28,30,47 Larger studies with longer follow-up times that 
compare ablation and/or DBS of the intralaminar thalamus with other intracranial 
targets, such as the VPL/VPM and PAG, remain necessary. Moreover, fundamental 
and clinical research is needed to determine how ablation and stimulation of the 
intralaminar thalamus affect activity in other pain-encoding structures, as well as 
how these techniques induce changes at a network level.

THE INTRALAMINAR THALAMUS AS TARGET IN EPILEPSY

Rationale
Despite optimal pharmacological treatment, around one-third of patients with 
epilepsy have drug-resistant epilepsy (DRE) and suffer from uncontrollable focal and/
or generalized seizures.48,49 Historically, different surgical treatment options were 
explored for patients with DRE, including functional hemispherectomy, lobectomy, 
and corpus callosotomy. Some became a standard treatment for patients with specific 
forms of epilepsy, such as corticectomy for dysplasia, and a variety of resection 
methods for the temporal lobe and its surrounding structures, including the amygdala 
and hippocampus.50,51 However, resective neurosurgery remains limited in patients 
with seizures that arise from more than one brain location, from eloquent regions, or 
in those with epilepsy that is generalized in onset. For such patients, a wide variety 
of other neurosurgical techniques have been investigated, including ablation and 
stimulation of different brain structures.52

Both animal and human studies examined the role of the intralaminar thalamus in 
the propagation and control of epileptic seizures, resulting in different hypotheses 
on the role of the intralaminar thalamus in epilepsy. Some studies suggested that the 
intralaminar thalamus itself is involved in the process of seizure-initiation.53,54 For 
instance, early EEG and electrical stimulation studies in patients with epilepsy showed 
that activation of the intralaminar thalamus, especially the CM, is associated with 
EEG signs characteristic for generalized epilepsy and typical absence-like attacks, 
suggesting a strong relationship between the occurrence of intralaminar (over)activity 
with epilepsy.54 More recent functional MRI studies confirm this relationship between 
intralaminar activity and (idiopathic) generalized epilepsy, especially for the CM-Pf 
complex.55 Other structures of the intralaminar thalamus are also thought to have 
a role in the propagation and spread of seizures in different types of epilepsy. For 
instance, animal studies showed that lesions of the CL can disrupt the generation 
of experimentally induced absence seizures.56,57 Also, pharmacological activation of 
the Pf was reported to suppress signs of absence epilepsy, and electrical stimulation 
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interrupted focal hippocampal seizures in mesial temporal lobe epilepsy.58,59 The 
intralaminar thalamus might also indirectly control seizures, by regulating the 
excitability of other structures.60,61 It is thought that the intralaminar thalamus 
controls the threshold of seizures through a combination of inhibitory GABA-
mediated neurotransmission and excitatory (glutamate) input.54,59 Not surprisingly, 
disruptions in the balance between inhibitory (GABA) and excitatory (glutamate) 
neuronal activity are a pathological feature of many epilepsy syndromes.62-65

Though the exact working mechanism of ablation and DBS of the intralaminar 
thalamus remains unknown, it is generally thought that both methods can block 
the genesis or propagation of seizures by (local) inhibition of activity (see Fig. 2).66 
Previous studies showed that high-frequency DBS is most effective in treating epilepsy 
and may restore neurotransmitter disbalance and concomitant normal regulatory 
control of the thalamus.54,67 For instance, Nanda et al.68 showed that CM-DBS raises 
GABA levels in the striatum of awake rhesus monkeys. Furthermore, Fernández-
Cabrera et al.69 showed that CM-DBS lowers pathological levels of glutamatergic 
activity in the prefrontal cortex in rats.

Ablation of the intralaminar thalamus in epilepsy
Only a few animal studies reported on the effects of (chemically-induced) lesions 
of the intralaminar thalamus in various forms of epilepsy.57,70 Moreover, there is 
only casuistic early evidence of the use of stereotactic ablation of the intralaminar 
thalamus in humans. These early studies are difficult to interpret, since lesions of the 
intralaminar thalamus, especially in the region of the CM, were always accompanied 
by a wide variety of lesions to other thalamic structures. Most previous lesion studies 
in humans have reported on the effects of stereotactic ablation of other parts of the 
thalamus, especially the anterior nucleus. However, a recent study on radiofrequency 
ablation of the CM in six patients by Aguado-Carillo et al.71 reported a 79-98% 
reduction in the number of generalized seizures. While this report showed that the 
procedure is effective and safe, longer follow-up times are necessary to assess the long-
term effects of CM ablation and to compare these with the effects of neurostimulation 
(see 4.3).

DBS of the intralaminar thalamus in epilepsy
DBS for epilepsy has a rich history and has been performed on multiple brain targets. 
Though the earliest reports on intracranial neurostimulation in humans involved 
cerebellar structures, the thalamus quickly became an important area of interest. In 
the 1980s, around 50 years after Penfield proposed the CM as a potential target for the 
treatment of epilepsy, the group of Velasco et al.72 conducted the first open-label study 
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on CM-DBS in five patients with generalized epilepsy. Previously, they had assessed 
the safety and efficacy of CM-DBS in various animal models.54 At three months 
follow-up, a reduction of 80-100% was reported in generalized tonic-clonic seizures 
(GTC) and a 60-100% reduction in complex partial seizures. Moreover, all patients 
experienced a seizure reduction of at least 50% and were considered responders to 
treatment. In response to these promising results, Fisher et al.73 performed a cross-
over study of CM-DBS in seven patients to further assess feasibility and safety in 1992 
(for an overview: see Supplementary Table). In a subsequent study by Velasco74 in 23 
patients with various seizure patterns, CM-DBS resulted in a significant decrease in 
the total number of seizures at three months follow-up. Patients with GTC seemed 
one of the strongest responders, with 89% reduction of seizures per month. In 
contrast, patients with other seizure patterns, such as those with Lennox-Gastaut 
syndrome (LGS) showed no significant reduction after DBS, suggesting a specific 
role for CM-DBS in different types of seizures/epilepsy. Similarly, variable results for 
different types of epilepsy were reported in a further study with longer follow-up, 
leading to the conclusion that CM-DBS would be more beneficial for patients with 
generalized tonic-clonic seizures than other seizure types or syndromes. However, 
after these early explorations, later studies showed contrasting results. For instance, 
in 2000, Velasco54 showed that CM-DBS for Lennox-Gastaut resulted in an average 
seizure reduction of 82%, which is in sharp contrast to their earlier report. Another 
study in 13 other LGS-patients showed a similar average in seizure reduction after 
CM-DBS (80%).75 Also, in 2009 Cukiert et al.76 reported a 98% seizure reduction after 
CM-DBS in one of their patients with LGS after a mean period of 1.5 years follow-up.

There is a relative paucity in the literature on CM-DBS since 2009, possibly as a result 
of the effects of the SANTE-trial: a large randomized controlled trial of DBS of the 
anterior nucleus of the thalamus (ANT) (see below). After this period, Valentin et al.77 
reported the results of a randomized CM-DBS cross-over trial in 11 patients suffering 
from either generalized or frontal lobe epilepsy. The average reduction in seizure 
frequency was around 80% among patients with generalized epilepsy and around 
20% among those with frontal lobe epilepsy. Furthermore, a few other studies have 
been published on the effects of CM-DBS in a variety of seizure types and epilepsy 
syndromes.78,79 Most recently, Cukiert et al.80 published the results of a prospective 
open-label study on the efficacy of high-frequency CM-DBS in 20 patients with 
generalized epilepsy. After a median follow-up time of >2.5 years, 90% of patients 
were considered responders (≥50% seizure frequency reduction), and one patient 
achieved seizure freedom. Also, the results of a study investigating the efficacy of 
CM-DBS (n = 5) and combined CM and ANT-DBS (n = 11) in 16 children and adults 
suffering from DRE were reported.81 After a median follow-up time of 80 months, 
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63% of patients responded to stimulation (≥50% reduction in seizures) with a median 
seizure frequency reduction of 58%. Interestingly, median seizure frequency reduction 
and responder rate did not differ between the CM and the CM/ANT group.

The future role of the intralaminar thalamus as a target in control of 
epilepsy
Currently, besides the thalamus, several other structures are examined as targets 
for DBS, including the subthalamic nucleus, posterior hypothalamus, hippocampus, 
cerebellum, caudate nucleus, corpus callosum, and brainstem regions.82 Nevertheless, 
the thalamus remains the most important target for the treatment of DRE in clinical 
practice. In addition to the CM, the ANT has long been a target of interest and subject 
of many animal and human studies. In fact, ANT-DBS is the only FDA approved 
treatment of DRE, which was granted in response to the long-term follow-up results 
of the SANTE-trail, the first large randomized controlled cross-over DBS trial in 110 
patients with epilepsy.83,84 In the SANTE-trial, a 56% median percent reduction in 
seizure frequency was reported in patients with epilepsy after two years of follow-
up. This further improved to 69% with a responder rate (≥50% reduction in seizure 
frequency) of 68% at five years. The ANT is now the most widely used target for DBS 
in the treatment of DRE and, not surprisingly, receives the most scientific interest. 
However, no randomized clinical trial has ever compared the efficacy of ANT-DBS 
and CM-DBS in treating seizures in DRE-patients. Consequently, there is no evidence 
of superiority or difference in the efficacy of ANT-DBS or CM-DBS in the treatment 
of different forms of DRE. The heterogeneity of patient groups and varieties in 
stimulation paradigms and parameters (for instance, low- versus high-frequency 
DBS) also limits the comparison between the two targets using previous evidence. 
For now, CM-DBS is still used in a selection of patients with different seizure types 
in a variety of neurosurgical centers and might be a reasonable alternative to ANT-
DBS in non-responders.

THE INTRALAMINAR THALAMUS AS TARGET IN GILLES DE LA 
TOURETTE SYNDROME

Rationale
Gilles de la Tourette Syndrome (GTS) is a severe neurological disorder characterized 
by multiple motor or vocal tics, usually accompanied by a variety of other 
psychopathological disorders, such as attention deficit hyperactivity disorder, 
obsessive-compulsive behavior, depression, and anxiety. Several lines of biochemical, 
imaging, neurophysiological, and genetic research indicate that various relays in basal 
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ganglia-thalamocortical circuits play a crucial role in the pathophysiology of GTS. 

85-87 In general, it is thought that GTS is caused by a failure of inhibition within basal 
ganglia-thalamocortical loops and abnormal signaling of neurotransmitters, such as 
dopamine and GABA. Specifically, it is thought that subsets of projection neurons 
become active in inappropriate contexts as a result of dysfunctional inhibitory GABA 
interneurons within the striatum.88,89 This results in disinhibition of thalamocortical 
projections and increased excitability of both motor and limbic regions, leading to the 
inappropriate expression of sensory and motor phenomena, i.e. tics.

Usually, patients with GTS are treated with a combination of behavioral therapies, 
pharmacological interventions, and, if necessary, invasive non-surgical treatment, 
such as botulinum toxin injections. In patients with severe GTS that are refractory 
to these interventions, functional neurosurgery may be a treatment option.90-92 Both 
ablation and DBS are known measures to interfere with aberrant signaling in the 
basal ganglia-thalamocortical network of GTS patients and are thought to reduce 
(pre)motor and limbic excitability.93 DBS of the intralaminar thalamus in GTS has 
been associated with a decrease in the release of striatal dopamine.94,95 This suggests 
that DBS might actively inhibit striatal activity through dopaminergic modulation, 
consequently counteracting the abnormal activity in the basal ganglia that would lead 
to inefficient impulse control (see Fig. 2).96 Furthermore, improvement of both motor 
and vocal tics after DBS may be associated with the correction of abnormal structural 
connectivity within specific thalamocortical (pre)motor pathways.97 However, the 
exact mechanism by which ablation or DBS controls tics in GTS has yet to be further 
explored.

Ablation of the intralaminar thalamus in GTS
Since the 1960s, there have been several reports on surgical procedures targeting a 
wide variety of brain structures for the treatment of GTS and other tic disorders.90,91 In 
1970, Hassler and Dieckmann98,99 were the first to publish their results on stereotactic 
thalamotomy in three patients with severe GTS. All three patients had bilateral lesions 
in the medial thalamus, rostral intralaminar thalamus and, in one patient with facial 
tics, also the nucleus ventro-oralis internus (Voi). Motor and vocal tics were reduced 
by, respectively, 100%, 90%, and 70%. A few years later, the same authors reported 
on further findings in their patients. Eventually, a total of nine patients with GTS 
were treated. Of them, three underwent unilateral and six bilateral ablations of the 
intralaminar and medial thalamus. A 50% to 100% reduction in tic frequency was 
reported. Three of the patients who had been treated bilaterally were even reported 
to have tic reductions of 90-100%. In 1987, Cappabianca et al.100 published the long-
term results of thalamotomy in a cluster of four patients, targeting the mediodorsal 



39

The intralaminar thalamus as target in functional neurosurgery: a review of evidence

and intralaminar thalamus. While one patient experienced almost complete remission 
of symptoms, the results in the other three were relatively limited. In 2001, Babel 
et al.101 published a series of 16 patients with treatment-resistant GTS. Six of these 
patients were targeted in the intralaminar thalamus (CM) in addition to the zona 
incerta and/or the ventrolateral thalamus. After a mean follow-up of 12 years, an 
average reduction of 61% in vocal tics and 69% in motor tics were observed. From 
a contemporary viewpoint, the results of several early ablative studies are difficult 
to appreciate, since most of them were limited by a lack of quantifying outcome or 
specifying the assessments by which quantification was performed. With the advent 
of DBS for GTS in the early 2000s (see 5.3), ablative procedures, though considered 
relatively safe, were gradually abandoned.

DBS of the intralaminar thalamus in GTS
In 1999, Vandewalle et al.102 published the first study on DBS in a patient with GTS, 
targeting the border zone between CM, the substantia periventricularis (Spv), and 
the Voi as outlined previously in the work of Hassler and Dieckmann. After one year, 
stimulation was sufficient to abolish all tics in their patient. Following this observation, 
a follow-up study on bilateral CM-Spv-Voi stimulation in two other GTS-patients was 
published in 2003.103 Once again, all major vocal and motor tics disappeared after the 
procedure. Eventually, after a mean follow-up of 27 months, an average reduction of 
82% in tics was reported. Thereafter, several studies were published on the effects of 
thalamic, but also on pallidal DBS in GTS.92,104 While some groups continued to use 
the original Hassler/Dieckmann target, the exact thalamic target remained unclear 
in other studies, with some authors indicating that the primary target was the CM 
or CM-Pf.105 Servello et al.106 reported on a large cohort of patients treated with DBS, 
targeting the CM-Pf-VO in 34 patients with GTS. The average Yale Global Tic Severity 
Score (YGTSS) scores of the 19 patients who reached 2-year follow-up decreased from 
a pre-operative average of 77 (out of 100) to 37, indicating a significant 52% reduction 
in tics and disease-related impairment. In 18 of these patients, scores even further 
decreased from an average of 81 pre-operatively to 22 at the five to six-year follow-up 
(reduction of 73%).107 Several other studies since then have reported quite variable 
outcomes, ranging anywhere from nearly no improvement in the primary tic-related 
outcome, to complete remission of tics.92,104,105,108-110 A 2016 meta-analysis showed that 
DBS of thalamic structures, in general, compared over all previous studies with a total 
of 78 patients, resulted in an average reduction of around 39% in tics.104 However, 
in addition to the intralaminar thalamus, various other brain targets have been 
explored in patients with GTS, including the (posteroventral lateral and anteromedial) 
globus pallidus internus (Gpi), nucleus accumbens, ventral caudate, anterior internal 
capsule, globus pallidus externus (Gpe), and subthalamic nucleus (STN).91,104 The 

2



40

Chapter 2

meta-analysis showed that the anteromedial Gpi may potentially be a slightly more 
effective target than the intralaminar thalamus, with an average tic reduction in 
reported literature of 47% after DBS, though these results were not significant.104 
Further evidence from a large international database and registry, containing a total 
of 185 patients, reported no significant differences between CM-Pf DBS versus Gpi 
DBS (46 versus 51% reduction in YGTSS at 12 months follow-up). Finally, a recent 
prospective randomized double-blind sham-controlled study on a series of 10 patients 
who underwent implantation of both CM-Pf and Gpi DBS electrodes showed that, at 
group level, Gpi but not thalamic DBS resulted in a significant tic reduction compared 
to baseline.111 During long-term follow-up (mean 90 months after surgery), there was 
no improvement of tics, comorbidities, and quality of life at the group level, however, 
single patients benefitted continuously from thalamic DBS. Remarkably, at that time 
50% of patients had discontinued DBS. Thus, there is still an ongoing debate on the 
most effective brain target controlling GTS.111,112

Future role of the intralaminar thalamus in the treatment of GTS
A broad range of selected targets is studied in experimental settings in specialized 
centers for functional neurosurgery. The procedure is generally well-tolerated in 
both the pediatric as well as adult population with relatively minor complications or 
adverse events. 104,113 While the intralaminar thalamus has been a region of interest 
since the earliest days of DBS for GTS, in recent years the focus seems to have shifted 
towards Gpi stimulation.104 However, there is still no consensus on which is the better 
target. Moreover, the efficacy of DBS in GTS patients of different age groups remains 
questionable.92,113 A recent systematic review of GTS-DBS in the pediatric population 
revealed that, after exclusion of the most severe quartile of GTS-patients, thalamic 
DBS was significantly more effective than Gpi DBS in reducing tic severity. 113 Future 
studies remain necessary to determine which target and stimulation paradigm is best 
suitable for which patient.114,115

THE INTRALAMINAR THALAMUS AS TARGET FOR RESTORING 
CONSCIOUSNESS AFTER SEVERE BRAIN INJURY

Rationale
Neurons within the intralaminar thalamus are well-known to have a primary role in 
maintaining arousal and wakefulness. Early animal studies already revealed that the 
intralaminar thalamus is part of an important ascending arousal pathway, involved in 
producing broad cortical ‘awakening responses’ after stimulation. The intralaminar 
thalamus receives ascending input from different brainstem arousal systems, 
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including afferents from the mesencephalic reticular formation, locus coeruleus, 
dorsolateral tegmental, and pedunculopontine nuclei, but also from basal forebrain 
regions that are involved in arousal.9,116 Since the intralaminar thalamus has strong 
reciprocal connections with several regions of the frontal cortex, posterior cortical 
association areas that support poly-sensory integration, and the basal ganglia, it is 
crucially positioned to play a key role in arousal regulation.9,116 Evidence from animal 
and human studies shows that variations of activity within the intralaminar thalamus 
are associated with changes in, for instance, behavioral alertness, attention, working-
memory performance, and transitions during the normal sleep-wake cycle.116-119 
Therefore, it is thought that the intralaminar thalamus acts as an important regulator 
of arousal during wakeful states and that its activity changes in response to specific 
task demands. 3,4,120,121

Damage to the intralaminar thalamus is associated with a wide variety of deficits, 
including impaired attentional processing, working memory problems, and 
hypersomnolence.122,123 Severe brain injury is associated with damage or ‘inactivation’ of 
neurons within the intralaminar thalamus, which, in severe cases, produces disorders 
of consciousness (DOC). DOC may be a temporary phase after severe brain injury, or 
a more permanent state if patients fail to recover. Distinct clinical DOC syndromes 
have been identified following the acute comatose phase after brain damage, such as 
the unresponsive wakefulness syndrome (UWS), a condition of unresponsiveness in 
the presence of wakefulness (previously known as apallic syndrome, coma vigil, or 
the vegetative state), and the minimally conscious state (MCS), a state characterized 
by partial preservation of consciousness with reproducible signs of minimal 
awareness.122,124 With the advancement of mechanical ventilation in the 1950s, more 
patients with severe brain damage survived their initial injuries and concomitantly 
developed chronic forms of DOC. A rise in the incidence of these patients with the 
severest forms of brain injury prompted early clinical investigators to explore the use 
of neurostimulation for the restoration of arousal.125

The intralaminar thalamus has, from the beginning, become the most important target 
for these DBS studies. Early and more recent animal studies showed the potential of 
neurostimulation of the intralaminar thalamus to produce both arousal responses, 
such as signs of cognitive enhancement, including sustained attention, as well as 
increased behavioral performance. 121,126-128 In humans, it is thought that partial loss 
of neurons within the thalamus after brain damage results in a concomitant loss of 
thalamocortical and thalamostriatal activity.129 In resting conditions, the tonic firing of 
Gpi neurons inhibits the thalamocortical system, including the intralaminar thalamic 
nuclei.129,130 Normally, corticostriatal activity, by inhibiting Gpi neurons, disinhibits 
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thalamocortical activity. However, the loss of thalamostriatal and thalamocortical 
activity, due to damage of thalamic neurons, might create a negative feedback loop 
resulting in a loss of disinhibition of the thalamus via the GPi. Consequently, the 
activity of the intralaminar nuclei is further reduced causing further down-regulation 
of global brain dynamics. DBS of the intralaminar thalamus and return of local activity 
within the intralaminar thalamus may reverse this aberrant cascade of signals and 
facilitate restoration of arousal regulation (see Fig. 2).

Ablation of the intralaminar thalamus in disorders of consciousness
Since prolonged DOC are usually caused by widespread damage to the brain or more 
focal damage to arousal structures, inducing extra lesions for functional recovery 
has been considered rather paradoxical. Not surprisingly, experimental studies in 
patients with DOC have focused on stimulation rather than ablation of key structures 
within the human arousal system. However, a recent report on the use of thalamic 
low-intensity focused ultrasound has suggested that this may cause some temporary 
behavioral improvement in patients with MCS.131

Stimulation of the intralaminar thalamus for disorders of consciousness
Clinical investigations on the use of functional neurosurgery for the restoration 
of consciousness in patients with severe brain injury started as early as in the late 
1960s and 1970s.125,132 In 1968, McLardey et al.133 were the first to perform DBS in a 
young patient with UWS after severe brain injury, targeting both the CM-Pf and the 
mesencephalic reticular formation. Though their temporary form of neurostimulation 
was accompanied by significant neurophysiological ‘arousal-effects’, little clinical 
signs of improvement were reported. Hereafter, a couple of other attempts were 
taken to restore consciousness through temporary DBS of other brain structures, 
including the GPi and more anteromedial areas of the thalamus, all with little 
sustained effects on consciousness (for an overview: see Supplementary Table).134-

136 After these early attempts, a larger group of patients was treated with DBS 
throughout the 1990s in different centers throughout Europe, the United States 
and Japan. Three separate studies reported the effects of unilateral CM-Pf DBS in 
a total of around 50 patients.137-139 The majority of patients were shown to have an 
acute behavioral arousal response with DBS, associated with consistent physiological 
responses, desynchronization of the EEG, and increased cerebral metabolic rates 
measured by PET. Moreover, a significant proportion of patients was reported to 
have a return of oral feeding and showed some signs of environmental awareness. 
Some research groups involved in the trial even reported that a small number of 
patients with traumatic brain injury showed a significant functional improvement, 
including the recovery of independence.138,139 However, later studies criticized that, in 
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retrospect, these patients already showed signs of minimal consciousness before DBS, 
and received their surgery within a 3 to 6 months post-injury interval, which is well 
within the window for spontaneous recovery after severe brain injury.126,139,140 Besides, 
since these studies were performed in heterogeneous groups of patients with different 
etiologies, without the use of standardized assessment scales of consciousness, and 
with various follow-up times, it is difficult to interpret and generalize findings from 
these studies.

After these heterogeneous results of early DBS studies, Schiff et al.141 first proposed to 
perform DBS in patients with MCS instead of UWS, since MCS patients might have 
more intact functional brain networks and, therefore, a larger capacity for functional 
recovery. After careful animal studies, and extensive ethical deliberations, they 
reported improvements after DBS of the CL in one MCS patient who suffered traumatic 
brain injury six years before the intervention.140,141 DBS restored communication and 
various behavioral items on different subscales of the Coma Recovery Scale (CRS-R), 
an internationally accepted scale for assessing consciousness in patients with severe 
brain injury. However, no longer follow-up results have been reported. Moreover, this 
patient remained a single subject from a series of three, of which the other two showed 
no such spectacular signs of improvements after stimulation.142 In reaction, similar 
attempts followed in different European countries. For instance, Magrassi et al.143 
performed CM-Pf DBS in three patients. Though they showed limited improvements 
of the CRS-R score in all patients, none of them returned to a fully conscious state or 
showed consistent signs of communication. In a larger series, Chudy et al.144 reported 
that three out of their 14 UWS and MCS patients regained a fully conscious state after 
CM-Pf DBS and recovery of independence. These three patients were all diagnosed 
with MCS. However, these patients were treated within the window for spontaneous 
recovery after severe brain injury. Finally, Lemaire et al.145 reported the results of 
CM-Pf DBS in five patients with severe traumatic brain injury (4 MCS and 1 UWS). 
Two of their patients (1 UWS and 1 MCS) showed improvements on different subscales 
of the CRS-R score after DBS, as well as an increased cerebral metabolic rate measured 
by PET. However, neither of these patients regained a fully conscious state.

Throughout history, various stimulation settings have been used in studies of DBS 
for DOC, including a large variation in stimulation pulse frequency and amplitude, 
which may be one of the many factors that explain the heterogeneity of the effects 
of stimulation.132 Recently, Arnts et al. have shown that, in DOC, both low- and high-
frequency stimulation can increase arousal, though low-frequency stimulation, often 
accompanied by a larger volume of tissue activation in the intralaminar thalamus, 
is associated with increased functional connectivity and direct return of arousal.146 
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This observation is somewhat in contrast with evidence from animal research, in 
which (very) low-frequency stimulation seems to result in a decrease in arousal and 
behavior.147

In recent years, researchers have further begun to explore the therapeutic potential 
of DBS for other patient categories with less severe brain injuries, including those 
without DOC, but with severe cognitive impairment.148 It remains a question whether 
DBS in these patients, as well as performing the procedure relatively early after injury, 
can induce return of residual brain functions and/or prevent secondary complications 
after brain injury.144,149

Future of the intralaminar thalamus in the treatment of disorders of 
consciousness
The idea of stimulation of the intralaminar thalamus for improvement of 
consciousness has a relative ‘enigmatic’ history with convincing fundamental theories 
from animal studies, but heterogeneous clinical effects in patients with severe brain 
injury. Nevertheless, cases have been reported with spectacular effects on arousal 
and wakefulness. The majority of studies are characterized by methodological 
limitations and are difficult to generalize, because of the large heterogeneity of 
patients concerning etiology and their preoperative level of consciousness. Up until 
today, large double-blind studies are lacking.125 Research in patients with DOC remains 
challenging, mainly because of ethical issues, scarcity of suitable candidates, and 
heterogeneity of patient groups. For now, DBS is only performed in an explorative 
setting in a couple of highly-specialized neurosurgical centers throughout the world. 
It forms part of a broader arsenal of experimental neuromodulatory techniques that 
are used in patients with DOC, including vagal nerve stimulation, and more non-
invasive stimulation techniques, such as focused ultrasound, transcranial magnetic 
stimulation, and transcranial direct-current stimulation.150,151 Future research in larger, 
more homogeneous groups of patients is necessary to determine the risk-benefit ratio 
for performing DBS in individual patients with severe brain injury.

THE INTRALAMINAR THALAMUS AS TARGET FOR PARKINSON’S 
DISEASE

Rationale
As described above, the intralaminar thalamus is strongly involved in the basal ganglia 
thalamocortical circuitry and has reciprocal connections with several regions of the 
frontal cortex that are engaged in the planning and execution of movement, including 
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the supplementary motor area and the anterior cingulate cortex. Not surprisingly, the 
intralaminar thalamus has been the subject of research in patients with movement 
disorders, especially in patients with Parkinson’s disease (PD).152,153 The dopamine 
deficiency in PD leads to reduced inhibition of the indirect pathway and reduced 
excitation of the direct pathway, resulting in overactive neuronal discharges of the GPi 
and subthalamic nucleus (STN), which increases the inhibition of thalamocortical and 
brainstem motor systems.154,155 This eventually interferes with motor execution and is 
thought to be the basis for the characteristic clinical features of PD, including rigidity 
and bradykinesia. In addition, there is considerable evidence from animal and human 
studies that the intralaminar thalamus, in particular the caudal nuclei, also has a role 
in the pathophysiology of PD. For instance, autopsy studies in patients with PD showed 
the presence of a profound neuronal loss in the intralaminar thalamus, especially in 
the CM-Pf, but to a lesser extent also in the CL.156,157 Moreover, in animals treated with 
MPTP injections, a chemical neurotoxin that destroys dopaminergic neurons in the 
substantia nigra, neuronal cell loss develops in the CM-Pf.158 Furthermore, metabolic 
studies showed reactive changes in the activity of CM-Pf neurons projecting to both 
the STN and the striatum in PD, further indicating an intricate role for the CM-Pf in 
the development of specific impairments in PD.159-162

The traditional targets in functional neurosurgery for PD patients whose response to 
drug therapy is poor or unsatisfactory have long been the GPi and the STN.163 Since the 
CM-Pf receives strong projections from the GPi and sends a strong (glutamatergic) 
output to the STN, it has been suggested as an alternative target to study in patients 
with PD.152,161 Various animal and human studies were performed, investigating the 
role of CM-Pf ablation and DBS for a variety of PD symptoms, including the treatment 
of L-dopa induced dyskinesias, tremor, and other symptoms, such as freezing of 
gait. Besides, CM-Pf DBS has further been investigated as a treatment for other 
hyperkinetic movement disorders not primarily associated with PD, such as (essential) 
tremor and other dyskinesias.162,164,165

Ablation of the intralaminar thalamus in Parkinson’s disease
The first suggestion that the CM might have a critical role in movement disorders was 
made by Schulman et al.166 in 1957. A few years later, Rand et al.167 reported favorable 
results in PD patients after lesions of the CM. Hereafter, Adams and Rutkin168 were the 
first to perform a larger study in a group of 26 patients with both unilateral (n=9) and 
bilateral (n=17) PD. After a follow-up of >3 months, those that received CM ablation 
for unilateral PD showed a good or even excellent result, indicating complete relief or 
significant improvement of rigidity with a return to normal activity without motor 
impairments. In contrast, a satisfactory result, but not as much improvement was seen 
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in patients with bilateral PD. In 1984, however, Vasin et al.169 reported less favorable 
effects of CM ablation in 15 patients with PD and severe akinesia. A satisfactory 
therapeutic effect with a marked improvement of motor impairments was seen in 
only three patients. Five other patients showed some motor improvements without 
improvement in overall motor activity and two had an increase in akinesia to nearly 
complete immobility after surgery. In 1996, Jeanmonod et al.170 reported the effects 
of stereotactic medial thalamotomies (mainly targeting the CL and CM-Pf) in 22 
patients with a variety of movement disorders, including patients with PD. Though a 
50-100% relief of symptoms, such as tremor, rigidity, and bradykinesia was reported 
in 43% of all patients, there was only a fairly limited decrease in the mean UPDRS 
motor subscore. After these early explorations, little evidence exists for the ablation 
of the intralaminar thalamus in movement disorders in humans. The remainder of 
the evidence seems to exist of anecdotal descriptions of secondary lesions after DBS 
attempts, which sometimes causes some (minor) improvements of PD symptoms (for 
an overview: see Supplementary Table).

DBS of the intralaminar thalamus for the treatment of Parkinson’s disease
Early electrostimulation studies already suggested that stimulation of the CM is 
associated with general activation of movements, a simultaneous decline in muscle 
tonus, and reduction of tremor, and might therefore be valuable in patients with 
movement disorders. Most early evidence on the use of CM-Pf DBS for movement 
disorders is, however, indirectly derived from the study of patients with pain disorders. 
In 1980, Andy et al.41 described the results of DBS of the CM-Pf complex in three 
patients with treatment-refractory pain and concomitant movement disorders. In 
these patients, CM-Pf DBS not only resulted in the decrease of pain, but also in 
improvement of rigidity, spasticity, and cervical dystonia. In 2002, Krauss et al.165 
described similar results in a study of CM-Pf DBS for refractory pain. In their 
prospective study of 12 patients, three with additional movement disorders showed 
signs of improvement after DBS. Furthermore, a retrospective analysis of large studies 
on thalamic DBS for PD, which was performed around that period, reported that 
patients with active DBS leads in the region of the CM-Pf might have a better response 
than those with DBS leads limited to the ventral intermediate nucleus. This increased 
the interest for clinical studies on the use and efficacy of CM-Pf in PD.171

In response to these findings, Mazzone et al.172 performed an explorative study on 
the additional use of CM-Pf DBS in combination with more widely used DBS targets 
for PD in 2006. Six patients received bilateral DBS of both the GPi as well as the 
CM-Pf complex. In all patients, a significant improvement of UPDRS motor subscores 
was achieved by simultaneous activation of both targets. GPi-DBS produced a mean 
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reduction in UPDRS motor subscore of 42%, while CM-Pf DBS only produced a mean 
reduction of 35%, though with a slightly better effect on freezing of gait. Combined 
stimulation of both the GPi and CM-Pf resulted in a mean reduction of around 50%. 
Therefore, the authors suggested further research on the additional use of CM-Pf 
stimulation in PD patients. Subsequently, the same group of researchers reported 
on their experience using a multi-target approach for PD, combining CM-Pf DBS 
with conventional STN-DBS. In their two patients, STN-DBS remained far better in 
improving UPDRS scores than CM-Pf DBS, though CM-Pf DBS was shown to have 
a more profound effect on tremor and therefore seemed to somewhat complement 
STN-DBS. A further compilation of their long-term experience using different multi-
target approaches for DBS, including combined CM-Pf and GPi/STN-DBS, also showed 
a similar additional effect on tremor and motor UPDRS subscores, though this effect 
diminished over the longer term.152,173 After these explorative studies, there is a rather 
abrupt paucity in the study of CM-Pf DBS for PD, possibly because of a shift in focus 
towards other targets, including the pedunculopontine nucleus, which has well-known 
connections with the Pf.152,174 Since then, the literature on CM-Pf for movement 
disorders is limited to a single case-study for a patient with essential tremor.164

Future of the intralaminar thalamus for the treatment of Parkinson’s 
disease
DBS of the CM-Pf might be a possible ‘add-on’ in the treatment of specific symptoms 
that are resistant to DBS of more established targets, including the STN and GPi.152 
Evidence from studies in humans confirms that ablation or CM-Pf DBS alone is not a 
suitable strategy for the treatment of PD symptoms. Moreover, there seems to be too 
limited evidence to make any conclusions about the use of a multi-target strategy that 
includes the CM-Pf complex in PD. While some reports clearly show that CM-Pf DBS 
has beneficial effects on tremor and sometimes results in a reduction of dyskinesias, 
these salient effects might also depend on the spread of current to other thalamic 
targets. For now, there is a consensus that STN and GPi are the most effective DBS 
targets for the treatment of the key motor symptoms of PD. Nevertheless, the CM-Pf 
remains a structure of interest, since new evidence shows that it might be associated 
with a variety of non-motor symptoms that are inherent to different movement 
disorders.158
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Figure. 2. Different (hypothetical) working-mechanisms of ablation/neurostimulation of 
the intralaminar thalamus in a coronal slice through the brain and basal ganglia. Upper left 
image: Course of the medial and lateral pain pathways, in which the medial pain pathway 
travels through the CM-Pf of the intralaminar thalamus and ascending pain signals are 
suppressed by neurostimulation. Upper right image: Responsive-neurostimulation in epilepsy 
in which signs of epilepsy are registered by a cortical strip lead that directly activates the 
neurostimulator to send an ‘epilepsy blocking’ intralaminar signal through the brain electrode. 
Lower left image: DBS in DOC. On the left hemisphere: a situation in which loss of striatal 
output results in a negative-feedback loop and excessive (pallidal) inhibition of the thalamus. 
On the right hemisphere: a situation in which this negative-feedback loop is breached by 
neurostimulation. Lower middle image: DBS in GTS. On the left hemisphere: a situation in 
which striatal ‘overactivity’ eventually results in inhibition of the GPi and excitation of the 
thalamus and, thereby, excessive (sub)cortical activity. On the right hemisphere: a situation in 
which intralaminar neurostimulation inhibits this excessive overactivity. Lower right image: 
DBS in Parkinson’s disease. On the left hemisphere: classical model of Parkinson’s disease, 
in which there is excessive inhibition of the thalamus by the GPi, secondary to a decreased 
excitatory drive from the STN and decreased inhibitory input from the putamen. On the right 
hemisphere: a situation in which neurostimulation restores this aberrant thalamic outflow. 
Upper middle image: Schematic 3D drawing of the relationship of the individual intralaminar 
nuclei (also see Mai et al.).15

Abbreviations in 2D-image: CN = caudate nucleus, CM-Pf = centromedian-parafascicular complex, 
GPE = globus pallidus externus, GPI = globus pallidus internus, P = putamen, SN = substantia nigra, 
STN = subthalamic nucleus, VPM = ventral posteromedial nucleus, VPL = ventral posterolateral nucleus. 
Abbreviations in 3D-image: A = anterior thalamic nucleus, CeM = central medial nucleus, CL = central 
lateral nucleus, IML = lamina medullaris interna, LD = lateral dorsal nucleus, LG = lateral geniculate 
nucleus, LP =lateral posterior nucleus, MD = mediodorsal nucleus, MG = medial geniculate nucleus, 
Pc = paracentral nucleus, VA = ventral anterior nucleus, VL = ventral lateral nucleus, P = pulvinar, 
TR = thalamic reticular nucleus.
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DISCUSSION
The intralaminar thalamus, consisting of a densely populated area of nuclei, has long 
served as an important target in functional neurosurgery for various neurological 
disorders. A wide variety of both animal and human studies have been performed 
from the early start of stereotactic neurosurgery, the results of which are sometimes 
difficult to interpret because of heterogeneous use of thalamic nomenclature, limited 
study follow-up, and the fact that lesions or DBS often involve multiple nuclei or even 
different parts of the thalamus. Though the intralaminar thalamus was once thought 
to represent ‘a forgotten component of the great loop of connections joining the 
cerebral cortex via the basal ganglia’ it is regaining renewed attention.175,176 As outlined 
by the present review, ablation and DBS of different components of the intralaminar 
thalamus have long been studied in the treatment of pain, epilepsy, GTS, DOC, and 
a variety of movement disorders. Throughout the years, different hypotheses have 
been developed about the working mechanism of ablation and stimulation in these 
disorders (see Fig. 2). However, functional neurosurgery of the intralaminar thalamus 
remains still underexplored and, as of yet, has not become a clinical standard in most 
of the above-described conditions. Nevertheless, the intralaminar thalamus still 
attracts ongoing attention. For instance, there is a resurrection of interest in the use 
of CM-Pf and CL as targets for both ablation and DBS in the treatment of pain. In 
particular, the intralaminar thalamus is attractive with the advent of less-invasive 
lesion techniques in combination with the fact that it is considered a safe zone for 
these interventions with few side effects. Moreover, recent long-term follow-up results 
of CM-Pf DBS show that the target may be a useful treatment option in addition to, for 
instance, the somatosensory thalamus in selected patients with severe and medically 
refractory neuropathic pain. The CM-Pf complex also remains an important target 
in the treatment of epilepsy and may still be a useful alternative target in addition to 
the FDA-approved ANT. Randomized controlled trials that compare both targets for 
the control of generalized and focal forms of epilepsy are much awaited and remain 
necessary to make any conclusions about superiority between the two targets. The role 
of thalamic DBS in the treatment of GTS also needs further evaluation, in particular 
with regard to GPi DBS. For now, CM-Pf DBS or CL DBS is also still considered 
experimental in DOC, since therapeutic evidence of restoration of consciousness 
and purposeful behavior after severe brain injury remains limited. With promising 
evidence from animal studies, further exploration in patients with disturbances 
in arousal, cognition, or memory will undoubtedly follow in the coming years.147,177 
Finally, CM-Pf DBS seems to have a limited role in the treatment of movement 
disorders including PD. However, its use in these patients has, once again, returned to 
the background, most likely because of a combination of limited results and increasing 
benefits of DBS of more conventional targets. Future research will reveal if CM-Pf 

2
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DBS is effective as an additional treatment for the associative functional deficits that 
are often inherent to movement disorders and remain somewhat resistant to the more 
established targets.

The fact that stimulation and ablation of the intralaminar thalamus has beneficial 
effects in different neurological and psychiatric diseases implies the coexistence of 
different ablation/stimulation-dependent mechanisms on well-known thalamocortical 
and thalamostrial loops. From a ‘connectomic’ point of view, the intralaminar 
thalamus may be viewed as an integrative hub within different, more distant, and 
less densely connected brain networks.178 It seems to form a ‘funnel’ that integrates 
and spatially compresses information stemming from widespread brain regions. 
This explains why a single lesion or electrode in this small area of the brain can 
modulate different malfunctioning large-scale brain networks and, hypothetically, 
induce different (sub)cortical effects in various neurological and psychiatric disorders 
(as illustrated in Fig. 2). Though, for some indications, functional neurosurgery of 
the intralaminar thalamus seems to lead to significant therapeutic benefit at the 
group-level, there still remains a large heterogeneity in the effects of ablation and 
stimulation in individual patients. 179 Some authors have proposed that these variations 
in effect may be explained by the possibility that pathological brain networks are 
patient-specific and may vary between patients with the same disorder.178 By using 
new neurophysiological and neuroimaging tools, it may be possible to acquire more 
information about a patient’s individual disease-network profile. Information about 
a patient’s individual ‘symptom-network’ may eventually tailor which ‘funnel’ to 
target with functional neurosurgery. For which specific symptom(s) the intralaminar 
thalamus will be the most suitable funnel, remains a matter of research.

CONCLUSION
There is a relatively large body of early and more recent evidence that functional 
neurosurgery, including ablation and DBS procedures, can offer beneficial effects 
for patients with treatment-refractory pain, epilepsy, and GTS. However, there is 
no clinical consensus for the use of intralaminar thalamic nuclei in various other 
disorders as compared to more established targets, although comparative research 
would be much awaited. For several disorders, functional neurosurgery of the 
intralaminar thalamus is still evidently experimental, such as in patients with severe 
brain injury. Future research on the anatomy, physiology, and pathophysiology of the 
intralaminar thalamus and its relation to large-scale (malfunctioning) brain networks 
in different neurological and psychiatric disorders will allow for a more evidence-based 
approach for using the intralaminar thalamus in functional neurosurgery. With the 
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increasing accessibility of DBS and less invasive stereotactic techniques in different 
centers throughout the world, as well as the expanding use of new neurophysiological 
and neuroimaging techniques, more insights into this enigmatic brain region will be 
gained rather sooner than later.
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SUPPLEMENTARY MATERIAL: STUDIES ON ABLATION AND DBS 
OF THE INTRALAMINAR NUCLEI OF THE THALAMUS 
(*For references: see supplementary table references)
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ABSTRACT
Deep brain stimulation (DBS) of the central thalamus is an experimental treatment 
for restoration of impaired consciousness in patients with severe acquired brain 
injury. Previous results of experimental DBS are heterogeneous, but significant 
improvements in consciousness have been reported. However, the mechanism of 
action of DBS remains unknown. We used magnetoencephalography to study the 
direct effects of DBS of the central thalamus on oscillatory activity and functional 
connectivity throughout the brain in a patient with a prolonged minimally conscious 
state. Different DBS settings were used to improve consciousness, including two 
different stimulation frequencies (50 Hz and 130 Hz) with different effective volumes 
of tissue activation within the central thalamus. While both types of DBS resulted in 
a direct increase in arousal, we found that DBS with a lower frequency (50 Hz) and 
larger volume of tissue activation was associated with a stronger increase in functional 
connectivity and neural variability throughout the brain. Moreover, this form of DBS 
was associated with improvements in visual pursuit, a reduction in spasticity, and 
improvement of swallowing, eight years after loss of consciousness. However, after 
DBS, all neurophysiological markers remained significantly lower than in healthy 
controls and objective increases in consciousness remained limited. Our findings 
provide new insights on the mechanistic understanding of neuromodulatory effects of 
DBS of the central thalamus in humans and suggest that DBS can re-activate dormant 
functional brain networks, but that the severely injured stimulated brain still lacks 
the ability to serve cognitive demands.
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INTRODUCTION
Severe acquired brain injury can result in a prolonged disorder of consciousness 
(PDOC), such as the minimally conscious state (MCS), one of the most dramatic 
chronic conditions in medicine. MCS is characterized by partial preservation of 
consciousness, expressed in patients by inconsistent non-reflexive reactions, such as 
visual pursuit, object manipulation, recognizable yes–no responses, and/or command 
following.1,2,3 MCS is subcategorized, based on the complexity of the observed 
behaviors, in MCS- with low-level behavioral responses (visual pursuit, localization 
of noxious stimulation) and MCS%+%with high-level language-dependent responses 
(command following, intelligible verbalizations, intentional communication).4,5 
Although patients show discernable purposeful behavior and exhibit signs of minimal 
self-awareness and awareness of their environment, they are incapable of adequate and 
consistent responses to the outside world. Medical care for these patients is mainly 
supportive, as treatment options remain scarce.6

Since the early 1960’s there have been several attempts to use deep brain stimulation 
(DBS) to improve behavioral performance in patients with PDOC.7,8 Most previous 
studies in humans describe heterogeneous patient populations with different forms of 
severe brain injury and clinical results of the procedure vary from literally no effects of 
stimulation to rather spectacular improvements of consciousness.8,9,10,11 In the majority 
of these cases, the nuclei of the central thalamus, including the centrolateral (CL) 
and centromedian-parafascicular complex (CM-Pf) were stimulated, based on the 
hypothesis that DBS of these nuclei may result in re-activation of damaged central 
thalamic outflow tracts and, therefore, may restore dysfunctional neurocircuits 
involved in arousal regulation.7,10,12 The pivotal role of the central thalamus in the 
regulation of arousal and the possibility of modulating arousal through its fiber 
pathways using neurostimulation is now demonstrated in an increasing corpus of 
evidence, mainly derived from animal research.13,14,15,16,17 Yet, it remains unknown 
what the exact mechanisms of DBS in humans are responsible for its effects on 
consciousness and why these effects are so variable8.

In the current open-ended exploration, we set out to study the clinical and 
neurophysiological effects of central thalamic DBS in a single patient with prolonged 
MCS, more than eight years after brain injury. We conducted an experimental trial 
of 24 months of DBS targeted at the CM-Pf (see methods), with different stimulation 
settings, varying in pulse-width and frequency (50 Hz versus 130 Hz), and used 
magnetoencephalography (MEG) to measure the DBS-induced changes in relative 
band power, frequency-specific functional connectivity, and neural variability, which 
are measures used to characterize neuronal activity and functional interactions 
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between brain regions.18 MEG is a technique that uniquely allows the study of direct 
stimulation-induced changes in oscillatory activity with an excellent spatial and 
temporal resolution.19 The evidence from the MEG recordings is used to propose 
hypotheses that explain the effects of DBS in patients with PDOC after severe brain 
injury.

RESULTS

Clinical results
At baseline, this patient scored 9–14 on the Coma Recovery Scale-Revised (CRS-
R), meaning a baseline MCS- condition. After starting monopolar high-frequency 
stimulation (130 Hz; 60 µsec) with the more ventral contact points as cathode, situated 
in the central region of the thalamus, a direct improvement was seen in arousal after 
reaching a minimum current of 1 mA. These arousal effects included direct pupillary 
dilation, raising of the otherwise flexed head, increased respiratory rate, and signs of 
active visual pursuit throughout the room. These arousal effects became increasingly 
evident when the current was raised to a level of 4 mA. At this level, we observed some 
signs of purposeful behavior, such as visual interaction with her father (smiling and 
following him through the room), though these signs remained short-lived (minutes) 
and could not be reproduced by the clinical investigator/assessor. After various 
trials of DBS with different contact points, it was decided to set the stimulator on at 
contact points 3L and 11R, encircling the central nuclei of the thalamus, and to use 
a cycling mode consisting of 30 min on and 90 min off stimulation. The stimulator 
was turned on in the morning and off at night by her family. During the following 
months, the family reported signs of increased instances of visual pursuit during 
the day, a decrease of spasticity in both arms and legs, and a significant reduction 
of paroxysmal sympathetic hyperactivity she usually experienced, such as sweating 
episodes. We decided to wait for the recurrence of signs of awareness and possible 
signs of ‘upregulation’ of behavior as previously described by other authors11. During a 
period of six months, stimulation parameters were intermittently changed according 
to observations of behavioral performance by her family. These changes included 
changes in current, as well as in cycling periods (for study design and stimulation 
parameters see Supplementary Fig. 1 and Supplementary Table 1). However, after 
these six months, it was concluded that there were no persistent beneficial changes 
in behavioral performance with 130 Hz DBS. Therefore, it was decided to switch to 
monopolar lower frequency stimulation (30 Hz; 450 µsec). After changing the settings, 
once again, a direct and strong arousal effect was seen, as well as evidence of the 
return of visual pursuit. Moreover, it was observed that she could perform small 
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tasks on request, such as sticking out her tongue, or moving a finger, though these 
reactions could not consistently be elicited. A trial episode was started at 2.5 mA on 
contact points 2 and 3L and 10 and 11R, with a cycling mode consisting of 90 min 
on and 30 min off. After two months, it was decided to add stimulation during the 
nights. However, after a couple of days, it was observed that the patient could not 
sleep at night and kept her eyes open, which caused excessive sleepiness during the 
day. Thereafter, DBS was discontinued at night and started in the mornings. In the 
following months, the frequency was increased to 50 Hz and the current was slowly 
raised to 3 mA with reports of increased arousal, visual pursuit, return of swallowing, 
and reduction of spasticity. The signs of increased arousal and visual pursuit, such 
as recognition of family members, were directly seen after starting the stimulation 
in the morning and only present during moments of stimulation (see Supplementary 
Video). After discontinuation of stimulation, arousal effects slowly, but progressively 
vanished, usually within 30 min to 1 h. Therefore, the daytime cycling mode was 
changed to continuous stimulation. The improvement in swallowing and reduction 
of spasticity were more permanent and also observed by her speech therapist and 
physical therapist. Nevertheless, at the end of the trial, no signs of a persistent return 
of behavioral performance were observed using the CRS-R. The eventual CRS-R at 24 
months after implantation remained between 9 and 12, which matches her baseline 
CRS-R (for subscores, see Supplementary Table 2).

Neurophysiological results
The MEG source-space spectral analysis of the pre-DBS situation, the post-
implantation situation with stimulation turned off (resting-state before stimulation), 
and active DBS turned on in both lower (50 Hz) and higher frequency (130 Hz) 
settings revealed no differences in relative band power. In contrast, there were several 
differences in functional connectivity throughout the brain between the four above-
described situations and between the patient and the healthy controls. There was 
significantly lower functional connectivity in all frequency bands between this patient 
in the pre-DBS situation and healthy controls (see Figs. 1 and 2, also for p-values). 50 
Hz stimulation was associated with a significant increase in functional connectivity 
in all frequency bands, both compared to the DBS off state as well as compared to 
the period of higher frequency DBS. However, the levels of functional connectivity 
after 50 Hz stimulation were still significantly lower than those observed in healthy 
controls. 130 Hz stimulation resulted in a relatively limited increase in alpha2 
functional connectivity only, and it remained significantly weaker than following 
lower frequency stimulation. Moreover, small significant differences in functional 
connectivity were observed between the pre-DBS and post-DBS off situation, such 
as a small increase in alpha1 functional connectivity, and a decrease in beta-band 
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functional connectivity in the post-DBS off condition. The above-described differences 
in functional connectivity were seen throughout the brain with some differences in 
frontal, parietal, and occipital areas that are variable between different frequency 
bands (see Fig. 2 and Supplementary Material Fig. 2). Specifically, 50 Hz DBS was 
associated with some increase of functional connectivity in (especially the right) 
frontoparietal and occipital areas.

Figure 1. Functional connectivity (FC) in four different conditions in the patient, and 
for healthy controls (HC). Red bars: median values and interquartile range. Upper left: 
theta FC; upper right: alpha1 FC; lower left: alpha2 FC; lower right: beta FC. **p%<%0.01. 
AEC = AECc = corrected amplitude envelope correlation, before DBS = before implantation 
DBS, low freq = deep brain stimulation at 50 Hz/450 µsec, DBS high freq = deep brain 
stimulation at 130 Hz/60 µsec, DBS off = resting-state before stimulation.
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Figure 2. MEG functional connectivity (AECc) for the four different conditions in the patient, 
and for healthy controls (HC) displayed as a color-coded map on a parcellated template brain, 
viewed from above. For visualization purposes, only cortical brain regions are displayed. From 
top to bottom: theta, alpha1, alpha2, and beta-band functional connectivity. Note that different 
colorbars were used for the different frequency bands. Before DBS = before implantation DBS, 
DBS low freq = deep brain stimulation at 50 Hz/450 µsec, DBS high freq = deep brain stimulation 
at 130 Hz/60 µsec, DBS off = resting-state before stimulation.

We also found significant differences in global neural variability between the different 
situations and between this patient and healthy controls (see Fig. 3 and Supplementary 
Material Fig. 3). The patient maintained significantly lower levels of neural variability 
within the brain in all frequency bands compared to healthy controls.
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Figure 3. Neural variability for four different conditions in the patient, and for healthy controls 
(HC). Red bars: median values and interquartile range. Upper left: theta FC; upper right: alpha1 
FC; lower left: alpha2 FC; lower right: beta FC. **p%<%0.01; ***p%<%0.001. Also see Supplementary 
Material Fig. 3 for regional differences. Before DBS = before implantation DBS, DBS low 
freq = deep brain stimulation at 50 Hz/450 µsec, DBS high freq = deep brain stimulation at 130 
Hz/60 µsec, DBS off = resting-state before stimulation.

Only 50 Hz stimulation was associated with a small, yet significant, increase in 
all frequency bands when compared with the other DBS conditions, except when 
compared with 130 Hz stimulation in the alpha bands, and when compared with the 
pre-DBS situation in the alpha2 band. 130 Hz stimulation was only associated with a 
significantly small increase in the alpha2 and beta-band compared to the DBS off state. 
However, all of these levels were still evidently lower than those observed in healthy 
controls. The analysis of regional differences between the different conditions showed 
variable changes in neural variability throughout the brain after stimulation, without 
a clear consistency in frequency bands to indicate involvement of specific brain areas 
(Supplementary Material Fig. 3).
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DISCUSSION

General discussion
In this study, we showed that DBS is associated with significant changes in functional 
connectivity and neural variability in MCS. DBS with a lower frequency (50 Hz) 
and larger volume of activation (VTA) was associated with a stronger increase in 
functional connectivity and neural variability. This increase in functional connectivity 
and neural variability after DBS was observed in all frequency bands and throughout 
the brain, suggesting a widespread reorganization of brain networks, though these 
neurophysiological markers remained significantly lower after DBS than observed in 
healthy controls. The increase in functional connectivity and neural variability was 
paralleled by direct increases in arousal and more subtle permanent improvements 
in visual pursuit, spasticity, and swallowing, though, no improvements in behavioral 
performance were observed. The return of arousal and some basic functions without 
an overall improvement of behavioral performance may indicate that some disrupted 
neural networks are re-activated by DBS, but that the injured brain still lacks the 
ability to adapt to changing cognitive demands. It may be indicative of the severity 
of the brain injury and represent a state in which the brain is unable to work as a 
coherent unit.

Some observations from this study correlate with other studies in patients with 
PDOC. We showed that functional connectivity in the resting-state of our patient 
was significantly lower for all frequency bands compared to resting-state examinations 
in healthy subjects. It is known that levels of functional connectivity are, more or 
less, inversely correlated with the severity of impairments in consciousness. For 
instance, UWS patients are known to have significantly lower levels of functional 
connectivity throughout the brain than those with MCS and patients recovering 
from severe brain injury show increasing levels of functional connectivity throughout 
their period of recovery.20,21,22 Previous studies with patients with PDOC have shown 
decreased levels of functional connectivity in specific brain networks, especially in 
frontoparietal networks, subcortical networks, and the default mode network, all 
believed to be involved in arousal regulation.23 However, in our analysis, there were 
only small regional differences in functional connectivity. Similar observations have 
been reported for neural variability. For instance, previous research has shown a loss 
of variability after severe brain injury.24,25 Neural variability is a measure of the ability 
of the brain to adapt to rapid changes in cognitive demands.26 It has been shown to be 
a much better correlate for behavior than traditional measures of neuronal oscillatory 
power.27,28 Awareness is thought to depend strongly on neural variability of large-
scale cortico-thalamo-cortical networks.29,30 The observation that, after DBS, neural 
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variability remains lower than in healthy controls may therefore indicate that, despite 
improvements in arousal, awareness is still significantly disturbed. The heterogeneity 
of brain damage possibly causes different levels of network disruption resulting in 
different baseline levels of functional connectivity and neural variability in each 
individual patient.31 This may mean that some patients may be more susceptible to 
the effects of thalamic DBS than others. It remains a matter of future research to 
define if pre-DBS levels of functional connectivity and neural variability may be used 
as biomarkers for a patient’s responsiveness to any neuromodulatory intervention.

Limitations
Our findings should be interpreted with some caution. Firstly, different stimulation 
parameters were used in our study and were based on previous clinical experience 
in other neurological conditions and clinical (side) effects during the titration phase 
of the study. The use of a different pulse width and frequency results in different 
effective electrical field sizes and corresponding VTA within the central thalamus (see 
Supplementary Material Fig. 4). Consequently, using different stimulation parameters, 
a different mix of (central) thalamic nuclei could have been stimulated, especially 
in a severely atrophic brain with a shrunken thalamus. Similar situations have been 
described in animal DBS research, in which a smaller thalamus, more densely packed 
with nuclei, is possibly more affected by nonspecific spreading of DBS currents near 
the surroundings of the intended target area.17 The reconstruction of the VTA’s of 
both stimulation frequencies shows a rather large area of stimulation, likely including 
both the CM-Pf, CL, and parts of other intrathalamic pathways that are involved in 
arousal regulation, such as the medial dorsal tegmental tract (see Supplementary 
Material Fig. 4 for a 3D overview of both VTA’s).16 The reconstruction also shows 
that the 50 Hz DBS regime, with a larger pulse-width, did not only extend more 
laterally, but also more ventrally than the 130 Hz DBS regime This could also allow 
for concomitant anti-dromic modulation of different brainstem nuclei that project 
into the intralaminar nuclei which are known to be involved in arousal regulation, 
including those from, for instance, the pedunculopontine arousal system that have a 
frequency effectiveness plateau around 40–60 Hz.32 Thus, although we intentionally 
targeted the DBS electrodes to the CM-Pf of the central thalamus using traditional 
stereotactic coordinates, the mechanism of action of the observed arousal and 
autonomic response and concomitant changes in functional connectivity/variability 
may also directly or indirectly involve areas well beyond the central thalamus itself. 
The differences that are observed between lower and higher frequency stimulation 
are somewhat surprising since previous DBS studies in both animals and humans 
mainly used stimulation at higher frequencies to increase arousal and even reported 
signs of behavioral arrest after (very) low-frequency stimulation.7,8,33 This may also 
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mean that the effects of stimulation are patient-specific and/or that the effects 
of neurostimulation differ between animals and humans. Secondly, this study is 
subject to performance confounding, meaning that if the behavioral performance is 
substantially different in two experimental conditions, as is the case for the pre- and 
post-DBS conditions, some measures of brain physiology might also differ between 
those conditions, thereby representing an epiphenomenon.21,34 Neurophysiological 
activity is well known to change under different behavioral conditions. For instance, 
the changes in the alpha-band associated with transitions between arousal states 
observed in the present study are consistent with the functional roles of alpha-band 
oscillations in the regulation of attention and information processing.35 Thirdly, during 
50 Hz stimulation, there were significant artifacts in the MEG signal, limiting its 
direct analysis. Therefore, for the analysis of 50 Hz stimulation, we were obliged 
to perform the analyses directly after cessation of the stimulation. These artifacts 
of DBS are well known in MEG research.36 Previous studies showed that the effects 
of stimulation can be reliably analyzed after cessation, and, because the effects of 
stimulation on arousal were relatively long-lasting (>%30 min after stimulation), we 
think that this potential limitation is negligible.36 Fourthly, arousal in patients with 
MCS varies during the day, which may complicate the comparison between conditions. 
These variations, including the 15 months interval between baseline and experimental 
MEG recordings, may contribute to the slight differences between the pre-DBS and 
post-DBS off-state in this patient. Lastly, statistics with n = 1 remain challenging and, 
since amplitude envelope data is non-Gaussian, we were restricted to non-parametric 
tests to evaluate differences between conditions. In addition, recordings were too 
short to perform robust trial-by-trial statistics. Hence, current statistical results 
should be interpreted with caution.

Ethical considerations
The decision to carry out research and perform an experimental neurosurgical 
procedure in a mentally incompetent patient was not made lightly. We specifically 
selected a subject in MCS instead of UWS, because MCS patients are known to have 
more intact, but ‘dormant’ cerebral networks that may be more susceptible to the 
effects of activation by neurostimulation.10,37 Previously, several ethical reasons have 
been proposed to continue treatment and the pursuit of higher levels of consciousness 
in patients with MCS that are known to have covert cognitive capabilities, but remain 
in affective and cognitive isolation.10,38,39 One of the most important purposes of DBS in 
this study was to improve the patient’s ability to interact with others in a meaningful 
manner, providing an opportunity for a more detailed assessment of her feelings and 
preferences and permitting the patient to assume a more active role in her treatment10. 
The patient’s family were the legal representatives of the patient and were actively 
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involved during the study, accompanying her with hospital visits, helping us in the 
evaluation of the effects of the DBS, and monitoring for possible signs of discomfort. 
To minimize burdensome travels for the patient and her family, follow-up took place 
at her home with both operating surgeons paying her multiple visits during the DBS 
titration phase. Though the primary goal of this study, improvement of behavioral 
performance, was not reached, there were improvements in her condition that were 
eventually considered meaningful by her family, including reduced spasticity, fewer 
periods of paroxysmal hyperactivity, and improvement of swallowing, which even 
allowed the patient to eat by mouth. These improvements were considered a benefit 
for the patient, since they seemed to reduce suffering. In the current patient, DBS 
was performed eight years after brain injury. One could hypothesize that performing 
DBS at an earlier stage could possibly have had more beneficial effects, for instance 
by reducing long-term complications of disorders of consciousness, such as spasticity, 
rigidity, contractures, and severe tongue/muscle atrophy.

CONCLUSION
In conclusion, this study shows that DBS can re-activate ‘dormant’ functional brain 
networks, but that the severely injured brain still lacks the ability to serve cognitive 
demands. This evidence provides more fundamental insight into the network-level 
mechanisms underlying DBS of the intralaminar thalamus and inspires future 
research on neurostimulation in patients with PDOC, especially on DBS in those 
patients who have more intact brain networks and residual dynamic properties of 
functional connectivity. A larger sample of patients is necessary to build further 
on our preliminary findings. International collaboration and clustering of cases in 
specialized centers will be vital to explore the possible application of DBS to restore 
function in this group of severely impaired patients.

METHODS

Ethical approval
The legal representatives of the patient gave written informed consent to the research 
protocol, which was approved by the medical ethical committee of the Amsterdam 
University Medical Centers (protocol number: NL58841.018.16). Moreover, written 
informed consent was obtained for publishing information/images/videos in an 
online open-access publication. Ethics review criteria conformed to the Declaration 
of Helsinki. No part of the study procedures or analysis plans was pre-registered in 
an institutional registry prior to the research being conducted.
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Clinical case description
A 38-year-old female without any relevant medical history sustained severe 
traumatic brain injury in a road traffic accident, eight years prior to this study. The 
initial Glasgow Coma Scale score was E1M4V2, after which she was intubated and 
transferred to the hospital. A CT-scan of the head revealed a left-sided occipital 
condylar fracture and multiple contusions in the dorsal mesencephalon, right basal 
ganglia, left thalamus, and periventricular areas. In addition, she sustained multiple 
bone fractures. Since there were no signs of significant mass effect or brain herniation, 
she only received an intracranial pressure monitor. MRI after one day showed signs 
of diffuse axonal injury (Adams grade III), including hemorrhagic components in 
the corpus callosum and cerebellar peduncles. She was sedated with propofol for 
several days in the Intensive Care Unit to reduce intracranial pressure. Intracranial 
pressure measurements remained low (<%20 mm Hg). After cessation of sedation, the 
patient remained behaviorally unresponsive. Her best GCS-motor score remained 4 
during the initial hospital admission. In the intensive care, she developed seizures, 
for which she was treated with anti-epileptic drugs, as well as episodes of paroxysmal 
sympathetic hyperactivity, for which she received clonidine and baclofen. She received 
a tracheostomy and jejunostomy, and after approximately one month, the patient 
was transferred to another hospital with a preliminary diagnosis of an unresponsive 
wakefulness syndrome (UWS), previously called vegetative state. After this short 
secondary hospitalization, she was transferred to a comprehensive inpatient brain 
injury rehabilitation program where physical, speech and related therapies were 
performed. During this inpatient rehabilitation course, her level of arousal improved 
and some evidence of following commands and short periods of coherent speech 
was reported by her family. However, her condition regressed to a state wherein only 
inconsistent command-following and pursuing eye movements were noted, indicating 
transition into MCS. She remained nonverbal and developed severe spasticity 
involving all four extremities. For the next seven years she received home care at 
her parental home. However, there were multiple acute care/hospital admissions for 
recurring pulmonary infections. Approximately eight years after the initial injury, the 
patient was re-admitted to our hospital for assessment of her clinical condition and 
enrollment in the current study.

On examination, the patient was alert and demonstrated spontaneous, though 
inconsistent, signs of visual fixation. The right pupil was minimally reactive and the 
left pupil was fixed. The oculomotor exam demonstrated disconjugate eye movements. 
Reflexes were hyperactive throughout. Some signs of sympathetic hyperactivity 
were still present, including excessive sweating, drooling, and recurrent episodes 
of tachypnea. The motor exam was notable for severe spastic contractures of all 
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four extremities with flexion at elbows, wrists, fingers, and knees. There were also 
equinovarus deformities involving both feet. The axial tone of neck musculature was 
severely reduced with a continuous flexion position of her neck. Command-following 
was inconsistent with some minor evidence of reactions to verbal and visual cues 
(turning her head towards voices or her family), although there was no adequate 
response to complex commands. She could not speak, nor communicate reliably 
with yes/no responses, though, at times, could stick out her tongue on request or 
imitation. EEG examination revealed no signs of epilepsy, with a background pattern 
with relatively little differentiation, predominantly fast activity, and signs of reactivity 
with eye-opening. A structural MRI revealed widespread cortical atrophy, including 
marked tissue loss in both frontal regions, as well as in the basal ganglia, thalamus, 
and mesencephalon. Medications during the study period remained unchanged 
and included amantadine and baclofen, drugs that are often given to patients with 
decreased levels of consciousness to reduce spasticity and increase daytime arousal.

Clinical assessments
The current explorative study was designed to evaluate the clinical and 
neurophysiological effects of DBS of the central thalamus in a patient in MCS for the 
duration of 24 months (see Supplementary Material Fig. 1 for study design). After 
inclusion in the study, one month before DBS implantation, four separate baseline 
assessments of the level of consciousness were done using the Coma Recovery Scale-
Revised (CRS-R). The CRS-R is the most recommended assessment scale for level of 
consciousness determination in PDOC patients.40,41,42 It is a compound scale covering 
the domains of auditory, visual, motor, and verbal function, responsiveness, and 
arousal. The total score ranges from 0 (worst) to 23 (best) with specific subscores 
that can individually denote MCS-, MCS%+, or emergence from MCS. Since the CRS-R 
has a ceiling effect, video recordings were performed to qualitatively capture the 
full spectrum of behavioral changes. The CRS-R examinations and video recordings 
were performed in the patient’s parental home to avoid unnecessary hospital visits. 
At the end of the study, 24 months after DBS implantation, four additional CRS-R 
examinations and video recordings were made to assess the clinical changes after 
long-term stimulation.

Surgical strategy: implantation of DBS electrodes
Before surgery, the patient underwent a 3T stereotactic MRI (Siemens, Malvern, 
Pennsylvania, USA), including axial T2-weighted and post-gadolinium (Gd) volumetric 
axial T1-weighted sequences. Pre-operative CM-Pf targets were determined from 
the mid-commissural point on anterior–posterior (AC-PC) aligned MRI images. 
Target planning for the central thalamus (intentionally aimed at the CM-Pf complex 
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using traditional stereotactic methods) was optimized, based on the width of the 
third ventricle with final coordinates: 9.8 mm lateral, 9.5 mm posterior, and 2.8 
mm ventral to the midcommissural point. Planned trajectories were inspected to 
be pre-coronal, start on top of a gyrus, and to avoid ventricles and blood vessels. 
18F-fluorodeoxyglucose (FDG)-PET/CT brain imaging was performed on a Siemens 
PET/CT system (Biograph mCT FlowTrue-V-128), conform European Association of 
Nuclear Medicine guidelines, to confirm the presence of FDG-uptake in the center of 
the anticipated target area (see Fig. 4).43

Figure 4. Left panel: intra-operative planning MRI with trajectories. Middle panel: 18F-FDG 
PET-scan of target areas, including planned trajectories. Right panel: post-operative CT-scan 
with electrode localization.

More specifically, FDG images were acquired for 10 min, starting at 30 min after 
bolus intravenous injection, and low-dose CT was used for attenuation correction. 
Images were reconstructed iteratively with point-spread function and time-of-
flight modelling, and a 2-mm full-width at half-maximum Gaussian filter. Planning, 
including fusion of the MRI and PET was done using Brainlab Elements software 
(Brainlab AG, Munich, Germany, version 3.2.0.281).
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On the day of the surgery, a Leksell stereotactic frame (G-model, Elekta Ab, 
Stockholm, Sweden) was placed under general anesthesia and the patient was 
transported to the 1.5T MRI, where a frame-based stereotactic MRI was obtained. 
After fusion with the pre-operative 3T MRI, stereotactic coordinates of the planned 
targets were obtained. The patient was returned to the operating room and burr holes 
were made. A rigid macrostimulation electrode (Elekta) was inserted into the left 
and right target and replaced by a Boston Vercise™ Cartesia lead with eight 1.5 mm 
contact points separated by 0.5 mm interspaces (model DB2202, Boston Scientific, 
California, USA) under fluoroscopy. Left-sided ventral-to-dorsal contacts encoded 1–8 
and right-sided ventral-to-dorsal contacts encoded 9–15. Subsequent implantation of 
a corresponding Boston Vercise™ pulse generator was done in a subcutaneous pocket 
in the infraclavicular region under general anesthesia in the same surgical session. 
One day after the operation, a CT-scan was made and co-registered to the MRI for 
lead localization. The patient was discharged two days after surgery.

Clinical follow-up and DBS ‘titration’
Two weeks after discharge, the pulse generator was turned on. During this 
experimental ‘titration-session’, a wide variety of settings was used to carefully 
study the direct effects of DBS on arousal, and to rule out any discomfort or aberrant 
neurological symptoms. Similar to DBS in movement disorders, programming was 
started with monopolar high-frequency stimulation (130 Hz; 60 µsec). Thereafter, the 
patient was visited multiple times and slight adjustments in DBS settings were made 
to test the effects on arousal and rule out any discomfort or aberrant neurological 
symptoms (for an overview see section Clinical Results and Supplementary Table 
1). Changes in behavioral performance were directly evaluated. Additional visits 
were made at the request of the family when signs of behavioral responsiveness 
or deterioration were noted throughout the study period. After one year of high-
frequency stimulation, a switch was made to a lower frequency setting (30 Hz; 450 
µsec, similar to periaqueductal gray DBS in chronic pain), since a significant change 
in behavioral performance remained absent. Once again, different stimulation 
parameters were studied (see Supplementary Table 1). Finally, a switch to monopolar 
50 Hz stimulation was made, which, after clinical evaluation, was considered the 
optimal setting (50 Hz; 450 µsec; 2.5 mA). Fifteen months after DBS implantation, 
and after using the various stimulation parameters, MEG studies were performed to 
evaluate the neurophysiological profiles of both stimulation settings. The effective 
electrical field size of both DBS regimes was visualized by calculating the volume of 
tissue activated (VTA) in Brainlab’s Guide-XT software module (Brainlab AG, Munich, 
Germany, version 3.2.0.281) (see Supplementary Material Fig. 4).
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MEG data-acquisition and pre-processing
The MEG recordings were obtained in a magnetically shielded room in a supine 
resting-state condition. Pre-DBS, 30 min of MEG data had been recorded as a reference 
for further research. Fifteen months after implantation, multiple post-DBS datasets 
were recorded, starting with another resting-state condition without stimulation (the 
“DBS off” condition). The stimulator had been off for 12 h. Hereafter, the DBS was 
turned on, starting with low-frequency (50 Hz; 450 µsec; 2.5 mA) stimulation. After 
10 min of recording, the DBS was turned off and a wash-out period followed (five 
minutes), which was also recorded since 50 Hz stimulation causes artifacts in MEG 
signal. Then the patient was removed from the magnetically shielded room for more 
than an hour, which was considered a normal wash-out period for all arousal effects of 
low-frequency stimulation. The DBS was then changed to the higher frequency setting 
(130 Hz; 60 µsec; 2.5 mA) and another 10-min MEG recording followed, succeeded by 
another wash-out recording of five minutes.

MEG data were recorded using a 306-channel whole-head system (Elekta Neuromag 
Oy, Helsinki, Finland) with a sampling frequency of 1250 Hz and online anti-aliasing 
(410 Hz) and high-pass filtering (0.1 Hz). The head position relative to the MEG sensors 
was recorded continuously using the signals from five head position indicator (HPI) 
coils. The HPI positions and the outline of the patient’s scalp (around 500 points) 
were digitized before the MEG recording using a 3D digitizer (Fastrak, Polhemus, 
Colchester, VT, USA). The patient’s MEG data were co-registered to her structural 
MRI, using a surface-matching procedure with an estimated resulting accuracy 
of 4 mm44. This structural MRI of the head had been obtained two months before 
the baseline MEG session as part of clinical care, using a 3T Siemens MRI scanner 
(Siemens, Malvern, Pennsylvania, USA).

For MEG source-level analysis, extra processing steps were undertaken. The MEG 
data were first cleaned using both spatial and temporal filtering, after which the 
sensor-level data were projected to source-space using an atlas-based beamformer. 
Neuronal activity (relative power and variability) and functional connectivity were 
quantified at the source-level. In more detail, bad channels and data segments were 
first removed after visual inspection of the data. Thereafter, the temporal extension of 
Signal Space Separation (tSSS) in MaxFilter software (Elekta Neuromag Oy, version 
2.2.15) was applied using standard settings: a correlation limit of 0.9, and a sliding 
window of 10 s.45,46 The automated anatomical labeling (AAL) atlas was used to label 
the voxels in 78 cortical and 12 subcortical regions of interest (ROIs).47,48 This was done 
by registering the anatomical T1-weighted image to an MNI template and labeling all 
voxels according to the 90 ROIs. Subsequently, an inverse registration to anatomical 
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subject space was performed. We used each ROI’s centroid voxel as a representative 
for that ROI49. Subsequently, a scalar beamforming approach (beamformer, version 
2.1.28; Elekta Neuromag Oy), similar to Synthetic Aperture Magnetometry (Robinson 
and Vrba, 1999) was used to project the sensor-level data to these centroids. The 
beamformer weights were based on the covariance of the recorded time-series within 
a 0.5–48 Hz frequency window and the forward solution (lead field) of a dipolar source 
at the centroid voxel location, and using a single sphere head model fitted to the 
MRI scalp surface as extracted from the co-registered MRI.50 Source orientation that 
maximized the beamformer output was obtained using eigenvalue decomposition.51 
Singular value truncation was used when inverting the data covariance matrix to 
deal with the rank deficiency of the data after SSS (∼%70 components). Broadband data 
(0.5–48 Hz) were projected through the normalized beamformer weights52, resulting 
in a broadband time series for each centroid of the 90 ROIs.49

The amount of data used for further analysis was determined by the amount of artifact-
free data (based on visual inspection by PT) for any of the four conditions (pre-DBS, 
DBS off, DBS low-frequency stimulation, DBS high-frequency stimulation). Based on 
this, we kept the amount of data the same for all conditions (4.5 min). For analysis of 
low-frequency stimulation, we used the MEG dataset during the washout phase, the 
first minutes directly after cessation of stimulation, since low-frequency stimulation 
was associated with a direct MEG-artefact, which limited its interpretation. MEG-
based functional connectivity (see below) for the patient (in all conditions) was 
compared with the average functional connectivity obtained from healthy volunteers. 
Based on gender and age, we selected out of a previously published dataset of healthy 
volunteers all females of approximately the same age as this patient.49,53 This resulted 
in six healthy age-matched females (mean age of 39), who had all undergone one five-
minute, eyes-closed, resting-state MEG recording. Data acquisition, pre-processing, 
and analysis was performed in the same way as for the patient dataset.

MEG: estimation of functional connectivity and neural variability
We estimated power spectral densities using a Fast Fourier Transform (FFT) after 
applying a Hanning window. To this end, we used overlapping epochs of 3.2 s (4096 
samples). Power spectral densities were averaged over all ROIs and epochs. We 
defined frequency bands as follows: theta (4–8 Hz), alpha1 (8–10 Hz), alpha2 (10–13 
Hz), and beta (15–25 Hz). The choice for this range for the beta band was justified 
by the presence of artifacts in the data with frequency components above 25 Hz for 
recordings during which DBS was on. Functional connectivity was estimated using 
the amplitude envelope correlation (AEC) from band-pass filtered time-series.54 The 
AEC captures co-fluctuations in modulations of the amplitude envelope. Pairwise 
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orthogonalization was first performed to reduce the effects of signal leakage prior 
to connectivity estimation.55,56 The amplitude envelopes were extracted from the 
analytical signal obtained from the Hilbert transform for every band-pass filtered 
time series. No further smoothing or downsampling was applied to the amplitude 
envelopes. Input to the AEC computation was the total amount of artifact free data 
(4.5 min for all conditions, see above), hence data was not fed in short epochs to 
the AEC computation. Pearson correlations between amplitudes envelopes were 
computed. The implementation of the AEC was the same as in Brookes et al.57 The AEC 
was calculated for all possible pairs of ROIs, resulting in a 90%×%90 weighted adjacency 
matrix that contained the functional connectivity values between all pairs (with a 
potential range of values between%−%1 and 1). Averaging over rows in this weighted 
adjacency matrix subsequently led to one mean functional connectivity value per ROI 
(i.e., the average functional connectivity of that ROI with the rest of the brain) per 
condition. Further averaging across mean connectivity values per ROI resulted in the 
global (whole-brain) functional connectivity for that condition.

Past work has shown that fluctuations in the amplitude envelope coincide with 
strong functional connectivity, i.e., periods of high amplitude envelope could serve 
as a window of opportunity for ongoing functional connectivity.58 Hence, as the AEC 
captures co-fluctuations in the amplitude envelope, we lastly estimated the variability 
of the amplitude envelopes in the context of neural variability.26 Neural variability was 
quantified in terms of the detrended standard deviation of the amplitude envelope for 
every ROI. We first subtracted the mean from every time series for every ROI, after 
which we computed the standard deviation (based on the total amount of artifact free 
data without dividing the data into epochs).59 The lower limit for values for detrended 
standard deviation is zero and the upper limit is determined by the range of the 
values for every time series. Power spectral density, neural variability, and functional 
connectivity analyses were performed in MATLAB 2018b (Mathworks; 9.1.0.441655) 
using in-house scripts.

Statistics
We compared the mean AEC between the different conditions (average over rows 
and columns in the AEC matrix). Since values between conditions were dependent 
and non-Gaussian we used a non-parametric permutation test to assess differences 
between the means.60 Note that we obtained one AEC matrix per condition. The 
genuine difference in mean AEC between two conditions was compared to a null 
distribution of mean differences of surrogate data. A null distribution was obtained 
as follows: (i) starting points were two AEC matrices from condition one (AEC1) and 
two (AEC2); (ii) we then created two dummy matrices A and B. We assigned a value to 
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an entry i,j in the dummy matrix A by randomly selecting a value from either AEC1(i,j) 
or AEC2(i,j). Here, i, j were the same for dummy matrix A and AEC1 and AEC2. This 
was done for all matrix entries of dummy matrix A; (iii) the entries from AEC1(i,j) 
or AEC2(i,j) that were not selected for dummy matrix A were used to create dummy 
matrix B. Again, matrix elements i,j in dummy matrix B were only assigned by matrix 
values from AEC1(i,j) or AEC2(i,j) with the same index i,j; (iv) we computed the mean 
for every dummy group (average over rows and columns of A or B) and their difference 
was added to the null distribution; (v) this procedure was repeated 100,000 times to 
obtain a null-distribution of mean differences. The genuine difference between the 
mean values was assumed to be significant if this value was in the right 2.5% tails of 
the distribution. The same test was used to test a difference between healthy controls 
and subject-specific condition, with the difference that we used the average AEC 
matrix across healthy controls as input rather than individual matrices. The same 
test was also used for neural variability, with the difference that we created a null 
distribution based on the mean difference of two dummy vectors and not dummy 
matrices. We performed correction for multiple tests using the False Discovery Rate 
(80 tests: 2 (number of metrics)%×%(5|2) (number of comparisons between conditions/
groups)%×%4 (number of frequency bands)).

Data availability
The MEG datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.
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SUPPLEMENTARY MATERIAL

Supplementary figure 1. Study design.
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Supplementary figure 2. Reconstructed functional connectivity matrix with the connections 
for each region of interest for the different frequency bands (for regions see supplementary table 
3). Blue = regions with low or negative connectivity, yellow = regions with high-connectivity. 
From top to bottom: theta, alpha1, alpha2, and beta-band. Note the appearance of four blocks 
in the matrices for several frequency bands. These blocks are formed by connections between 
parietal-occipital regions. Note that different color bars were used for the different frequency 
bands. Before DBS = before implantation, DBS on low freq = deep brain stimulation at 50 Hz/450 
µsec, DBS on high freq = deep brain stimulation at 130 Hz/60 µsec, DBS off = resting-state 
before stimulation. 
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Supplementary figure 3. Neural variability for the four different conditions compared to 
healthy controls (HC) displayed on a parcellated template brain, viewed from above. For 
visualization purposes, only cortical brain regions are displayed. From top to bottom: theta, 
alpha1, alpha2, and beta-band neural variability. Note that different color bars were used for 
the different frequency bands. Before DBS = before implantation, DBS low freq = deep brain 
stimulation at 50 Hz/450 µsec, DBS high freq = deep brain stimulation at 130 Hz/60 µsec, DBS 
off = resting-state before stimulation.

3
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Supplementary figure 4. Effective electrical field sizes of low- (50 Hz) and high-frequency 
(130 Hz) DBS reconstructed using Brainlab’s Guide-XT software and automated postoperative 
electrode localization. Left panel and upper right panel: axial MRI slice showing the Boston 
Scientific DB2202 electrode with 8 contact points localized in the central thalamus with the 
CM-Pf as target. The purple circle represents the volume of tissue activated (VTA) of low-
frequency stimulation (50 Hz; 450 µsec; 2.5 mA) on contact points 2 and 3L and 10 and 11R. The 
blue circle represents the (smaller) VTA of high-frequency stimulation (130 Hz; 60 µsec; 2.5 mA) 
of the same contact points. Lower right panel: 3D-automated reconstruction of both VTA’s.



103

Clinical and neurophysiological effects of central thalamic deep brain stimulation

Supplementary table 1. Programming schedule (‘titration’)

Phase of study Programming parameters

Start 130 Hz; 60 µs; 4 mA; cycling-mode (30 minutes on/90 minutes off); Off at 
night; contact points 3L and 11R.

1 month Change in cycling-mode (60 minutes ON/60 minutes off).

1.5 months Change in cycling mode (90 minutes on/30 minutes off).

2 months Turning cycling-mode off. Stimulator on at daytime and still off at 
nighttime.

6 months Switch to 30 Hz; 450 µs; 2.5 mA; Off at night; contact points 2 and 3L and 10 
and 11R.

8 months Change to contact points 6 and 7L and 14 and 15R. Stimulation day and 
night on (eventually discontinued stimulation during the night).

10 months Change to contact points 2 and 3L and 10 and 11R. Raise to 3mA. Turning 
on cycling-mode (90 minutes on/30 minutes off).

12 months Switch to 50 Hz; 450 µs; 2 mA; cycling-mode (90 minutes on/30 minutes 
off); contact points 2 and 3L and 10 and 11R

14 months Change to continuous stimulation at daytime and off at nighttime.

14-24 months Continuation of 50 Hz; 450 µs; 2-3 mA

Supplementary table 2. CRS-R subscores pre- and post-DBS

Pre-DBS Post-DBS

#1 #2 #3 #4 #1 #2 #3 #4

Auditory 
function scale 2 2 1 1 1 2 2 1

Visual 
functional scale 3 3 3 3 3 3 3 3

Motor function 
scale 5 1 2 2 5 1 1 5

Oromotor/verbal 
function scale 2 2 2 1 1 1 1 1

Communication 
scale 0 0 0 0 0 0 0 0

Arousal scale 2 2 2 2 2 3 2 2

Total score 14
(MCS-)

10
(MCS-)

10
(MCS-)

9
(MCS-)

12
(MCS-)

10
(MCS-)

9
(MCS-)

12
(MCS-)

3
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Supplementary table 3. Regions of the AAL-atlas, with cortical regions ordered according to 
(Gong et al., 2009). 43

AAL atlas

Frontal lobe

1 Rectus_L 40 Rectus_R

2 Olfactory_L 41 Olfactory_R

3 Frontal_Sup_Orb_L 42 Frontal_Sup_Orb_R

4 Frontal_Med_Orb_L 43 Frontal_Med_Orb_R

5 Frontal_Mid_Orb_L 44 Frontal_Mid_Orb_R

6 Frontal_Inf_Orb_L 45 Frontal_Inf_Orb_R

7 Frontal_Sup_L 46 Frontal_Sup_R

8 Frontal_Mid_L 47 Frontal_Mid_R

9 Frontal_Inf_Oper_L 48 Frontal_Inf_Oper_R

10 Frontal_Inf_Tri_L 49 Frontal_Inf_Tri_R

11 Frontal_Sup_Medial_L 50 Frontal_Sup_Medial_R

12 Supp_Motor_Area_L 51 Supp_Motor_Area_R

13 Paracentral_Lobule_L 52 Paracentral_Lobule_R

14 Precentral_L 53 Precentral_R

15 Rolandic_Oper_L 54 Rolandic_Oper_R

Parietal lobe

16 Postcentral_L 55 Postcentral_R

17 Parietal_Sup_L 56 Parietal_Sup_R

18 Parietal_Inf_L 57 Parietal_Inf_R

19 SupraMarginal_L 58 SupraMarginal_R

20 Angular_L 59 Angular_R

21 Precuneus_L 60 Precuneus_R

Occipital lobe

22 Occipital_Sup_L 61 Occipital_Sup_R

23 Occipital_Mid_L 62 Occipital_Mid_R

24 Occipital_Inf_L 63 Occipital_Inf_R

25 Calcarine_L 64 Calcarine_R

26 Cuneus_L 65 Cuneus_R

27 Lingual_L 66 Lingual_R
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Supplementary table 3. Regions of the AAL-atlas, with cortical regions ordered according to 
(Gong et al., 2009). 43 (continued)

AAL atlas

Temporal lobe

28 Fusiform_L 67 Fusiform_R

29 Heschl_L 68 Heschl_R

30 Temporal_Sup_L 69 Temporal_Sup_R

31 Temporal_Mid_L 70 Temporal_Mid_R

32 Temporal_Inf_L 71 Temporal_Inf_R

33 Temporal_Pole_Sup_L 72 Temporal_Pole_Sup_R

34 Temporal_Pole_Mid_L 73 Temporal_Pole_Mid_R

35 ParaHippocampal_L 74 ParaHippocampal_R

Insula and cingulate gyri

36 Cingulum_Ant_L 75 Cingulum_Ant_R

37 Cingulum_Mid_L 76 Cingulum_Mid_R

38 Cingulum_Post_L 77 Cingulum_Post_R

39 Insula_L 78 Insula_R

Central structures

79 Hippocampus_L 80 Hippocampus_R

81 Amygdala_L 82 Amygdala_R

83 Caudate_L 84 Caudate_R

85 Putamen_L 86 Putamen_R

87 Pallidum_L 88 Pallidum_R

89 Thalamus_L 90 Thalamus_R

VIDEO MATERIAL
https://www.nature.com/articles/s41598-022-16470-2
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ABSTRACT
Prolonged disorders of consciousness (DOC) are considered to be amongst the 
most severe outcomes after acquired brain injury. Medical care for these patients is 
mainly focused on minimizing complications, since treatment options for patients 
with unresponsive wakefulness or minimal consciousness remain scarce. The 
complication rate in patients with DOC is high, both in the acute hospital setting 
as in the rehabilitation or long-term care phase. Hydrocephalus is one of these 
well-known complications and usually develops quickly following acute changes in 
cerebrospinal fluid (CSF) circulation after different types of brain damage. However, 
hydrocephalus may also develop with a significant delay, weeks or even months after 
the initial injury, reducing the potential for natural recovery of consciousness. In 
this phase, hydrocephalus is likely to be missed in DOC patients, since their limited 
behavioral responsiveness camouflages the classic signs of increased intracranial 
pressure or secondary normal-pressure hydrocephalus. Moreover, the development 
of late-onset hydrocephalus may exceed the period of regular outpatient follow-up. 
Several controversies remain about the diagnosis of clinical hydrocephalus in patients 
with ventricular enlargement after severe brain injury. In this article, we discuss 
both the difficulties in diagnosis and dilemmas in treatment of CSF disorders in 
patients with prolonged DOC and review evidence from the literature to advance an 
active surveillance protocol for the detection of this late, but treatable complication. 
Moreover, we advocate a low threshold for cerebrospinal fluid diversion when 
hydrocephalus is suspected, even months or years after brain injury.
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INTRODUCTION
Prolonged disorders of consciousness (DOC) are considered to be amongst the most 
severe outcomes after acquired brain injury. A large proportion of patients with severe 
brain injury who survive the initial acute phase show (minimal) signs of consciousness 
during the first months after injury.1 As time passes, a significant subgroup of patients 
fails to recover, developing a chronic state of impaired consciousness.1-3 Distinct 
clinical syndromes have been identified following the acute comatose phase after 
brain damage, such as the unresponsive wakefulness syndrome (UWS), a condition of 
unresponsiveness in the presence of wakefulness (previously known as the vegetative 
state), and the minimally conscious state (MCS), a state characterized by partial 
preservation of consciousness with reproducible signs of minimal awareness.1,4,5 The 
complication rate in these patients is high, especially during the early months after 
injury, but also at a later phase if consciousness remains impaired.6,7 Cerebrospinal 
fluid (CSF) disorders are one of these well-known complications and are associated 
with a wide variety of brain injuries. Hydrocephalus is usually well-recognized 
in the acute phase after brain injury through a combination of acute ventricular 
enlargement on CT/MRI studies and evidence of elevated intracranial pressure by 
means of diagnostic procedures.8 Consequently, it is usually treated accordingly with 
temporary or permanent CSF diversion techniques. Abnormalities in CSF absorption 
may also develop subacutely, such as weeks or months after injury.9,10 This type of 
hydrocephalus may limit or even prevent the process of natural recovery, impairing 
functional brain networks, but is difficult to recognize in patients with prolonged 
DOC since their limited behavioral responsiveness camouflages the classic signs of 
hydrocephalus. Moreover, the radiological diagnosis of hydrocephalus is challenging 
after severe brain injury, since ventricular enlargement is often compensatory 
to progressive loss of brain tissue rather than a reflection of abnormalities in the 
equilibrium of CSF production and absorption. In this article, we discuss the dilemmas 
in both the diagnosis and the treatment of CSF disorders which may arise in patients 
with prolonged DOC after severe acquired brain injury and review evidence from the 
literature to propose a protocol for the evaluation and treatment of this complication.

DEFINITION OF HYDROCEPHALUS AFTER SEVERE ACQUIRED 
BRAIN INJURY
Hydrocephalus is a common complication in patients with severe acquired brain 
injury, especially in patients with traumatic brain injury (TBI) and cerebrovascular 
injuries, such as subarachnoid hemorrhage (SAH) or intracerebral bleeding.9,11-13 
Depending on the timing of onset, hydrocephalus is divided into an acute (hours), 
subacute (days), or a late-onset (weeks-months) type.13 Late multifactorial changes in 
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CSF hydrodynamics may cause hydrocephalus to emerge weeks or months after the 
initial injury. In contrast to acute forms of hydrocephalus, late-onset hydrocephalus 
may also present with a normal intracranial pressure, which is sometimes reffered 
to as secondary normal pressure hydrocephalus (sNPH).9,10 The incidence of late-
onset hydrocephalus seems relatively high in the literature, especially in patients with 
TBI and SAH. For instance, the incidence of posttraumatic hydrocephalus (PTH) 
presenting with a normal or elevated intracranial pressure has been described to 
occur in up to 29% of patients with severe TBI.14,15 PTH is often a late-onset form 
of hydrocephalus, which develops during the initial weeks after discharge from 
hospital. In a prospective analysis of patients with TBI and PTH, around 75% of 
PTH emerged within eight weeks of rehabilitation.16 Other studies report that a 
significant proportion, around 10%, is even discovered at a later phase, between four 
and six months after the initial injury.17 Looking at the specific group of patients with 
prolonged DOC after TBI, it is estimated that around 18-20% develops PTH, with 
50% eventually being discovered during the late rehabilitation phase.18-20 This makes 
PTH a significant secondary complication during the course of prolonged DOC. In 
SAH, it is estimated that 10-20% of all patients with SAH develop signs of late-onset 
hydrocephalus.21 Patients with prolonged DOC after SAH have a relatively high chance 
of developing late-onset hydrocephalus, since SAH patients with severe neurological 
deficits are more at risk for late disturbances in CSF dynamics, even if no signs of 
hydrocephalus are present on initial admission.21,22

DILEMMAS IN DIAGNOSIS

Clinical assessment of hydrocephalus in patients with prolonged DOC
First of all, it remains challenging to make a diagnosis of clinical hydrocephalus in 
patients with prolonged DOC. Most classic warning signs of CSF disorders, such as 
headache, altered arousal, cognitive deterioration, loss of continence, and walking 
difficulties are usually camouflaged by the fact that DOC patients show limited 
behavioral responsiveness, have fluctuations in arousal, and remain bedridden or 
wheelchair-bound.18 Likewise, secondary deterioration of consciousness or slow 
functional recovery could be merely the result of the severity of the brain damage 
itself or subsequent neuronal atrophy.23 Furthermore, consciousness itself is 
notoriously challenging to quantify. Several clinical scales have been developed for 
the neurobehavioral assessment of patients with DOC.24 Of these, the Coma Recovery 
Scale-Revised (CRS-R) is the internationally accepted gold standard for the diagnosis 
of consciousness disorders in patients with severe brain injury.25 Ideally, multiple 
CRS-R assessments are performed within a short interval, e.g. two weeks, to account 
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for behavioral fluctuations and to detect subtle differences in arousal in patients with 
DOC.26 The administration of these clinical scales is time-consuming and requires 
professional training to perform in daily practice. Therefore, they are difficult to 
incorporate into the clinical setting of a nursing home or standard rehabilitation 
facility. Still, up to 41% of patients with DOC receive an incorrect diagnosis if consensus 
is used instead of standardized assessments.27,28 While significant deterioration in 
neurological functioning, increased hypertonia, or slow functional recovery could 
be used as arguments to examine the possibility of a concurrent hydrocephalus, it 
is likely that late-onset hydrocephalus is missed, especially if it develops slowly and 
after the period of regular follow-up.7,18,29

Neuroradiological assessment of ventricular enlargement: hydrocephalus 
or atrophy?
The diagnosis of hydrocephalus in DOC is primarily based on a mixture of careful 
serial clinical assessments and evidence of sequential ventricular enlargement on 
multiple CT- or MR-scans.14,18 Ventricular enlargement is a common finding in the 
acute phase of severe brain damage. It is estimated that the incidence of ventricular 
enlargement after TBI might be as high as 30-86%.30 However, the neuroradiological 
diagnosis of hydrocephalus following severe acquired brain injury is controversial, 
because it is difficult to determine whether ventriculomegaly after severe acquired 
brain injury is related to an atrophic process or to a ‘true hydrocephalus’ resulting from 
an imbalance between CSF production and absorption.15,31 To differentiate between 
hydrocephalus and loss of brain tissue, a wide variety of radiological diagnostic criteria 
have been suggested. Different quantitative radiological measures, such as the callosal 
angle and Evan’s index, have been developed to differentiate brain atrophy from 
hydrocephalus.32, 33 Furthermore, other morphological MR-imaging markers, such as 
transependymal edema (i.e., interstitial periventricular edema seen as periventricular 
hyperintensities on T2W or FLAIR sequences), a disproportionately enlarged 
subarachnoid space, enlarged Sylvian fissures/basal cisterns, and aqueductal or fourth 
ventricular flow voids are sometimes used to identify signs of hydrocephalus.9,33-35 
However, these markers have long been a subject of debate and, although they may 
be indicative of idiopathic NPH (iNPH), they might have limited diagnostic value in 
patients with severe acquired brain injury and concomitant sNPH.36 Moreover, there 
are no standard values of these markers in patients with severe brain injury or in those 
who received a neurosurgical intervention, such as a decompressive hemicraniectomy. 
More recently, several volumetric techniques have been described to quantitatively 
measure hydrocephalus. Advanced imaging techniques, such as arterial spin labelling, 
a measure for cerebral perfusion changes in different types of hydrocephalus, and 
magnetic resonance elastography, a measure for tissue viscoelasticity, could further 
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improve hydrocephalus diagnosis, though they remain experimental, especially in 
patients with severe brain injury, and are difficult to incorporate into standard clinical 
practice.37,38

Diagnostic cerebrospinal fluid diversion
Several invasive methods are used to detect the presence of hydrocephalus, including 
spinal tap tests, temporary external lumbar drainage, lumbar infusion tests, and long-
term intracranial pressure monitoring. The gold-standard to detect the presence of an 
increased intracranial pressure remains a lumbar puncture. However, the detection of 
sNPH is far more difficult. Most previous studies on the value of invasive diagnostic 
procedures have focused on the idiopathic form of normal pressure hydrocephalus, 
which represents a subset of patients with a different etiology and vastly different 
underlying pathophysiology.9,10 For iNPH, the spinal tap test, which involves removing 
40-50 ml of CSF through a lumbar puncture remains the most widespread used 
diagnostic technique, though it cannot be used as exclusionary test, because of its 
low sensitivity (26-61%).33,34 A positive tap test in iNPH patients who are awake usually 
results in prompt improvement of walking difficulties. However, DOC patients are 
bedridden or wheelchair-bound and often experience spasticity, which makes the 
assessment of these motor improvements difficult. Normally, the effects of a single tap 
test on cognitive functioning in iNPH is minimal.39,40 Therefore, the predictive value of 
a single or serial tap-test in DOC patients with ventricular enlargement is presumably 
limited, though this has never been thoroughly studied. More prolonged (usually 72 
hours) drainage of lumbar spinal fluid through an external lumbar drain (ELD) has 
been used for more than 20 years to detect iNPH and has a relatively high sensitivity 
(50-100%) and high positive predictive value (80-100%).33,41 However, the predictive 
value of a negative ELD is deceptively low, because of a high rate of false negative 
results. This might also limit the use of a temporary ELD in patients with prolonged 
DOC. It remains unknown whether temporary drainage affects arousal and for how 
long drainage is necessary to assess a positive or negative effect. Arousal effects after 
temporary drainage might also present at a later stage, when the ELD has already 
been removed. In addition to lumbar puncture and ELD, a lumbar-infusion test has 
been developed to dynamically assess abnormalities in CSF hydrodynamics in iNPH. 
It involves infusion of artificial fluid through one spinal needle while simultaneously 
recording CSF pressure through a second spinal needle.33,41,42 It has a slightly higher 
sensitivity (57–100%) and a similar positive predictive value for iNPH compared to 
a spinal tap test. However, the costs and invasiveness of the test, and the possibility 
of serious test-related complications further limits its usefulness in managing 
hydrocephalus in DOC patients.33,41,43 This also applies for other invasive techniques, 
such as continuous intraventricular pressure monitoring.44 Not surprisingly, these 
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techniques are rarely applied in standard care and the value of these invasive 
techniques in patients with DOC and ventricular enlargement has not been studied.

DILEMMAS IN TREATMENT
As a result of the difficulties in clinical and neuroradiological assessment of patients 
with hydrocephalus after severe acquired brain injury, the response to CSF shunting 
procedures in these patients is difficult to predict.9 Usually, acute and subacute 
hydrocephalus with a high intracranial pressure are readily recognized in the acute 
phase after brain injury and treated accordingly, using temporary or permanent CSF 
diversion techniques. In patients who present with a combination of hydrocephalus 
and large skull defects after decompressive craniectomy, cranioplasty is known to 
benefit the restoration of CSF circulation and should be considered as a first step 
in the treatment of hydrocephalus.9,45,46 In patients without large skull defects, 
treatment of late-onset hydrocephalus usually relies on conventional neurosurgical 
interventions, most commonly ventriculoperitoneal (VP) and lumboperitoneal (LP) 
shunting.9 Up until now, only three prospective studies have been performed that 
evaluated the specific effects of shunting in patients with prolonged DOC and late-
onset hydrocephalus. First of all, Kim et al., described the clinical course of 39 patients 
with UWS and concomitant hydrocephalus on follow-up CT after different types of 
severe brain injury (see Table).47 Of these patients, 13/39 were treated conservatively, 
while the majority 26/39 received a VP or LP shunt. Shunt procedures were performed 
relatively soon, within weeks after the initial injury and loss of consciousness. After 
a follow-up period of 6 months, Glasgow Coma Scale (GCS) scores of patients were 
compared between the different study groups. In the shunt group, GCS scores were 
significantly better with a mean 6-month change of 2.38 versus 0.54 compared with the 
conservative group. While younger patients and those with TBI in the shunt group had 
better Glasgow Outcome Scale (GOS) scores at follow-up, no significant differences 
were found in GOS scores between the two study groups on group level. Secondly, 
Chen et al., performed VP shunting in 35 SAH patients with impaired consciousness 
and concomitant sNPH.48 Twenty-four (68.5%) of these patients gradually recovered 
after shunt placement, as demonstrated by significant GCS score changes at the three-
month follow-up screening. They revealed a significant difference in GCS scores after 
three months between DOC patients who received VP shunting (mean change from 
7 to 12) compared with the conservatively treated group (mean change from 6 to 7). 
Thirdly, Huang et al., performed a prospective study of VP shunting in 13 patients with 
suspected late-onset PTH without using a control group.49 Seven out of 13 patients 
showed improvements in GOS or modified Barthel Index (MBI) scores during a 2-year 
follow-up period after shunting.
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In addition to the above-described prospective studies, several retrospective 
studies have been performed in patients with secondary NPH after TBI, including 
subgroups of patients with DOC.9 However, most studies report no clear criteria for 
the measurement of consciousness and contain a heterogeneous variety of patient 
profiles, which makes it difficult to extrapolate results for patients with DOC. In the 
study of Tribl et al., 48 patients with PTH underwent shunt implantation.50 Before 
the shunt implantation, 18 (38%) patients were diagnosed with ‘coma’. After three 
months of follow-up, the number of patients with coma decreased to 12. GOS scores 
improved in 33% of coma patients, remained unchanged in 61%, and deteriorated in 
6% after shunting. Furthermore, Licata et al., described 83 patients who underwent 
shunt implantation for subacute or late PTH after TBI, of which 58 were reported to 
have a comatose state before treatment.17 At long-term follow-up, 33% of these patients 
eventually experienced good recovery, 9% retained partial disability, 50% remained 
comatose, and 8% of patients were dead at follow-up.

While most prospective and retrospective studies show some promising results of 
shunting in DOC patients, all have significant methodological limitations. Most 
importantly, it is difficult to distinguish natural recovery from recovery as a result of 
CSF diversion, since most shunting procedures were performed within six months 
after brain injury, which is well within the known timeframe wherein spontaneous 
recovery usually occurs in DOC.3,45 This is especially relevant in studies with small 
patient groups or studies without control groups. For example, in the study of Huang 
et al., two of the seven patients who regained signs of consciousness after VP shunting 
improved relatively late, between the fourth and sixth month after shunting, which 
makes a causal relationship between shunt implantation and improvement unlikely.49 
In the other studies, the time-frame between shunting and improvement remains 
unclear. Moreover, none of the above studies used structured and repeated CRS-R 
assessments, the gold-standard for clinical evaluations of consciousness, which leads 
to possible misdiagnosis and might cause bias, since arousal notoriously fluctuates 
throughout the day in DOC patients.26 It is now recommended to perform multiple 
CRS-R assessments within a short time interval to make an accurate clinical diagnosis 
and estimate of the level of consciousness in DOC patients. Furthermore, there 
remains significant heterogeneities in underlying etiologies, age, surgical timing, 
and outcome measures in previous studies, which makes it difficult to draw definite 
conclusions about the effectiveness of shunting in DOC.

In a large recent review of the literature on CSF diversion for sNPH, 74.4% of all 
patients were found to have signs of clinical improvement in their neurological status 
after a shunting procedure.9 In general, patients with sNPH have a better outcome 
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after shunting than patients with the idiopathic form of hydrocephalus.10 Therefore, 
it is conceivable that VP shunting might eventually result in an improvement of 
neurological function if used in a selected group of DOC patients with sNPH. Patients 
that present with relative early ventricular dilatation in the course of prolonged DOC, 
additional neurological deficits rather than ceased clinical improvement, and increased 
hypertonia are known to show to most favorable results from shunting.17 As with 
any invasive procedure, risks are involved when applying diagnostic interventions or 
treatment with VP shunts. Well-known complications of VP shunting are hardware 
infections and shunt malfunction.51,52 Especially the latter has to be considered if 
secondary clinical deterioration occurs. A switch to shunts with a lower opening 
pressure or pressure adjustable valves might be necessary in patients with evident 
signs of sNPH that deteriorate or fail to recover. Follow-up with neuroimaging is 
necessary to exclude other complications that might go otherwise unnoticed, such 
as the presence of subdural effusions.53 In general, the complication rate in patients 
with prolonged DOC after extensive brain injury may be higher as these patients are 
more subject to secondary complications.6 However, these risks must be weighed 
against the risk of a conservative attitude.54 Not resolving potential hydrocephalus 
could severely impair recovery of the patient and would go against the ethical principle 
of beneficence, which requires to give patients the best chance of improving their 
condition.55 Future studies have to address whether treatment will effectively result 
in a clinically significant difference and increased quality of life. After all, a small 
improvement of consciousness might lead to increased pain perception levels and 
higher disease self-awareness among patients, which could mean more suffering. 
However, a small gain of functional capacity can contribute to major differences 
in daily care and might support the deployment of rehabilitation interventions or 
assistive devices that facilitate reliable communication and environmental control 
strategies. Up until today, a high-quality trial evaluating the effects of CSF diversion 
on both consciousness and quality of life in patients with prolonged DOC is still to 
be performed.

FUTURE PROSPECTS
Patients with prolonged DOC face substantial challenges. Despite encouraging 
technological developments and improvements in accurate diagnosis and prognosis 
techniques for patients with DOC, there remains a scarcity of treatment options.1, 56 
In general, medical care usually includes intensive and adapted rehabilitation therapy 
(physiotherapy, speech therapy, occupational therapy) and is focused on minimizing 
secondary complications of neurological damage.7,29 Hydrocephalus is one of these 
complications. Recognizing and treating clinical (normal-pressure) hydrocephalus 
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might be ‘low-hanging fruit’ for these vulnerable group of patients. A better outcome 
is to be expected when hydrocephalus is recognized and treated at the earliest possible 
moment.48,57 Future studies should address the dilemmas in both the detection and 
treatment of hydrocephalus, as well as its effects on rehabilitation and quality of life 
over prolonged periods of time. Intervention studies, with a prospective controlled 
randomized design and standardized use of validated scales in both initial assessment 
and follow-up are necessary to clarify the effectiveness of CSF diversion in patients 
with prolonged DOC. Moreover, it remains important to study the underlying 
mechanisms of delayed hydrocephalus in patients with severe brain injury, and in 
this context, neuroimaging modalities and neurophysiological evaluations could help 
to better understand the pathogenesis of this disease, and may lead to more accurate 
non-invasive ways to detect hydrocephalus.

Proposed evaluation and treatment of hydrocephalus in prolonged DOC
To minimize the chance of missing late onset hydrocephalus and to optimize the 
chance of recovering residual cognitive capacity in patients with prolonged DOC, a 
vigilant surveillance protocol is necessary after patients leave the hospital setting. 
Regular check-ups by experts in administering the CRS-R, follow-up with sequential 
neuroimaging, and multidisciplinary consultations between post-acute, long-term 
and hospital experts are vital. To ensure that such care is provided to patients with 
prolonged DOC, we propose the following protocol:

1. Regular, preferably multidisciplinary, evaluation of the present state of 
consciousness and evolution of neurological recovery; at least involving multiple 
behavioral screenings using the CRS-R;

2. Regular outpatient follow-up with serial neuroradiological assessments of 
ventricular size using CT or MRI; preferably 6-8 weeks and six months after 
hospital discharge, or at the request of caregivers in case of clinical deterioration;

3. In patients with suspected hydrocephalus, a single lumbar puncture needs to be 
performed to exclude the presence of high-pressure hydrocephalus. There seems 
to be no evidence for temporary external lumbar drainage, although if used, it 
seems rational to perform CRS-R assessments, both during treatment as well as in 
the first days after drainage of CSF to measure delayed changes in consciousness;

4. In patients with suspected hydrocephalus and concomitant postoperative skull 
defects, subsequent cranioplasty has to be considered as a first step to restore 
CSF hydrodynamics, before considering shunting;

5. CSF diversion should be considered in patients with radiological signs of 
progressive ventricular enlargement and when the medical team suspects the 
presence of ‘true’ hydrocephalus, for instance because of clinical deterioration, 
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increased hypertonia, otherwise inexplicable failure to recover, or based on the 
results of procedures described in point 3;

6. Before and after treatment (4 and 5), frequent neurobehavioral assessments, 
including the CRS-R need to be performed in order to monitor neurological 
recovery and to detect the occurrence of postoperative complications, such as 
shunt dysfunction or subdural effusions;

CONCLUSION
Hydrocephalus in patients with prolonged DOC is probably underdiagnosed whilst 
the presence of hydrocephalus can be of significant clinical importance, as it may well 
prevent meaningful functional recovery. The diagnosis of permanent MCS or UWS 
should not be made before hydrocephalus is excluded and treated accordingly. Several 
controversies exist regarding the clinical and radiological assessment of these patients. 
Active surveillance and early treatment of late-onset hydrocephalus in patients with 
prolonged DOC might prevent the fatalistic acceptance of unfortunate outcomes 
and could result in significant improvements of functional outcome after acquired 
brain injury. Combining standardized behavioral assessments, regular follow-up with 
neuroimaging, and multidisciplinary evaluations may lead to valuable new treatment 
insights that are necessary to fine-tune the care for these vulnerable patients.
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ABSTRACT
Akinetic mutism (AM) is a rare neurological disorder characterized by the presence of 
an intact level of consciousness and sensorimotor capacity, but with a simultaneous 
decrease in goal-directed behavior and emotions. Patients are in a wakeful state of 
profound apathy, seemingly indifferent to pain, thirst, or hunger. It represents the far 
end within the spectrum of disorders of diminished motivation. In recent years, more 
has become known about the functional roles of neurocircuits and neurotransmitters 
associated with human motivational behavior. More specific, there is an increasing 
body of behavioral evidence that links specific damage of functional frontal-subcortical 
organization to the occurrence of distinct neurological deficits. In this review, we 
combine evidence from lesion studies and neurophysiological evidence in animals, 
imaging studies in humans, and clinical investigations in patients with AM to form 
an integrative theory of its pathophysiology. Moreover, the specific pharmacological 
interventions that have been used to treat AM and their rationales are reviewed, 
providing a comprehensive overview for use in clinical practice.
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INTRODUCTION
Akinetic mutism (AM) is a rare neurological disorder of impaired initiation and 
motivation for behavior. Patients with AM maintain an intact level of consciousness, 
attention, language, and sensorimotor capacity, but present with a simultaneous 
decrease in goal-directed behavior, and emotion.1 Since its initial description in 1941, 
AM has been associated with structural damage to a considerable variety of functional 
brain areas. The disorder has been described in patients with cerebrovascular disease, 
with obstructive hydrocephalus, with tumors in the region of the third ventricle, 
and in patients suffering from other conditions affecting structural components of 
frontal-subcortical circuits. As a result of the wide variety of these lesions, AM has 
previously been described as a ‘syndrome with little localizing value’.2 Moreover, 
the disease is associated with a characteristic clinical heterogeneity that makes it 
difficult to diagnose. However, in recent years significant advances have been made 
in the understanding of the neuroanatomy, neurophysiology, and chemoarchitecture 
of neurocircuits that are involved in the initiation and motivation of behavior. In 
parallel with these developments, an increasingly broad spectrum of neurologic 
and neuropsychiatric phenomenology is being recognized as interpretable in the 
context of dysfunction of motivational circuitry.1 In addition, clear criteria for the 
assessment of patients with altered states of consciousness have been established, 
facilitating the distinction between conative disorders and, for example, the minimally 
conscious state.3 These advances provide the opportunity to formulate an integrative 
theory of the development of AM in the context of dysfunction of specific frontal-
subcortical neurocircuits. In this review, we combine evidence from recent animal 
and human studies in order to define the clinical consequences of frontal-subcortical 
disconnection and do an attempt to clarify the pathophysiology of AM. Subsequently, 
we review treatment strategies for patients with AM, and their rationale, with the aim 
to provide a comprehensive overview for use in clinical practice.

DEFINITION
In search for the use of uniform nomenclature for disorders of altered consciousness, 
the American Congress of Rehabilitation Medicine (Aspen workgroup) has formulated 
specific neurobehavioral criteria for AM. In general, patients with AM show a lack of 
voluntary movement (akinesia) and absence of speech (mutism), though eye opening 
and spontaneous or environmentally induced visual tracking remain well maintained. 
Patients seem awake, but do not display affective reactions, do not initiate eating or 
drinking, and if speech occurs, it remains sparse. There is a great variety in associated 
neurological symptoms.4 While some patients show a minimal degree of command 
following and verbalization, others remain largely apathetic and akinetic. In the 
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spectrum for disorders of diminished motivation, AM seems to represent an extreme 
form of abulia (absence of willpower). It may resemble other hyporesponsive conditions 
with a different underlying pathophysiology. The heterogeneity among patients 
with AM raises the possibility of misdiagnosing the condition with other diseases, 
such as psychiatric disorders, including catatonic schizophrenia, severe depression, 
conversion reaction, or other structural disorders, such as locked-in syndrome.5-8 As 
a result of this heterogeneity, the term AM has sometimes been used too extensively 
and improperly in the literature.9,10 In general, patients with AM show variations of 
the same basic disorder: a state of diminished motor function, compromised speech, 
movement and facial expression, but with preservation of sensory functions and 
awareness.4 In addition, patients often experience urinary incontinence and amnesia 
for the periods with pronounced inhibitions, though some patients have been able 
to remember some disease periods. In some patients, a ‘telephone effect’ has been 
described, referring to an unpredictable event, such as a ringing telephone or other 
verbal or environmental stimuli causing a temporary improvement in symptoms with 
a brain functioning on some sort of ‘automatic pilot’.11,12

PART 1. PATHOPHYSIOLOGY
A wide variety of motivational deficits might develop after damage to frontal-
subcortical structures that are involved in the translation of a motivational stimulus 
in a behavioral response. Distinct neurocircuits have been described that provide 
the neural basis of motivation.13 Within these circuits, specific frontal-subcortical 
structures are associated with the development of AM.

I. Prefrontal and anterior cingulate-striatal projections
The frontal lobes act as integrator of information, processing both input from the 
external sensory world and internal limbic system.1 This function is reflected in the 
organization, physiology, and connections between areas of the frontal cortex and 
their afferent and efferent projections with the subcortical system.14 The frontal 
cortex can be divided into several general functional regions: the orbital and medial 
prefrontal cortex (PFC), involved in emotions and motivation; the dorsolateral PFC, 
involved in higher cognitive processes or executive functions; the premotor areas, 
involved in different aspects of motor planning; and the motor cortex, involved in the 
execution of those plans. The development of symptoms of diminished motivation, 
lethargy, and a general loss of interest is closely related to lesions of different regions of 
the frontal cortex. However, there is converging evidence that the medial walls of the 
frontal lobes, particularly the anterior cingulate cortex (ACC), form a ‘usual suspect’ 
in the development of AM.15-17 The ACC has complex reciprocal connections with 
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limbic structures and other parts of the frontal cortex and is thought to provide an 
interface between the decision-making process of the frontal lobe and the ‘emotional’ 
world of the limbic system. The ACC is responsible for learning and selecting high-
level behavioral plans that provide the meaning behind and motivation for actions, 
and is thought to be essential in making a transition from early premotor processes 
to actual behavior.18 Moreover, it is thought to be crucial in the voluntary initiation 
of speech and vocalization through connections with brainstem periaqueductal grey 
that in turn connects with brainstem nuclei that innervate the muscles of articulation 
and phonation.19-21 Damage to the ACC is known to be a primary cause for akinesia and 
mutism and has frequently been described in case-reports of patients with bleeding, 
stroke, or other types of severe brain injury.10,22 The most dramatic examples of 
akinesia and mutism follow bilateral lesions of the ACC, such as after bilateral damage 
to the vascular supply of the anterior cerebral artery territory.7,10,22,23 Unilateral ACC 
lesions have also been described as a cause of AM, though these usually only produce 
a transient phase of motivational dysfunction followed by gradual recovery.16,24 In 
a recent study, Darby et al., used a new lesion network mapping technique in MR-
images of patients with AM and abulia and were able to show that patients with AM 
all experienced impairment of one specific network defined by connectivity to the 
ACC.17 However, extensive damage to the ACC has also been reported without the 
occurrence of disorders of diminished motivation. For example, patients failed to 
develop AM after therapeutic bilateral anterior cingulotomies.25,26 Moreover, many 
patients with aneurysms of the anterior communication artery have undergone 
surgical ligation of both anterior cerebral arteries at the genu of the corpus callosum, 
which usually causes a stroke in the anterior cingulate gyrus, without suffering from 
AM.23,27 Therefore, it remains uncertain whether ACC dysfunction alone is sufficient 
to result in a state of extreme sensory inattention and reduced behavioral output. It 
is known that the ACC is tightly linked with many other PFC areas, including most 
areas of the dorsal PFC, associated with cognitive control, and more posteriorly with 
motor control areas.14 Most of the dramatic behavioral changes following ACC lesions 
are therefore thought to be associated with additional lesions, or impaired network 
functioning, in these adjacent areas of the frontal cortex.10,28 Simultaneous impairment 
of both ACC and its connections with the supplementary motor area is known to 
produce more pronounced symptoms of akinesia and mutism, or even a qualitatively 
different state than those caused by ACC lesions alone.10,28

Input from the frontal lobes terminates in the striatum (Figure 1). The striatum 
comprises the caudate nucleus and putamen (dorsal striatum, DS) and nucleus 
accumbens (ventral striatum, VS). Connections from the frontal cortex are generally 
topographically organized in the striatum. Prefrontal areas project primarily to the 
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VS, rostral caudate nucleus and putamen, while sensorimotor areas project more 
caudally, primarily to the putamen. While these distributions seem to form parallel 
and segregated cortico-basal ganglia circuits, there is extensive convergence of inputs 
from different functional regions in the brain.14,29 Overlap between the projections 
from the different (pre)frontal cortical areas with parietal, occipital, and temporal 
areas at the level of the striatum provides the anatomical substrate for interactions 
and integration of information between circuits that shape behavior. Of particular 
interest are the projections from the ACC to the ventromedial part of the striatum, 
including the shell region of the nucleus accumbens, which are particularly involved 
in ‘cognitive coloring’ of motivation.13,30-32 The latter part can be considered as a 
transition zone between the striatum and limbic structures, like the bed nucleus of 
the stria terminalis.33,34 Neurons in the nucleus accumbens shell not only project to 
‘classical’ striatal targets like the pallidum and the substantia nigra (see below), but 
also to preoptic and lateral hypothalamic areas and to mesencephalic areas beyond 
the substantia nigra like the mesencephalic motor area and the ventromedial part 
of the periaqueductal grey.35 In this way the ACC not only has direct subcortical 
projections to the periaqueductal grey (see above), but may also indirectly, i.e., via the 
ventromedial striatum, influence subcortical structures like the lateral hypothalamus 
and the mesencephalic tegmentum. 13

Not surprisingly, the striatum has been implicated in several neurological disorders 
that are characterized by dysfunction of motivational processes, such apathy, 
depression, and AM. For instance, symmetrical bilateral destruction of the striatum 
is known to produce a picture of cognitive deterioration with absence of voluntary 
movements.36 Damage to the ventromedial striatum is known to produce anhedonia 
(loss of interest), as it is closely linked to reward valuation, decision-making, 
anticipation and motivation.13,37 However, disorders of diminished motivation are 
more frequently associated with damage to the DS, in particular the caudate nucleus, 
which is a key structure involved in planning of actions and executive functions.38,39 
In a review of patients with focal lesions of the basal ganglia, abulia occurred with 18 
of 64 (28%) small and large caudate lesions, 15 of which were unilateral.40 Moreover, 
unilateral or bilateral lesions of the dorsal portion of the head of the caudate nucleus 
are associated with a severe form of apathy: athymhormia.41,42 In both human and 
experimental animals, bilateral lesions, which include the head of the caudate nucleus, 
have also been associated with behavioral changes similar to AM.23,43 In a more 
recent case-report, Jang et al. used diffusion tensor tractography in a patient with 
slowly progressive detoriation from abulia to AM after traumatic brain injury and 
showed remarkable damage to the prefrontal-caudate tract.44 They hypothesized that 
degeneration of these circuits is responsible for the aggravation of abulia to AM with 
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time. Paradoxically, other authors reported no evidence of disorders of diminished 
motivation after extensive bilateral damage to the caudate nucleus, so its role in the 
development of AM remains uncertain.23,45

II. Striato-nigro-striatal projections
The dopaminergic neurons, located in the ventral tegmental area (VTA) and 
substantia nigra pars compacta (SNc) in the midbrain play an important role in 
motivational neurocircuitry and modulate a broad range of behavioral and motor 
control processes.14,46 Not surprisingly, damage to the dopaminergic neurons at their 
site of origin is a well-known cause of AM and the disease has frequently been reported 
after mesencephalic damage, such as in the case of stroke.47-49 From the midbrain, 
the VTA projects to the nucleus accumbens of the VS and prefrontal cortex via the 
mesocortical limbic system. The neurons of the SNc, in turn, project to the caudate 
and putamen of the DS through the nigrostriatal pathway.46 Pharmacological and 
dopamine (DA) depletion studies demonstrate a critical role for mesolimbic DA in 
motivational behavior.50 While the role for nigrostriatal DA appears less dominant, 
both mesolimbic and nigrostriatal DA activity seems to be able to both gate input of 
sensory, motor, and incentive motivation-related signals to the striatum.51 Therefore, 
both pathways are important ‘usual suspects’ in the development of AM. It is widely 
known that lesions of these pathways that convey DA from the midbrain to specific 
regions of the forebrain are associated with the occurrence of behavioral deficits.52 
In the very first report of AM, Cairns et al., already associated the occurrence of AM 
to damage of fiber pathways alongside the third ventricle.53 In 1981, Ross and Stewart 
specified these pathways to be dopaminergic projections from midbrain to forebrain 
and described AM in a patient with disruption of these projections as result of a 
large hypothalamic tumor.54 Lesion studies in animals further confirm the critical 
role of mesolimbic and nigrostriatal DA pathways in behavior. For instance, bilateral 
or unilateral blocking injections in the substantia nigra, VTA, or nigro-striatal tract 
within the medial forebrain bundle have been shown to cause dramatic behavioral 
deficits.55,56 Damage to any of these structures seem to result in a change in feeding, 
drinking, motor behavior, and in sensory and orienting functions in animals that seem 
equivalent to symptoms of AM in humans. These behavioral deficits could be reversed 
by administration of apomorphine, a direct dopamine agonist, and blocked by pre-
treatment with spiroperidol, a dopamine receptor antagonist.57-59 AM can also arise 
following indirect disruption of dopamine pathways, such as in hydrocephalus.60,61 
Reduction of ventricular dilatation by ventricular drainage or lumbar puncture of 
cerebrospinal fluid is known to produce regression of symptoms, possibly by restoring 
the dopaminergic input from the midbrain projections.60 This finding was further 
investigated in experimental hydrocephalus models in rabbits that showed reductions 
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in DA release in different brain structures after ventricular dilatation, particularly in 
the striatum, SNc, and medial portion of the nigrostriatal pathway.62,63

III. Basal-ganglia thalamocortical projections

IIIa. Striatopallidal and pallidothalamic projections
The pallidal complex includes the internal (GPi) and external segments (GPe) of 
the globus pallidus and ventral pallidum (VP). The GPi and GPe receive inputs 
from both the caudate nucleus and putamen (DS). The VP is a mixture of GPi and 
GPe elements and receives its input from the VS.14 The outputs from the GPi are to 
the thalamus, which then projects back to the cortex, forming part of the ‘direct’ 
cortico-basal ganglia circuit (Figure 1). The GPe and parts of the VP project to the 
subthalamic nucleus (STN). The STN, in turn, provides inputs to the GPi. This 
pathway is considered the ‘indirect’ pathway. The STN also receives direct projections 
from different parts of the frontal cortex, which are referred to as the hyperdirect 
pathway. As a result of the high convergence from the striatum to the GPi, one GPi 
neuron receives input from many striatal projection neurons. There is considerable, 
converging evidence to consider the (ventral) striato-pallidum as an interface between 
motivation and action, or as the site of conversion of motivational processes into 
behavioral output.41 Not surprisingly, pallidal damage has been associated with 
the occurrence of a wide variety of motivational disorders, such as AM.41 In 1989, 
Laplane et al., already described a lack of initiative, mental slowing, and obsessive-
compulsive behavior in a number of cases that had sustained bilateral GP lesions 
and showed signs of frontal hypometabolism on PET-CT’s.64 Further imaging studies 
showed that bilateral lesions of the GP were associated with reduced blood flow in 
multiple frontal cortical regions, most prominently in the anterior parts of the frontal 
cortex, anterior cingulate and supplementary motor cortex.65 A remarkable number 
of AM patients have been described after considerable, both unilateral and bilateral 
anatomical destruction of the GP.66,67 Noticeably, a significant proportion of these 
reports have been related to GP damage after carbon monoxide (CO) poisoning.67-70 
These patients usually develop the disease after a lucid interval from days to weeks, 
but typically within approximately one month. Neuroimaging findings in these 
patients have shown that CO intoxication is characterized by necrosis, particularly 
at the level of the GP, possibly by the hypotensive effects of CO intoxication in the 
watershed territory of the arterial supply of the GP, or as a result of CO binding to its 
intrinsic high iron concentration.71 While the caudate nucleus, putamen, and thalamus 
are occasionally affected in CO poisoning, they are involved to a much lesser extent 
than the GP. Specific neuroimaging studies have repeatedly demonstrated significant 
hypoperfusion in frontal regions and anterior cingulate cortices in patients with CO 
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poisoning and GPi lesions. However, while the GP seems to play a distinctive role 
in behavioral mechanisms, bilateral pallidotomies performed for the treatment of 
movement disorders did not produce AM.72 The complex role of the different (sub)
portions of the GP in motivation for behavior remains subject of ongoing research in 
animals and humans.73

IIIb. Thalamocortical projections
The thalamus is a critical component of frontal-subcortical circuitry. Each functional 
region of the frontal cortex is innervated by specific areas of the thalamus. Due to its 
central position in the frontal-subcortical system, the thalamus has an important role 
in the synchronization of motivation and behavior, because it integrates information 
between different functional regions.74 Afferent projections from the frontal regions 
project through the basal ganglia to distinctive regions of the ventral anterior (VA), 
midline/intralaminar and mediodorsal thalamus, which are known to be involved 
in goal-directed behavior.75 Different parts of the thalamus then project back to 
different regions of the cortex and basal ganglia. For instance, the intralaminar nuclei, 
including the centromedian, parafascicular nuclei, central medial, paracentral, and 
central lateral nuclei project to the orbitofrontal and mediofrontal cortex, motor and 
premotor cortex, and GPi, while the mediodorsal nucleus projects to the prefrontal 
cortex and VP.76 In addition, the thalamus sends a massive, topographically organized 
projection directly back to the striatum. A variety of behavioral changes and deficits, 
such as apathy, disinhibition syndromes, and personality changes have been described 
after damage to specific regions of the thalamus. AM has particularly been described 
after paramedian territory infarction.77-79 Infarcts in the paramedian territory 
mainly involve the mediodorsal and intralaminar nuclei.80 The classic features 
of acute paramedian infarcts include a decreased level of consciousness, vertical 
gaze paresis, and cognitive impairment. However, akinesia, mutism, and reduced 
spontaneous activity become apparent when the decreased level of consciousness 
resolves. Moreover, other behavioral deficits may develop after thalamic stroke, such 
as personality changes with disinhibited behavior, apathy, loss of self-activation, and 
amnesia, depending on slight anatomical variations in thalamic vascular supply and 
nuclei involved.41,81,82 Though descriptions of disorders of diminished motivation after 
damage to the anterior territory of the thalamus seems to be rare, it is known that 
anterior involvement is also associated with a variety of behavioral changes.80 In 
studies on cats and monkeys, bilateral lesions of the anterior nucleus of the thalamus 
have produced symptoms similar of an akinetic state.23,83 Moreover, Carota et al. 
described a patient with AM after bilateral thalamo-polar artery stroke and damage to 
the anterior nuclei of the thalamus.84 While these observations suggests that different 
thalamic nuclei are fundamental relays associated with motivation and purposeful 
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behavior, bilateral lesions in both dorsomedial and anterior thalamic nuclei inflicted 
for the treatment of psychiatric disorders have not produced AM, which questions 
the role of these structures in the development the disease.85

In essence, the feedforward parallel organization of the above-described frontal-
subcortical circuits creates the anatomical framework for the integration and 
transformation of information from different functional regions of the cerebral 
cortex.14 Goal-directed behavior is the end-result of complex information integration 
from limbic, cognitive, and motor domains within this frontal-subcortical system. 
All structures within this system (described in I, II, IIIa and IIIb) need to work in 
concert with each other to process the complex chain of events that produce goal-
directed behavior. Removing a single element of this frontal-subcortical orchestra can 
severely affect the drive for actions, including emotions, motivation, and cognition. 
This explains why damage to different parts of (pre)frontal and subcortical structures 
has been demonstrated to lead to similar behavioral or cognitive deficits, such as 
severe combined akinesia and mutism.

PART 2. TREATMENT
The treatment of transient or chronic AM remains difficult and reports in the literature 
on possible treatment strategies, optimal doses, and duration of treatment are limited. 
It is obvious that the first step in the treatment of AM remains the resolution of its 
underlying cause. However, if AM represents a more permanent clinical state after 
severe brain injury, a variety of drugs can be administered to diminish or resolve 
dysfunction of motivational neurocircuitry. Developing a rational pharmacologic 
approach to akinetic mutism does not only depend upon knowledge of what brain 
structures are affected, but also which neurotransmitter systems are involved.54

I. Dopamine agonists
The first report on the use of DA agonists in AM was described by Ross and Stewart.54 
Increasing doses of Bromocriptine, a DA agonist, were administered to a patient 
with AM after revision surgery for a third ventricle tumor, resulting in a spectacular 
improvement in both motor function and behavior. Ross and Stewart hypothesized 
that bypassing the damaged ascending mesolimbic and nigrostriatal dopaminergic 
pathways with direct DA agonists, acting at the dopaminergic target areas, i.e., the 
striatum and or the (pre)frontal cortex must have resulted in the direct improvement 
of akinesia and mutism. Other authors have also extensively reported on the positive 
effects of Bromocriptine in both AM and other motivational deficits after brain injury 
since.86,87 Bromocriptine is a highly selective D2 DA receptor agonist. The highest 
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levels of D2 dopamine receptors are found in the striatum, the nucleus accumbens, 
and the olfactory tubercle. D2 receptors are also expressed at significant levels in the 
substantia nigra, VTA, and are present in both the prefrontal and cingulate cortex, 
providing rich anatomical substrates for drug-interactions in AM. It is thought that 
Bromocriptine changes the regulation of inhibitory signalling through these D2-
expressing receptors, improving activity in frontal regions through alternation of 
top-down control of behavior and control of selective attention. However, it is most 
likely that Bromocriptine especially alters complex frontal-subcortical signalling 
in the striatum through its high D2 distribution there.52,88 Recently, Yang et al. 
demonstrated a specific reduction in striatal dopaminergic uptake in a patient with 
acute AM and showed return to normal levels at the 6-month follow-up with complete 
resolution of clinical symptoms.89 Since there is a characteristic dose-dependency for 
Bromocriptine, it seems that a certain ‘threshold’ of D2 receptor occupancy must be 
reached to restore the associated frontal lobe dysfunction and motivational deficits in 
AM. Some authors have hypothesized that this dose-dependency can be explained by 
the low ratio of D2 receptors in the prefrontal and anterior cingulate cortex compared 
with D1 receptors.90,91 L-dopa, a presynaptic DA agonist works on both D1 and D2 
receptors of (pre)frontal regions and the striatum and is also known to result in 
neurological recovery in AM patients.92,93 However, dopaminergic treatment remains 
experimental. At present, a clinically important use of dopaminergic agonists, such 
as L-dopa, is countering behavioral deficits thought to be associated with lowered 
levels of DA metabolites and concomitant frontal lobe dysfunction in patients with 
traumatic brain injury.94,95

II. Methylphenidate and Atomoxetine
In addition to DA agonists, AM has been treated with drugs that alter both 
noradrenaline and DA levels in the brain, such as Methylphenidate and Atomoxetine. In 
1958, Daly and Love successfully treated AM with Methylphenidate.96 Methylphenidate 
is thought to increase the synaptic concentration of both DA and noradrenaline 
by blocking the DA and noradrenaline transporter.97 Methylphenidate specifically 
increases both prefrontal and striatal levels of DA and noradrenaline, which may 
account for the re-activation of frontal (sub)cortical circuitry and restorative effects 
of the drug in patients with disorders of diminished motivation and initiation.98,99 
In 2010, Kim and You described a case of a patient with AM after bilateral frontal 
lobe injury that clinically responded to increasing doses of Atomoxetine.100 In 
contrast to Methylphenidate, Atomoxetine is mainly associated with an increase 
in extracellular concentrations of noradrenaline and DA in the prefrontal cortex 
and likely does not alter DA levels in the striatum.101 However, the re-activation of 
prefrontal cortical areas may have a strong widespread effect on connectivity and 
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impact other parts of the frontal-subcortical system involved in the regulation of 
dopaminergic neurotransmission.102,103 Furthermore, Atomoxetine has been associated 
with improvements of cognitive functions and attentional processes and has gained 
considerable attention from the clinical community for treating frontal lobe symptoms 
after traumatic brain injury.94,95,101,104-106

III. Zolpidem
Zolpidem is a non-benzodiazepine short-acting allosteric agonist of the a1 receptor 
subtype of the gamma aminobutyric acid receptor complex (GABA) with well-
established sleep-promoting properties.107 Zolpidem is known to produce a paradoxical 
‘awakening’ effect in patients with AM, though its effects are short-lasting and patients 
show a significant ‘wearing-off ’ phenomenon.108 Temporary neurological recovery 
after Zolpidem has also been reported in a small and specific subset of other patients 
with severe brain injury, especially in those with disorders of consciousness.109,110 It 
has been suggested that the paradoxical effects of Zolpidem could be attributable 
to the modulation of subcortical connectivity, particularly at the level of the GP.111 
According to Schiff et al., severe brain damage to cortical and/or subcortical structures 
might cause the striatum to fail to inhibit the inhibitory outflow of the GPi to the 
thalamocortical system. This general loss of active inhibition from the striatum 
causes a pathological ‘hyperactive’ GPi that, in turn, results in increased thalamic 
inhibition and thereby disturbs anterior forebrain signalling. These changes result in 
a reduction of spontaneous behavior or even loss of consciousness. This ‘downstate’ 
might also be responsible for the loss of initiation and motivation for behavior in AM. 
Zolpidem is thought to have a direct disinhibiting influence on these pathological 
GPi outflow signals, thereby re-activating the thalamocortical system and restoring 
anterior forebrain signalling. A part of this hypothesis is confirmed in several animal 
studies in which specific injections of Zolpidem in the GP has been shown to lead to 
a decrease in firing rate of GP neurons and changes in motor behavior of rats.112,113 
In contrast, local application of a GABAa receptor antagonist increased the firing 
rate of GP neurons.114 Interestingly, Xue et al. found that application of a GABAa 
antagonist induced stronger excitatory effects in the GP of rats with a previous 
chemically induced lesion.115 They suggested that this phenomenon could be mediated 
by the expression of more postsynaptic GABAa receptors or by the increased release 
of GABA from striatopallidal and/or pallido-pallidal terminals in an injured GP. This 
observation might be translated to patients with AM in which post-injury subcortical 
upregulation of GABAa receptors and change of GABA release might be responsible 
for the paradoxical reaction to Zolpidem administration. However, basal GABAergic 
control of (sub)cortical structures, including the GP, might be more heterogeneous 
than what was previously thought and Zolpidem’s actions in AM might be following 
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a far more complex mechanism than proposed by Schiff et al.113,116 After all, the model 
seems insufficient to capture the whole pathophysiological spectrum of AM, since it 
seems to disregard the relationship with focal GPi lesions and AM (as described in 
IIIa), which would theoretically, and paradoxically, result in GPi inactivity.

Figure. 1. Schematic overview of frontal-subcortical circuitry associated with motivation and 
possible site(s) of action of pharmacological interventions in AM. Purple arrows represent 
the direct pathway, blue arrows represent the indirect pathway, and green arrows represent 
dopaminergic pathways. AT = Atomoxetine; BC = Bromocriptine; DS/VS = dorsal striatum/
ventral striatum; GPe/vp = globus pallidus externus/ventral pallidum; GPi/vp = globus pallidus 
internus/ ventral pallidum; LD = Levodopa; MP = Methylphenidate; SNc/vta = substantia nigra 
pars compacta/ventral tegmental area; stn = subthalamic nucleus; ZPD = Zolpidem.

Another, more conceptual, hypothesis on Zolpidem action in patients with severe brain 
injury is that of ‘neural dormancy’ or ‘diaschisis’.117 It is thought that a neuroprotective 
‘dormancy’ mechanism originates after severe brain injury, resulting in a temporary 
rise in GABA levels to reduce and suppress brain activity and excitotoxicity to facilitate 
the recovery of brain tissue and prevent more neuronal loss. This neuroprotective 
GABA mechanism may still be present in the chronic phase after brain injury, 

5



142

Chapter 5

preventing the functional activity of brain regions associated with initiation and 
motor behavior. In this view, the paradoxical effect of Zolpidem could be explained 
by a high specific GABAa action of vital, though dormant ‘down-regulated’ brain 
regions. A wide variety of structures maintain a high density of GABAa a1 subunits, 
such as the substantia nigra, basal forebrain, thalamic reticular nucleus, and lamina 
IV of sensorimotor cortical regions, making them rich input and output structures for 
the GABAergic effects of Zolpidem.118,119 Finally, severe brain injury might also cause 
neural activity to lose its power of complex information integration, resulting from 
hypersynchronization among the neuronal population. It is thought that the brain 
enters a state of pathological hypersynchronization after severe brain injury, which is 
temporarily restored by GABA a1 sensitive desynchronization through Zolpidem.120,121

DISCUSSION
The function of the frontal lobes as an integrator of information related both to 
the external sensory world and internal limbic system, and its role in motivation 
and processing of motor reactions, makes this region and its subcortical connections 
critically important in understanding the pathophysiology of AM.1 There are several 
structures in the brain that are ‘usual suspects’ in the development of AM, most 
prominently the ACC, striatum, GPi, and medial thalamus. Injury to any of these 
single structures seems to be able to disrupt the processing and integration of 
information within the frontal-subcortical circuit, resulting in akinesia and mutism. 
Since different frontal-subcortical circuits integrate information from anatomically 
disparate, but functionally related brain regions, a broad range of structural lesions 
to different parts of the frontal-subcortical circuit results in the development of a 
similar state of extreme sensory inattention. This corroborates the fact that AM 
has been described following a wide variety of lesions throughout the brain with a 
special role for the ‘way stations’ in the above-described (pre)frontal basal-ganglia-
thalamocortical circuits. A synthesis of lesion studies in animals, imaging studies in 
humans, and clinical investigations in patients with AM suggests that AM arises as 
a result of loss of an ‘energizing factor’ in the frontal-subcortical system. The (pre)
frontal cortex, in particular the ACC, may be considered the ‘battery’ that contributes 
to motivational control, and facilitates neural processes underlying behavior.18,122 
Damage to the (pre)frontal cortex may result in the withdrawal of this energizing 
factor following disconnection of frontal regions from their associated striatal 
parts or following specific neurotransmitter deficiencies, eventually resulting in the 
development of AM.18,41,123 Loss of this ‘battery’ function might also be the result 
of more distal injury or dysfunction of any of the components of the nigrostriatal 
or mesolimbic pathways, impairing dopaminergic input to frontal regions and the 
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striatum. Subsequently, the loss of neurotransmitter input to the striatum is thought 
to result in disinhibition of the GPi neurons, which become tonically active, exerting 
a powerful inhibiting influence on their thalamic targets.111 This negatively influences 
frontal activity and forms a reinforcing negative loop that impairs both spontaneous 
motor behavior and speech, forming the basis of persisting AM. In addition to the well-
known role of cortico-basal ganglia circuits in the initiation and execution of behavior, 
it is now thought that there are also specific circuits that are involved in proactive and 
reactive inhibition of behavior.124 Motivational processes emerge from a competition 
process between these execution and inhibition systems that act in parallel within 
the frontal-subcortical circuit.125,126 Clinical manifestations of other basal ganglia-
related disorders, such as Parkinson’s disease, Tourette syndrome, and obsessive-
compulsive disorder are already thought to be related to imbalances between these 
dual systems. Theoretically, AM may also be the result of a severe imbalance between 
these systems, and may be caused by a damage-induced dominant over-inhibition of 
behavioral processes.

A variety of pharmacological interventions may be used in the treatment of AM. Most 
reports have been written about the effects of DA agonists, such as Bromocriptine, 
and Levodopa. This treatment may be considered when there is specific damage to 
the (pre)frontal cortex, damage to the midbrain or specific dysfunction of the DA 
conveying pathways. However, the effects of DA agonists are usually dose-dependent, 
subacute and only become evident after a couple days of treatment. Therefore, it 
is justified to start with a short trial of 10mg Zolpidem, since a positive effect can 
be registered almost instantly, with the use of a single dose. If there is no effect, 
it is conceivable to start a trial of Bromocriptine, Levodopa or drugs that affect 
both dopaminergic and noradrenergic transmission, such as Methylphenidate, or 
Atomoxetine. However, it is important to remember that most studies in patients 
with AM were performed without formal behavioral assessments, blinding and 
medication free intervals, possibly causing bias of treatment. Currently, a wide variety 
of other pharmacological interventions are studied to treat a diverse set of symptoms 
of frontal lobe dysfunction associated with severe brain injury, such as amantadine 
and cholinesterase inhibitors.94,95 Most drugs are currently undergoing phase II or 
phase III clinical evaluation for which results are pending, and their specific effects 
in patients with AM remain unknown. Therefore, treatment remains experimental, 
and not without any consequences. Long-term treatment with DA agonist is fraught 
with significant potential adverse effects, including disabling dyskinesia. Moreover, 
dopaminergic and GABAergic drugs can induce significant side-effects in AM patients 
and have to be carefully considered and selected.127
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CONCLUSION
AM is a rare, but severe neurological disorder. Patients with AM lack the motivating 
vector for the expression of spontaneous motor behavior and speech. It results 
in near-complete dependence on others for the most basic activities of daily life, 
invariably leading to nursing home admission. AM seems to arise as a result of a 
severe imbalance in the integration of information within the frontal-subcortical 
loop. The disorder may arise after brain damage, through a lack of an ‘energizing 
factor’ for expressing spontaneous behavior, or through damage-associated over-
inhibition of behavior. The numerous structures and the many neurotransmitters, 
receptors, and modulators involved in this frontal-subcortical system account for the 
observation that lesions in different brain regions may have similar behavioral effects 
and that a variety of medications may have similar effects on behavioral disturbances. 
A series of pharmacological interventions, depending on individual pathophysiology, 
may be administered to patients in order to restore the imbalance in motivational 
neurocircuitry. Future studies, with more patients, specific neuroimaging procedures, 
and placebo-controlled administration of drugs seem necessary to clarify the frontal-
subcortical dysfunction in this enigmatic disease.
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ABSTRACT
Some patients with severe brain injury show short-term neurological improvements, 
such as recovery of consciousness, motor function, or speech after administering 
zolpidem, a GABA receptor agonist. The working mechanism of this paradoxical 
phenomenon remains unknown. In this study, we used electroencephalography and 
magnetoencephalography to investigate a spectacular zolpidem-induced awakening, 
including the recovery of functional communication and the ability to walk in a 
patient with severe hypoxic-ischemic brain injury. We show that cognitive deficits, 
speech loss, and motor impairments after severe brain injury are associated with 
stronger beta band connectivity throughout the brain and suggest that neurological 
recovery after zolpidem occurs with the restoration of beta band connectivity. This 
exploratory work proposes an essential role for beta rhythms in goal-directed behavior 
and cognition. It advocates further fundamental and clinical research on the role of 
increased beta band connectivity in the development of neurological deficits after 
severe brain injury.
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1. INTRODUCTION
Paradoxical signs of temporary neurological recovery have previously been described 
in a subgroup of patients with severe brain injury after administering zolpidem, 
a GABA receptor agonist.1 This phenomenon is primarily known in patients with 
disorders of consciousness, but also occurs in patients with degenerative disorders, 
such as Parkinson’s disease, or those with neurological deficits after stroke.2,3 
However, a paradoxical response to zolpidem remains rare. For instance, in a study 
of a small group of patients with a disorder of consciousness, only 6.7% experienced 
signs of neurological recovery after zolpidem.4 Nonetheless, zolpidem has gained 
considerable research interest in recent years, as its action mechanism may represent 
a new treatment for patients with a variety of neurological disorders. Nevertheless, 
this action mechanism and the reason for zolpidem’s selective activity remain largely 
unknown.

Previous studies on the restorative effects of zolpidem have suggested that the drug 
can restore abnormalities in GABAergic signaling that arise after brain injury.5-7 
Furthermore, zolpidem is thought to temporarily suppress pathologically increased 
levels of slow-wave activity after brain damage that is known to result in cognitive 
and motor deficits.6,8 However, little is known about the effects of zolpidem on the 
mechanisms supporting large-scale integration throughout the brain. Large-scale 
integration from spatially distinct brain regions is crucial for several cognitive 
functions, such as selective attention, short- and long-term memory, and flexible 
routing of information.9-11 Not surprisingly, a wide variety of neurological disorders 
have already been associated with dysfunctions in neuronal synchronization.12,13

In this open-ended exploration, we set out to study the effects of zolpidem on 
functional connectivity: a measure used to characterize functional integration. 
We used both EEG and MEG to study a zolpidem-induced awakening, including 
the recovery of functional communication and motor behavior in a patient with 
severe hypoxic-ischemic brain injury. We report the pharmacologically-induced 
neurophysiological changes paralleling this recovery and use this evidence to propose 
novel hypotheses that explain zolpidem-induced awakenings in patients with severe 
brain injury.

6
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2. MATERIALS AND METHODS

2.1 Ethical approval
Family members gave written informed consent to the research protocol, which was 
approved by the medical ethical committee of the Amsterdam University Medical 
Center (location Academic Medical Center), The Netherlands. Ethics review criteria 
conformed to the Declaration of Helsinki. Moreover, consent was obtained for 
publishing video material. No part of the study procedures or analysis plans was 
pre-registered in an institutional registry prior to the research being conducted. In 
the following section, we report how we determined our sample size in the control 
group, all data exclusions, all inclusion/exclusion criteria, whether inclusion/exclusion 
criteria were established prior to data analysis, all manipulations, and all measures 
in the study.

2.2 Clinical case
A man, 29-year old, with a history of alcohol abuse suffered from hypoxic-ischemic 
brain injury after choking on a piece of meat. After an initial, though slow neurological 
recovery, spontaneous movement and speech disappeared. The patient developed 
such a severe impairment of arousal that he required intensive auditory and tactile 
stimulation to maintain a wakeful state. No structural lesions were found using a 
computerized tomography (CT) scan to explain this secondary deterioration, and 
conventional EEG-recordings showed no evidence of epilepsy. After a stay in the ICU 
and neurology department, the patient was transferred to a nursing home without a 
formal diagnosis explaining his hyporesponsive state. A structural MRI at follow-up 
showed signs of diffuse atrophy without hydrocephalus.

Eight years passed without any further improvement and neurological follow-up. 
Eventually, a new nursing home physician with experience in hyporesponsive disorders 
took over the patient’s treatment and performed a new neurological examination to 
find directions to improve his care. Upon clinical assessment, the now 37-year old 
patient seemed awake, but showed a complete lack of voluntary movement (akinesia) 
and absence of speech (mutism). More specifically, the patient showed no affective 
reactions, initiation of eating or drinking, and remained incontinent. Although the 
patient showed no signs of spontaneous speech or vocalization on request, he was 
able to respond to questions or commands with movements with a significant delay 
(usually a couple of seconds) and with evident ataxia and muscle rigidity. Despite his 
intact awareness, the patient’s initiative was so severely impaired that he remained 
wheelchair-bound and entirely dependent on nursing care for all daily activities, 
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including the need for enteral tube feeding. His behavioral condition was classified 
as akinetic mutism (AM): a severe disorder of diminished motivation.14,15

After consultation with his family, a single dose of zolpidem (10 mg) was administered 
by the nursing home physician. This dose is frequently used for patients with persistent 
hyporesponsive disorders.1 Within 20 minutes, the patient started communicating 
spontaneously, asking the nurse how his wheelchair was to be operated, and requesting 
fast food. He managed to walk while being supported by the staff and phoned his 
father, who had not heard his son’s voice for years. Despite evident retrograde amnesia, 
going back three years before the brain injury, and an apparent hearing deficit, he 
was cheerful, alert, and showing interest in the people and objects surrounding him. 
Two hours after zolpidem administration, he gradually fell back into his diminished 
motivational state. Following this observation, the nursing home physician gave him 
a drug-regimen of three daily doses of zolpidem (10 mg) around mealtimes.

However, a severe reduction in effectiveness became noticeable after administering 
zolpidem for several consecutive days. The time windows during which the patient was 
able to talk and move got narrower, and his abilities to move and speak during these 
time windows decreased. Usually, the restorative effects of a single dose of zolpidem 
could be reproduced once a day for about five consecutive days. After this period, drug 
administration did not result in observable clinical effects. The use of multiple doses 
of zolpidem during a single day showed no improvement in his clinical condition and 
sometimes even caused sedation.

On average, it would require two to three medication-free weeks to notice the effects 
of a single dose of zolpidem again. Consequently, zolpidem administration was 
restricted to special occasions, such as family visits or dental appointments. With 
this amended pharmacological regime, a single zolpidem dose could again lead to the 
effects observed after the first administration of the drug. Under these conditions, 
the effects of zolpidem became noticeable after approximately 30 minutes from oral 
administration and lasted for 30-60 minutes. Hereafter, a wearing-off phase followed 
of about 30-60 minutes.

At the start of the current study, the patient was 38 years old, weighed 65 kilograms, 
and was 60 days-off of zolpidem. During this period, the patient received no other 
drugs or neurostimulants that could have affected his neurological condition.

6
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2.3 Clinical assessment
Clinical tests were performed once before and once after zolpidem administration 
using the Montreal Cognitive Assessment tool (MoCA) and Coma Recovery Scale-
Revised (CRS-R). The MoCA is a brief screening tool used for patients with mild 
cognitive impairment16, while the CRS-R is a screening tool for patients with 
disorders of consciousness.17 These clinical tests were performed on the same day 
as the EEG. Since the maximum effects of zolpidem lasted for a relatively short time 
(approximately 30-60 minutes), the clinical tests were performed only once after 
administration, enabling a full 30-minute resting-state EEG recording.

2.4 EEG/MEG

2.4.1 EEG data-acquisition and pre-processing
The EEG-data were recorded in a resting-state condition with the patient lying in 
bed and using a sampling frequency of 1024 Hz (Micromed, Mogliano Veneto, TV, 
Italy). 21 Ag-Cl electrodes (19 scalp electrodes + 2 electrodes positioned at both ear 
lobes serving as recording reference) were placed according to the international 
10-20 system. Two recordings with a duration of 30 minutes each were performed. 
The patient was first recorded pre-zolpidem, following which zolpidem (10 mg) was 
administered. Then, 30 minutes after the administration of zolpidem, the patient 
started talking and spontaneously moving (became ‘awake’), after which another 
EEG was recorded. From these two recording sessions, we split the continuous EEG 
recording into epochs of 1-second duration. Epochs with eyes closed were selected 
for both conditions. These epochs were visually inspected to discard potential sleep 
periods, and ocular and motor artifacts. Power line artifacts were eliminated using 
a digital notch filter.18 The 1-second epoching allowed us to eliminate poor EEG 
segments, yet still provided an adequate frequency resolution to accurately study 
low-frequency power dynamics. Since a relatively large number of subtle and more 
substantial movement artifacts were identified, the primary analyses of EEG (and 
MEG, see below) were therefore based on selected data segments of higher quality (for 
an overview of data selection, see Supplementary Figure 1). In total, we obtained 286 
epochs of 1-second duration (4.8 minutes) for the condition before the administration 
of zolpidem and 263 epochs of 1-second duration (4.4 minutes) for the condition after 
administration of zolpidem. For the spectral power analysis, we used all (549 in total) 
artifact-free epochs of 1-second duration. Clean epochs were digitally filtered between 
0.5 and 100 Hz and subsequently average referenced.

To check if our results were robust and if we would find the same results in subsets of 
our data, we performed the same power analysis using 60 randomly selected epochs 
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from the total recording set for each condition. We repeated this procedure 10 times. 
From these 10 sets of subsampled epochs, we obtained the power spectrum across 
frequencies. We report the average and 95% CI across repetitions.

For the functional connectivity analysis, 98 and 76 artifact-free epochs (digitally 
filtered between 0.5 and 100 Hz and subsequently average referenced) were available 
from the pre- and post-administration of zolpidem conditions, respectively. The 
epochs were 4 seconds of length to be able to calculate amplitude envelopes reliably. 
First, we restricted the analysis to the 30 highest-quality epochs per condition. Next, 
as for the power analysis, we performed the functional connectivity analysis for 30 
randomly chosen 4-seconds epochs per condition as a robustness-check. We repeated 
this procedure 10 times, also reporting the average and 95% CI across repetitions.

2.4.2 MEG data-acquisition and pre-processing
MEG recordings were obtained in a magnetically shielded room in a supine resting-
state condition. The MEG recordings were performed on a separate occasion, three 
months after the EEG. Two datasets of 5-minute duration each were recorded 
pre-zolpidem. Next, the patient was administered zolpidem (10 mg) outside of the 
magnetically shielded room. Once again, after 30 minutes, the patient became awake, 
and two more datasets of 5-minute duration were obtained. Data were recorded using 
a 306-channel whole-head system (Elekta Neuromag Oy, Helsinki, Finland) with a 
sampling frequency of 1250 Hz and online anti-aliasing (410 Hz) and high-pass filtering 
(0.1 Hz). The head position relative to the MEG sensors was recorded continuously 
using the signals from five head position indicator (HPI) coils. The HPI positions 
and the outline of the patient’s scalp (around 500 points) were digitized before 
the recording using a 3D digitizer (Fastrak, Polhemus, Colchester, VT, USA). The 
patient’s MEG data were co-registered to his structural MRI using a surface-matching 
procedure with an estimated resulting accuracy of 4 mm.19 This structural MRI of the 
head had been obtained two months before the MEG session as part of clinical care, 
using a 3T Philips MRI scanner (Philips Medical Systems, Best, The Netherlands).

For MEG source-level analysis, the following extra processing steps were undertaken. 
First, bad channels were removed after visual inspection of the data (mean number 
of excluded channels 11; range 10-12). Thereafter, the temporal extension of Signal 
Space Separation (tSSS) in MaxFilter software (Elekta Neuromag Oy, version 2.2.15) 
was applied using standard settings, a correlation limit of 0.9, and a sliding window 
of 10 seconds.20,21 The automated anatomical labeling (AAL) atlas was used to label 
the voxels in 78 cortical and 12 subcortical regions of interest (ROIs).22,23 We used 
each ROI’s centroid voxel as representative for that ROI.24 Subsequently, an atlas-
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based scalar beamforming approach (beamformer, version 2.1.28; Elekta Neuromag 
Oy), similar to Synthetic Aperture Magnetometry25, projected the sensor signals to 
these (source-space) centroid voxels, resulting in a broadband (0.5-48 Hz) time series 
for each centroid of the 90 ROIs24. The source-space data were visually checked for 
significant artifacts, and these parts of the recording were discarded, leaving 560 
seconds of data pre-zolpidem administration and 550 seconds of data post-zolpidem 
administration. Next, we visually selected the highest-quality epochs based on the 
absence of small artifacts and drowsiness (e.g., slow waves and slow eye movements 
on electrooculography).

For the power analysis, we selected 90 high-quality epochs (1 second per epoch) per 
condition. As described for the EEG dataset, we checked if our results were robust 
by selecting 10 sets of 60 epochs of 1-second length per condition, and reporting 
the average and 95% CI across repetitions. For the functional connectivity analysis, 
time-series were split into longer epochs of 4096 samples (3.28 seconds). The sixty 
best-quality epochs per condition (30 epochs per recording) were selected for further 
analysis. Again, we performed a robustness-check by obtaining 10 sets of 60 randomly 
chosen epochs (per condition) and repeating the functional connectivity analysis and 
reporting the average and 95% CI across repetitions.

MEG-based functional connectivity for the patient (in both conditions) was visually 
compared with the average functional connectivity obtained from three healthy male 
volunteers. Three healthy volunteers were considered enough to make an adequate 
comparison with our patient. The healthy male volunteers were 38, 40, and 41 and 
had all undergone one five-minute, eyes-closed, resting-state MEG recording without 
medication. Data acquisition, pre-processing, and analysis were performed in the same 
way as for the patient dataset.

2.4.3 Video-recordings
Since the CRS-R has a ceiling effect in patients with disorders of motivation, and the 
MoCA a floor effect, video-recordings were performed to capture the full spectrum 
of behavioral changes in our patient qualitatively. The video-recordings were made in 
the nursing home of the patient in the time-frame between the separately performed 
EEG and MEG recording session.

2.5 Data analysis
For both EEG and source-space MEG data, the spectral power was obtained using a 
Fast Fourier Transform (FFT) algorithm after multitapering with 3 tapers.26 Given an 
epoch length of 1 second for the spectral analysis, this resulted in a spectral smoothing 
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of 8 Hz (~4 Hz from the frequency center) for both datasets. Relative power values were 
expressed as a percentage of the total power by dividing the power in every frequency 
bin by the total power (0.5-48 Hz for MEG and 2-50 Hz for EEG) per channel/ROI. The 
relative band power in each canonical frequency band was averaged over all channels/
ROIs and over each brain lobe (frontal, parietal, temporal, and occipital; for MEG 
only). The frequency bands were defined as theta (4-8 Hz), alpha (8-12 Hz), beta (15-30 
Hz), and gamma (30-48 Hz for MEG and 30-50 Hz for EEG analysis).

Also, frequency band-specific functional connectivity analyses were performed 
for both EEG (epoch length 4 seconds) and MEG data (epoch length 3.2 seconds). 
Functional connectivity was estimated using the corrected amplitude envelope 
correlation (cAEC). The cAEC is a measure of functional connectivity between 
brain regions that corrects for the effects of volume conduction/field spread, using a 
symmetric orthogonalization procedure.27,28 To adjust for any negative correlations, 
1 was added to all values, and the successive numbers were divided by 2. The cAEC 
therefore ranges from 0 to 1, with a value of 0.5 indicating no connectivity. The cAEC 
was calculated for all possible pairs of channels/ROIs, leading to a 19 x 19 (EEG) or 90 x 
90 (MEG) adjacency matrix that contained the functional connectivity values between 
all pairs. cAEC values were subsequently averaged per channel/ROI (hence, indicating 
the functional connectivity between one channel/ROI and all other channels/ROIs).

The observed power and cAEC between pre- and post-zolpidem states are reported 
as average across epochs and the 95% CI. The effect size of the differences in power 
and cAEC between pre- and post-zolpidem states is reported using Cohen’s d.

The spectral and functional connectivity analyses were performed using FieldTrip 
(http://www.fieldtriptoolbox.org)29 in MATLAB 2016b (Mathworks; 9.1.0.441655) and 
in-house software (BrainWave, version 0.9.152.12.26; C.J.S., available from (https://
home.kpn.nl/stam7883/brainwave.html) respectively. Raw data and source-space 
data with analysis code, together with clinical assessment data and the data from 
the control participants, is available online using the following weblink: https://data.
mendeley.com/datasets/d8jncnwjx7/2.

3. RESULTS

3.1 Clinical changes
Consistent with the previously established diagnosis of akinetic mutism, the 
patient showed (inconsistent) functional object use of more than two objects before 
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zolpidem administration, and therefore a ceiling score on the CRS-R, indicating an 
intact level of consciousness. 30 minutes after zolpidem administration, the patient 
showed remarkable signs of awakening, including the return of functional speech, 
spontaneous intentional object use, and awareness of his surroundings (see Video 
in Supplementary Materials). Moreover, he was able to walk several steps with some 
assistance. The MoCA score improved from 0/30 to 13/30. These effects lasted for 60 
minutes. Hereafter, the patient gradually returned back to his original akinetic and 
mute state within a period of 30-60 minutes.

3.2 EEG and MEG
Qualitatively, the pre-zolpidem resting-state EEG in our patient is of average voltage 
and shows a generalized abundance of fast (alpha/beta) and slow (delta) activity, 
though without a normal anterior-posterior differentiation (see Mendeley dataset 
link for EEG’s). As in healthy individuals, drowsiness and sleep are characterized by 
further slowing and K-complexes, and increases of fast (alpha/beta) activity after short 
verbal stimuli to arouse the patient. Post-zolpidem, the patient is much more awake. 
The background pattern is more or less the same, with a presence of generalized 
fast activity (beta) and some (frontal) theta/delta, though the EEG still lacks a clear 
anterior-posterior differentiation, which is different than in healthy persons. However, 
it is much faster than one would generally expect in, for instance, a patient with 
encephalopathy30.

Quantitatively, the EEG sensor-space spectral analysis of the pre-zolpidem condition 
revealed a peak in relative theta and alpha power over the frontal, and parietal cortices, 
which decreased after zolpidem administration (Cohen’s d for the contrast between 
conditions: theta = 0.51, alpha = 1.13). Besides, a small increase in relative beta and 
gamma power was observed after zolpidem administration (Cohen’s d for beta = 0.29, 
and gamma band = 0.32), most notably over frontal, temporal, and central/parietal 
regions (Figure 1c). These differences are highlighted for the two central electrodes 
(Fz - Cz, Figure 1a), but were observed for five different groups of electrodes 
(Supplementary Figure 2a-e). Figure 1b shows the average relative power and 95% CI 
for the four different frequency bands for both conditions. We subsequently performed 
a robustness-check on the selected epochs, repeating (n=10) the above analysis using 
60 randomly chosen epochs across the recording session for both conditions. The 
results remained the same (Supplementary Figure 2f-j).
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Figure 1. Effect of zolpidem on spectral power (EEG). A. Local normalized spectral power 
(percentage of each frequency bin relative to the total power) from the midline (average and 
95% CI, Fz and Cz electrodes) for pre- and post-zolpidem conditions. B. Global normalized 
spectral power presented as bar chart per frequency band (average and 95% CI) for both 
conditions. C. Head plots of the topography of normalized spectral power per frequency band, 
viewed from the top: theta band, 4–8 Hz; alpha band, 8–12 Hz; beta band, 15–30 Hz; gamma 
band, 30–50 Hz. CI = confidence interval.

The MEG source-space spectral analysis confirmed these observations, but showed a 
larger effect size for the increase in beta and gamma power (Cohen’s d for the contrast 
between conditions: theta = 0.7, alpha = 0.5, beta = 0.63, and gamma = 1.11; see Figure 2 
for relative power for both conditions, and Supplementary Figure 3 and Supplementary 
Table 1 for the contrast between the two conditions). After zolpidem administration, 
we observed an increase in beta and gamma power for all cortical brain regions. 
Interestingly, the topographical analysis revealed that this beta power increase was 
most pronounced for frontal and parietal regions, while temporo-occipital regions 
showed higher levels of theta power pre-zolpidem, which is followed by a shift in 
power towards the alpha frequency range after the administration of zolpidem (Figure 
2c-f and Supplementary Figure 3). The robustness-check confirmed these results 
(Supplementary Figure 4).

6
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Figure 2. Effect of zolpidem on source-space spectral power (MEG). A: Normalized spectral 
power (average and 95% CI) across all brain regions. B: Global normalized spectral power, 
presented as bar chart per frequency band (average and 95% CI). C–F: As in A., but for Frontal 
(C), Temporal (D), Parietal (E), and Occipital (F) brain regions. CI = confidence interval. For 
regional spectral power in theta, alpha, beta, and gamma bands see Supplementary Material 
Fig. 4.

Furthermore, we studied the functional connectivity across different brain areas 
before and after the administration of zolpidem. We observed a reduction in beta 
band functional connectivity throughout the brain in both the EEG and MEG analyses 
(Figure 3 and Supplementary Figure 5). We did not find large effect sizes for the 
contrast between conditions for the other frequency bands. Therefore, we focused 
the rest of our analyses on beta band functional connectivity. Interestingly, the EEG 
analysis revealed a decrease with a medium effect size in functional connectivity in the 
beta band after administering zolpidem for most electrodes (Cohen’s d = 0.65; Figure 
3a). The MEG source-space cAEC analysis confirmed these results, but showed an 
even larger effect size for beta (Cohen’s d = 0.83; Figure 3b). We observed a decrease 
of beta band functional connectivity across all cortical and subcortical AAL brain 
regions (Figure 3b) after zolpidem administration. These effects were also observed in 
randomly chosen data segments across the entire recording (Supplementary Figure 5).
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Figure 3. Effect of zolpidem on EEG/MEG beta band functional connectivity. A. EEG functional 
connectivity (cAEC) per condition for each channel (left: average and SEM) and averaged over 
all channels (right: average and 95% CI). B. Source-space MEG functional connectivity (cAEC) 
per condition for each brain region (left: average and SEM) and averaged over all brain regions 
(right: average and 95% CI). C. Beta band MEG functional connectivity for both conditions, and 
the contrast between conditions, displayed on a parcellated template brain, viewed from above. 
For visualization purposes, only cortical brain regions are displayed. From top to bottom: 
average beta band cAEC per region in the pre- and post-zolpidem condition and effect size of 
beta band functional connectivity differences between pre/post-zolpidem, expressed as Cohen’s 
d. SEM = standard error of the mean. CI = confidence interval. a = anterior, p = posterior. For 
AAL atlas regions, see Supplementary Materials Table 2.

Finally, we compared the MEG source-space pre- and post-zolpidem functional 
connectivity values with those observed in three healthy subjects (see Figure 3b for 
average cAEC and Supplementary Figure 6 for comparison with individual controls). In 
the pre-zolpidem condition, we observed higher resting-state functional connectivity 
throughout the patient’s brain compared to the healthy controls. After zolpidem 
administration, this level of beta band functional connectivity in the patient decreased 
to levels that were comparable to those observed in the three healthy subjects (Figure 
3b). This decrease was observed for all cortical and subcortical brain regions.
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4. DISCUSSION

4.1 General discussion

4.1.1 Power changes
First, we observed that zolpidem administration in our patient was associated with a 
decrease in theta/alpha power and an increase in beta/gamma power (see result section 
for effect sizes). This power shift from low to high-frequency rhythms corresponds 
with previous neurophysiological studies in zolpidem-responsive patients with other 
neurological deficits.6,8 For instance, Hall and colleagues were the first to report that 
zolpidem decreases elevated levels of low-frequency rhythms after brain injury.6 They 
suggested that these specific changes result in cognitive and motor improvements, 
especially after a stroke. Subsequently, Williams and colleagues also described similar 
results in three patients with severe brain injury. They described both a zolpidem-
induced decrease of abnormal levels of theta/alpha power, and an increase in beta 
power, which is in line with the changes observed in our patient (Figures 1 and 2). They 
further hypothesized that increased low-frequency power might be a pathognomonic 
signature in some patients with brain injury and considered these patients more 
prone to the paradoxical effects of zolpidem. They also proposed that a shift towards 
higher frequencies might be a consequence of the restoration of inhibitory GABAergic 
signaling within specific (mesocortical) neurocircuits that are known to be involved in 
the regulation of arousal and behavior.31 Although we cannot mark the EEG baseline 
spectral power in our patient as high or low without a control group, this mechanism 
might also play a role in the restorative effects of zolpidem in akinetic mutism.

In addition to an overall shift towards higher frequencies of the spectrum, our source-
space MEG results also suggest a peak frequency shift from theta to alpha in temporal 
and occipital regions (see Figure 2d-f). Peak frequency shifts are considered to reflect 
changes in a behavioral state.32,33 In specific, alpha power increases with increasing 
cognitive demands34 and temporo-occipital alpha power fluctuations have been 
associated with a flow of information in visual areas.35,36 The observed peak frequency 
shift in our patient might, therefore, reflect the transition from the akinetic mute state 
to a state of increased attention and arousal (see the video in supplementary materials 
for clinical overview of attention and arousal changes).

If we specifically look at beta power, previous studies have reported different effects 
of zolpidem. While some authors report increases in beta power8, others report the 
opposite.6 Previous studies have shown that zolpidem is capable of a bidirectional 
modulation of neuronal network activity, restoring disease-specific oscillatory 
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imbalances through simultaneous augmentation and depression of beta band activity.5 
Importantly, the actual direction of the effects of zolpidem on oscillatory beta band 
activity seems to be dose-dependent7. As such, zolpidem reduces beta power at sub-
sedative doses, while it increases beta-power at higher dosages. Our patient only 
showed behavioral effects after administering 10 mg of zolpidem, which is considered 
a sedative dose for healthy subjects. Since our patient’s weight was limited (65 kg), 
10 mg may be a relatively high dose, which may account for the fact that we see an 
overall increase in beta power.

4.1.2 Changes in functional connectivity
The neurophysiological recordings in our patient showed a decrease in functional 
connectivity in the beta band throughout the brain after zolpidem administration 
(see Figure 3 and Supplementary Figures 5-6). These changes were observed in both 
the EEG (medium effect size) and MEG recordings (large effect size), which were 
made with a three-month interval. The contrast between the increase in relative beta 
power and decrease in functional connectivity supports the assumption that the band 
power changes do not entirely drive the functional connectivity changes. Pathological 
changes in functional connectivity have been associated with various clinical deficits 
in a wide variety of brain disorders.12,13,37 More specifically, a pathological increase 
in beta band functional connectivity is thought to be associated with deterioration 
of flexible behavioral and cognitive control.38 For instance, higher beta band 
functional connectivity has been observed in patients with Parkinson’s disease39,40. 
In these patients, symptom relief correlates with lowering of beta band functional 
connectivity trough drug (dopamine agonist) administration.38,39,41 We suggest that 
the widespread hypoxic-ischemic injury in our patient might have resulted in a similar 
pathological enhancement of beta band functional connectivity throughout the 
brain, causing abnormally strong inhibition of behavioral and cognitive functions. 
Administering zolpidem seems to temporarily reverse abnormally high levels of beta 
band connectivity, thereby restoring functional brain networks and improving large-
scale brain functioning.

Recent evidence from animal studies suggests a possible mechanism for this reversal. 
Brain injury, such as stroke, might cause a shift in GABAA receptor-mediated 
communication as a result of injury-induced impairments of specific GABA transporters 
and dysfunction in GABAA receptor subunits.42-44 These impairments eventually lead 
to a shift in GABAA receptor-mediated inhibition, changing the dynamics of GABA 
signaling from phasic to predominantly tonic, thereby altering network excitability.7,45 
Zolpidem is thought to act on GABAergic fast-spiking interneurons that generally act 
to synchronize neuronal signals across large networks, and are a crucial component 
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for both spectral power and functional connectivity.46-48 After brain injury, zolpidem 
seems to be able to reverse the excessive tonic conductance in GABA interneurons, 
restoring normal phasic GABA signaling and promoting functional recovery.7,42,44 
This reversal is associated with a change in rhythmic activities in different neuronal 
networks and the regulation of synchronous population activity throughout the brain, 
which may account for the changes in functional connectivity (and spectral power) 
we observed in our patient.

4.2 Limitations
The above-described findings of power changes should be interpreted cautiously. First 
of all, our study is subject to performance confound, meaning that if the behavioral 
performance is substantially different in two experimental conditions (as is the case 
for the pre- and post-zolpidem conditions), some measures of brain physiology might 
also differ between those conditions, thereby representing an epiphenomenon.8,49 
Neurophysiological activity is well-known to change in different behavioral conditions. 
For instance, increasing arousal is associated with clear decreases in delta, theta, and 
(lower) alpha activity, which might explain the reduction seen in these frequency 
bands in our patient.50,51 Experiments in which EEG’s were used as means to measure 
cortical arousal previously even relied on the inverse correlation of arousal with the 
power of low EEG frequencies during awakening.50,52 However, behavioral changes 
are usually associated with a decrease in beta power, which is opposite of the effects 
seen in our patient.38 Moreover, behavioral improvements are usually accompanied 
by an increase rather than a decrease in functional connectivity, which suggests 
that the observed changes were directly related to the observed behavioral changes 
53,54. Also, it is opposite to what is seen in other neurological disorders, such as mild 
cognitive impairment and Alzheimer’s disease, where cognitive and behavioral decline 
is associated with loss of beta band synchronization.55

Furthermore, the effects observed might be similar in healthy patients receiving 
zolpidem, since we lack a placebo control in this study. For instance, it is well-known 
that GABA-agonists can cause decreases in low-frequency power and increases in 
beta-activity.8,56 However, these effects on spectral power are of short-term and 
variously reported in healthy patients.57 Also, behavioral improvements are usually 
accompanied by an increase in functional connectivity, which is in contrast with the 
results of our study53,54.

Although we present the neurophysiological results of a single patient, similar effects 
were seen in both the EEG as MEG recordings, which were made on two different 
occasions under similar conditions. The observed behavioral improvements (as seen in 
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the video), in combination with the changes in beta functional connectivity (medium 
effect size for EEG and large effect size for MEG) is quite remarkable to observe in 
a single patient. However, the relative differences in effect size between the power 
and functional connectivity changes in the EEG and MEG suggests the necessity of 
larger sample sizes. In contrast to the changes in beta functional connectivity, the 
changes in beta power were smaller. Future studies should re-examine our results in 
a confirmatory design (see section 4.3) with larger samples, with a placebo control 
group, and ideally controlling for performance capacity confounds known for patients 
with severe brain injury.49 Furthermore, future studies need to include a larger group 
of healthy subjects to compare baseline spectral power and functional connectivity 
and compare neurophysiological findings after zolpidem administration.

4.3 Hypothesis generation
Our study suggests that patients with neurological deficits after hypoxic-ischemic 
brain injury, especially those with akinetic mutism, may maintain higher levels of beta 
band functional connectivity. As mentioned above, a study with a larger sample of 
patients is necessary to confirm this hypothesis. This study must preferably contain 
patients with similar clinical presentations and an equivalent response to zolpidem 
to prevent bias, though this may be challenging since zolpidem awakenings remain 
rare.4,14 Therefore, international collaboration and the clustering of cases in specialized 
centers will be necessary actions for further research.

Our study also suggests that zolpidem can temporarily reduce and restore beta band 
functional connectivity to a level that allows functionality to return. Interestingly, 
Williams and colleagues demonstrated a subtle increase in frontal inter-hemispheric 
coherence within the 20-30 Hz range in two of their three patients. More recently, 
Sripad and co-workers also described similar results in another case-study.58 An 
explanation for the difference with our case (i.e., increased versus decrease beta band 
connectivity) may be found in the fact that all of these patients experienced brain 
injury from traumatic origin. Therefore, additional studies, including patients with 
different types of brain injury, both from traumatic and hypoxic-ischemic origins, are 
necessary to clarify these contradicting results. These studies should also include a 
treatment schedule with low- and high-dose zolpidem to reveal what the real dose-
dependent effects are of zolpidem in human subjects.7

Further insights into the action mechanisms of zolpidem might eventually lead to new 
treatment strategies for patients with severe brain injury. For instance, if a reduction 
in beta band functional connectivity also relates to functional improvement in other 
patients with brain injury, it is conceivable to think that therapies that reduce beta 
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band connectivity might be beneficial for a larger group of patients. These therapies 
may include a variety of dopamine agonists, or invasive treatments that are known 
to more permanently affect beta band functional connectivity, such as deep brain 
stimulation.59

Beta rhythms are traditionally associated with sensorimotor functions. However, 
they have recently become more broadly implicated in top-down processing, long-
range communication, and other cognitive functions.60 Our findings contribute to an 
increasing corpus of evidence that demonstrates a complex role for beta oscillations 
in the coordination of the flow of information across brain areas.61 Future animal and 
human studies should elucidate how brain injuries could affect the functionality of 
beta oscillations in cortical microcircuit regulation, top-down processing, and long-
range communication.

5. CONCLUSION
Overall, our findings suggest an essential role of the beta band in goal-directed 
behavior and cognition. Our results also advocate further fundamental and clinical 
research on the role of beta band functional connectivity in the development of 
neurological deficits after severe brain injury, as this may lead to new therapeutic 
strategies.
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SUPPLEMENTARY MATERIAL

Supplementary figure 1. Overview of data selection for EEG/MEG power and functional 
connectivity analyses.
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Supplementary figure 2. EEG spectral power robustness-check. Local normalized spectral 
power (average and 95% CI) calculated for both the pre-zolpidem (blue) and post-zolpidem 
(red) condition using all EEG epochs (A-E), as well as the average and 95% CI for 10 repeats of 
60 randomly selected EEG epochs per condition (F-J). Power spectra are displayed for midline 
(A, F), frontal (B, G), left temporal (C, H), occipital (D, I), and right temporal (E, J) electrodes.

Supplementary figure 3. Effect of zolpidem on MEG regional spectral power. Regional 
relative spectral power for the pre-zolpidem and post-zolpidem conditions, as well as the effect 
size of the differences between pre- and post-zolpidem conditions, expressed as Cohen’s d. 
Values are displayed as color-coded maps on a parcellated template brain, viewed from above. 
For visualization purposes, only cortical regions are displayed. a = anterior, p = posterior.
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Supplementary figure 4. MEG spectral power robustness-check. Normalized spectral power 
calculated using the average and 95% CI (note: CI too small to be discernable) for 10 repeats 
of 60 randomly selected MEG epochs per condition. Power spectra are displayed for all (A), 
frontal (B), parietal (C), occipital (D), and temporal (E) brain regions. Note that the results 
are very similar to those obtained for the original analysis (Figure 2).

Supplementary figure 5. Beta band functional connectivity robustness-check. Functional 
connectivity (cAEC) per condition, calculated using the average (and 95% CI) for 10 repeats 
of 30 (EEG), respectively 60 (MEG), randomly selected epochs per condition. Average 
connectivity values are displayed separately for each channel (EEG; panel A) or brain region 
(MEG; panel B). For AAL atlas regions, see Supplementary Material Table S2.
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Supplementary figure 6. Functional connectivity of individual healthy controls and the 
patient. Average source-space MEG functional connectivity (cAEC) for each brain region per 
condition in the patient, as well as for the individual healthy controls (N=3). Also see Figure 3B.

Supplementary video material
https://www.sciencedirect.com/science/article/pii/S0010945220303130
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Supplementary tables

Supplementary table 1. Effect sizes (Cohen’s d) of contrast between MEG source-space power 
for the pre- and post-zolpidem conditions.

Brain region Frequency band

Theta Alpha Beta Gamma

Frontal 1,13 0,89 1,12 2,4

Parietal 0,42 0,7 1,18 1,6

Temporal 1,27 0,57 1,13 2,09

Occipital 0,85 0,91 1,24 1,42

Supplementary table 2. Regions of the AAL-atlas

AAL ATLAS

Frontal lobe

1 Rectus_L 40 Rectus_R

2 Olfactory_L 41 Olfactory_R

3 Frontal_Sup_Orb_L 42 Frontal_Sup_Orb_R

4 Frontal_Med_Orb_L 43 Frontal_Med_Orb_R

5 Frontal_Mid_Orb_L 44 Frontal_Mid_Orb_R

6 Frontal_Inf_Orb_L 45 Frontal_Inf_Orb_R

7 Frontal_Sup_L 46 Frontal_Sup_R

8 Frontal_Mid_L 47 Frontal_Mid_R

9 Frontal_Inf_Oper_L 48 Frontal_Inf_Oper_R

10 Frontal_Inf_Tri_L 49 Frontal_Inf_Tri_R

11 Frontal_Sup_Medial_L 50 Frontal_Sup_Medial_R

12 Supp_Motor_Area_L 51 Supp_Motor_Area_R

13 Paracentral_Lobule_L 52 Paracentral_Lobule_R

14 Precentral_L 53 Precentral_R

15 Rolandic_Oper_L 54 Rolandic_Oper_R

Parietal lobe

16 Postcentral_L 55 Postcentral_R

17 Parietal_Sup_L 56 Parietal_Sup_R

18 Parietal_Inf_L 57 Parietal_Inf_R

19 SupraMarginal_L 58 SupraMarginal_R

20 Angular_L 59 Angular_R

21 Precuneus_L 60 Precuneus_R

6
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Supplementary table 2. Regions of the AAL-atlas (continued)

AAL ATLAS

Occipital lobe

22 Occipital_Sup_L 61 Occipital_Sup_R

23 Occipital_Mid_L 62 Occipital_Mid_R

24 Occipital_Inf_L 63 Occipital_Inf_R

25 Calcarine_L 64 Calcarine_R

26 Cuneus_L 65 Cuneus_R

27 Lingual_L 66 Lingual_R

Temporal lobe

28 Fusiform_L 67 Fusiform_R

29 Heschl_L 68 Heschl_R

30 Temporal_Sup_L 69 Temporal_Sup_R

31 Temporal_Mid_L 70 Temporal_Mid_R

32 Temporal_Inf_L 71 Temporal_Inf_R

33 Temporal_Pole_Sup_L 72 Temporal_Pole_Sup_R

34 Temporal_Pole_Mid_L 73 Temporal_Pole_Mid_R

35 ParaHippocampal_L 74 ParaHippocampal_R

Insula and cingulate gyri

36 Cingulum_Ant_L 75 Cingulum_Ant_R

37 Cingulum_Mid_L 76 Cingulum_Mid_R

38 Cingulum_Post_L 77 Cingulum_Post_R

39 Insula_L 78 Insula_R

Central structures

79 Hippocampus_L 80 Hippocampus_R

81 Amygdala_L 82 Amygdala_R

83 Caudate_L 84 Caudate_R

85 Putamen_L 86 Putamen_R

87 Pallidum_L 88 Pallidum_R

89 Thalamus_L 90 Thalamus_R
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ABSTRACT
After severe brain injury, zolpidem is known to cause spectacular short-lived 
restorations of brain functions in a small subgroup of patients. Previously, we showed 
that these temporary zolpidem-induced neurological recoveries can be paralleled 
by significant changes in functional connectivity throughout the brain. Deep brain 
stimulation (DBS) is a neurosurgical intervention known to modulate functional 
connectivity in a wide variety of neurological disorders. In this study, we used DBS 
to restore arousal and motivation in a zolpidem-responsive patient with severe brain 
injury, more than 10 years after surviving hypoxic ischemia. We found that 30-50 
Hz DBS of the intralaminar thalamus, targeted at the centromedian-parafascicular 
complex, immediately restored arousal and was able to transition the patient from a 
state of deep sleep to full wakefulness. Moreover, DBS was associated with temporary 
restoration of communication and ability to walk and eat in an otherwise wheelchair-
bound and mute patient. With the use of magnetoencephalography (MEG), we revealed 
that 50 Hz DBS was generally associated with a significant decrease in aberrantly 
high levels of functional connectivity throughout the brain, similar to the effects 
of zolpidem. These results imply that ‘pathological hyperconnectivity’ after severe 
brain injury can be associated with reduced arousal and behavioral performance and 
that DBS is able to modulate connectivity towards a ‘healthier baseline’ with lower 
synchronization, and, can restore functional brain networks long after severe brain 
injury. The presence of hyperconnectivity after brain injury may be a possible future 
marker for a patient’s responsiveness for restorative interventions, such as DBS, and 
suggests that lower degrees of overall brain synchronization may be conducive to 
cognition and behavioral responsiveness.
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1. INTRODUCTION
Zolpidem-induced temporary neurological recoveries are a well-known, but relatively 
rare phenomenon after severe brain injury.1 Usually, the ‘awakening’ effects of 
zolpidem, such as return of movement, speech, or other cognitive functions are 
relatively short-lived, only lasting for a couple of minutes or hours, possibly related 
to the relatively brief duration of peak concentration in the blood after administration 
of the drug.2,3 Moreover, there is a significant wearing-off effect, often resulting in a 
situation wherein zolpidem can only be given on a couple of consecutive days with 
a subsequent drug-holiday that remains necessary for the drug to regain its positive 
initial effects. The fact that zolpidem reveals a tantalizing glimpse of residual brain 
functions in patients with severe neurological deficits can provide hope, and at 
the same time be extremely frustrating for families and caregivers. For now, there 
are few explanations for the drug-tolerance that develops with repeated zolpidem 
administrations and there are no permanent solutions to restore residual brain 
functions in this enigmatic group of patients.

Previously, we showed that zolpidem-induced recoveries may be associated with a 
temporary normalization of pathologically increased levels of functional connectivity 
in the brain that arises in response to ischemic brain damage.2 Following up on this 
finding, we further hypothesized that lowering these levels of functional connectivity 
may be one of the keys to restore residual brain function.3 Deep brain stimulation 
(DBS) is a well-established technique that is associated with the modulation of neural 
activity and connectivity through the administration of small bouts of electric currents 
with electrodes that are surgically placed in specific brain targets.4 Previous studies 
of DBS in other neurological conditions, such as in Parkinson’s disease, have shown 
that improvements of neurological deficits after neurostimulation are associated with 
disease-specific increased levels of functional connectivity.5 Therefore, it was proposed 
to use DBS to achieve higher behavioral arousal coupled to permanently lower levels 
of functional connectivity in our previously reported zolpidem-responsive patient 
with severe brain injury. Experimental DBS of the thalamus has previously safely been 
performed in both healthy nonhuman primates, as well as humans with severe brain 
injury and concomitant disorders of consciousness.6-9 These studies have shown that 
the intralaminar thalamus, especially the centrolateral nucleus and centromedian-
parafascicular (CM-Pf) complex, modulate arousal and are involved in regulating 
behavioral performance.10 The intralaminar thalamus is uniquely interposed between 
brainstem arousal systems and the frontal cortical attentional systems and its nuclei 
have widespread connections with the cerebral cortex.11 Therefore, it is optimally 
positioned to modulate cognitive processes and functional connectivity throughout 
the brain. In this explorative study, we studied the clinical and neurophysiological 
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effects of DBS of the central thalamus (CM-Pf complex) in a patient with zolpidem-
responsive akinetic mutism, which is a severe disorder of motivation and perceptual 
and behavioral performance, consisting of the inability to spontaneously move 
or speak, as a result of severe brain injury.12 The aim of this study was to improve 
the clinical condition of the patient more than 10 years after experiencing hypoxic 
ischemia. Moreover, we used magnetoencephalography (MEG) to study the underlying 
neurophysiological effects of CM-Pf DBS on functional connectivity throughout the 
brain.

2. MATERIALS AND METHODS

2.1 Ethical approval
The legal representatives of the patient gave written informed consent to the research 
protocol, which was approved by a multidisciplinary medical-ethical board that was 
specifically composed for this case, in which clinicians from all related specialties were 
represented along with an independent medical-ethical council. Moreover, written 
informed consent from the family was obtained for publishing information/images/
videos in an online open-access publication. Ethics review criteria conformed to the 
Declaration of Helsinki. No part of the study procedures or analysis plans was pre-
registered in an institutional registry prior to the research being conducted.

2.2 Clinical case
A 29-year-old male with a history of alcohol abuse suffered hypoxic-ischemic brain 
injury after choking on a piece of meat (this case is also previously described in 
Arnts et al.2). After apparent initial, though slow and modest neurological recovery, 
spontaneous movement and speech disappeared. The patient developed such a severe 
impairment of arousal that he required intensive auditory and tactile stimulation to 
maintain a wakeful state. No structural lesions were found using a computerized 
tomography (CT) scan to explain this secondary deterioration, and conventional EEG-
recordings showed no evidence of interictal or ictal epileptiform discharges. After a 
stay in the ICU and neurology department, the patient was transferred to a nursing 
home without a formal diagnosis explaining his hyporesponsive state. A structural 
MRI at follow-up showed signs of diffuse atrophy without hydrocephalus.

Eight years passed without any further improvement or neurological follow-
up. Upon clinical assessment, the now 37-year-old patient seemed awake and 
maintained his eyes open, selectively followed people through the room, but showed 
a complete lack of voluntary movement (akinesia) and absence of speech (mutism). 
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More specifically, the patient showed no affective reactions, initiation of eating or 
drinking, and remained incontinent. Although the patient exhibited no signs of 
spontaneous speech or vocalization on request, he was inconsistently able to respond 
to commands through delayed movement with evident ataxia and muscle rigidity. 
Despite his intact awareness, the patient’s initiative was so severely impaired that 
he remained wheelchair-bound and entirely dependent on nursing care for all daily 
activities, including the need for enteral tube feeding. His behavioral condition was 
classified as akinetic mutism: a severe disorder of diminished motivation.12 The patient 
reacted quite repelling when being touched in his face (washing and, especially, tooth 
brushing) and body (washing, dressing). Nursing care of daily activities therefore 
caused considerable discomfort. Medical treatments such as a visit to the dentist or 
changing the enteral tube were hardly feasible.

As previously described, the patient showed a rather spectacular response to 
administration of zolpidem (10 mg), a sleeping-drug that is frequently used for 
patients with persistent hyporesponsive disorders. 1 Typically, within 20 minutes, the 
patient would start communicating spontaneously, eat by himself and, at times, even 
managed to walk while being supported. Despite having amnesia and a hearing deficit, 
he would be rather cheerful, alert, and would show interest in the people and objects 
around him. He was collaborative during nursing care, and medical appointments took 
place without incidents. However, this paradoxical reaction to zolpidem was relatively 
short-lived, usually lasting for about two hours, after which he would gradually fall 
back into his state of diminished arousal and motivation. Moreover, a severe reduction 
in effectiveness was noticeable after administering zolpidem for several consecutive 
days. The time windows during which the patient was able to talk and move became 
shorter, and his abilities to move and speak during these time-windows decreased. 
Usually, the restorative effects of a single dose of zolpidem could be reproduced once 
a day for about five consecutive days. After this period, drug administration did not 
result in observable clinical effects. The use of multiple doses of zolpidem during 
a single day showed no improvement in his clinical condition and sometimes even 
caused sedation. On average, it would require two to three medication-free weeks 
to notice the effects of a single dose of zolpidem again. Consequently, zolpidem 
administration was restricted to special occasions, such as family visits and medical 
appointments, which prompted family and medical staff to seek for further therapies 
to improve his motivational state and restore his purposeful behavior. The relatives 
stressed the medical staff to do ‘everything’ in order to improve the patient’s situation.

During a moral case deliberation with a multidisciplinary medical-ethical board, it 
was discussed that continuation of the current course of action would not increase the 
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patient’s capacities of purposeful behavior or emotional expression, nor reduce the 
considerable discomfort related to activities of daily living. If DBS would enable him 
to eat by himself and actively participate in his daily care, this would be considered as 
a real clinical value for the patient and as beneficial for his daily care by the healthcare 
staff. Moreover, if the patient could speak again or show some purposeful behavior on 
request, his treatment could possibly be further personalized to his individual wishes. 
Additionally, if he would display significant long-lasting progress, rehabilitative 
therapies could possibly be offered. On the other hand, what if he improved to an 
extent that he could become more aware of his despairing situation, yet remained 
severely disabled? Could he give informed consent himself for the procedure after 
receiving a dose of zolpidem? Based on the outcome of the deliberation, and approval 
of the multidisciplinary medical-ethical board, it was concluded that the research 
team would approach the surrogates (relatives) of the patient to discuss enrolling him 
as subject in a clinical DBS trial. It was also decided to try to deduce a ‘yes’ or ‘no’ 
answer from the patient after administration of zolpidem, though he did not show 
enough disease insight to conduct proper informed consent. Finally, it was decided 
not to continue treatment or research if any physical or other signs of objection were 
present. The reversibility of DBS was mentioned to partly justify the start of the DBS 
trial, since potential negative effects could presumably be reversed.

At the start of the current study, the patient was 40 years old. During the study period, 
the patient received no zolpidem or other drugs or neurostimulants that could have 
affected his neurological condition.

2.3 Clinical assessment
Clinical tests were performed before and during DBS using the Montreal Cognitive 
Assessment tool (MoCA), a brief screening tool used for patients with mild cognitive 
impairment.13,14 Tests could only be performed at irregular intervals due to the 
COVID-19 pandemic restrictions.

2.4 DBS surgery
Before surgery, the patient underwent a 3T stereotactic MRI scan (Siemens, Malvern, 
Pennsylvania, USA), including axial T2-weighted and post-gadolinium (Gd) volumetric 
axial T1-weighted sequences. Pre-operative CM-Pf targets were determined from the 
mid-commissural point on anterior–posterior (AC-PC) aligned MRI images. Target 
planning for the central thalamus (intentionally aimed at the CM-Pf complex using 
traditional stereotactic methods) was optimized, based on the width of the third 
ventricle with final coordinates: 9.8 mm lateral, 9.5 mm posterior, and 2.8 mm ventral 
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to the midcommissural point. Planned trajectories were inspected to be pre-coronal, 
start on top of a gyrus, and to avoid ventricles and blood vessels.

Figure 1. Postoperative lead localization of the right DBS electrode in a T1-weighted MRI, 
showing active contact points in the centromedian-parafascicular complex with its effective 
electrical field size visualized (bottom right) by calculating the volume of tissue activated in 
Brainlab’s Guide-XT software module (Brainlab AG, Munich, Germany, version 3.2.0.281).

On the day of the surgery, a Leksell stereotactic frame (G-model, Elekta Ab, Stockholm, 
Sweden) was placed under general anesthesia and the patient was transported to the 
1.5T MRI, where a frame-based stereotactic MRI was obtained. After fusion with 
the pre-operative 3T MRI using Brain Elements software (Brainlab AG, Munich, 
Germany, version 3.2.0.281) stereotactic coordinates of the planned targets were 
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obtained. The patient was returned to the operating room and burr holes were made. 
A rigid macrostimulation electrode (Elekta) was inserted into the left and right 
target and replaced by a Boston Vercise™ Cartesia lead with eight 1.5 mm contact 
points separated by 0.5 mm interspaces (model DB2202, Boston Scientific, California, 
USA) under fluoroscopy. Left-sided ventral-to-dorsal contacts encoded points 1–8 
and right-sided ventral-to-dorsal contacts encoded points 9–15. During the same 
surgical session, a corresponding Boston Vercise™ pulse generator was implanted in 
a subcutaneous pocket in the infraclavicular region under general anesthesia. One 
day after the operation, a CT-scan was made and co-registered to the MRI for lead 
localization (see Figure 1 for electrode localisation). The patient was discharged two 
days after surgery, with DBS still off.

2.4 MEG

Recordings
The MEG recordings (22 months after the operation) were obtained in a magnetically 
shielded room in a supine resting-state condition. MEG data were recorded using 
a 306-channel Triux Neo whole-head system (MEGIN, Helsinki, Finland) with a 
sampling frequency of 2000 Hz, online anti-aliasing (410 Hz) and high-pass filtering 
(0.1 Hz), and internal active shielding (IAS) off. The head position relative to the 
MEG sensors was recorded continuously using the signals from five head position 
indicator (HPI) coils. The HPI positions and the outline of the patient’s scalp (around 
2000 points) were digitized before the MEG recording using a 3D digitizer (Fastrak, 
Polhemus, Colchester, VT, USA). The patient’s MEG data were co-registered to the 
structural MRI, using a surface-matching procedure with an estimated resulting 
accuracy of 4 mm. 15 This structural T1-weighted MRI of the head had been obtained 
before the baseline MEG session as part of clinical care, using a 3T Siemens MRI 
scanner (Siemens, Malvern, Pennsylvania, USA).

Pre-DBS, MEG data from this patient had already been recorded as a reference for 
further research. Twelve months after implantation of the electrodes, multiple post-
DBS MEG datasets were recorded in a single session, starting with a 10-minute 
eyes-closed resting-state condition without stimulation (the DBS off condition). The 
stimulator had been off for 12 hours. Hereafter, the DBS was switched on for 10 minutes 
in the MEG, using its usual 50 Hz, 450 µsec, 2.3 mA) parameters. The DBS caused 
significant artifacts in MEG-signal (similar as described in Arnts et al.9). Therefore, it 
was decided to turn the DBS off and record a wash-out period of another 10 minutes 
in which the patient was still aroused and maintained the effects of stimulation (in 
figures: ‘DBS effect’). Hereafter, a 5-minute break followed, after which the stimulator 
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was switched back on for another recording of 10 minutes. Finally, another wash-out 
period without stimulation was recorded with a similar length of time.

Pre-processing and source reconstruction
The MEG data were first cleaned using both spatial and temporal filtering, after 
which the sensor-level data were projected to source-space using an atlas-based 
beamformer.16 Neuronal activity (relative power and variability) and functional 
connectivity were quantified at the source-level. In more detail, bad channels were 
first removed after visual inspection of the data (by co-author PT). Thereafter, the 
temporal extension of Signal Space Separation (tSSS) in MaxFilter software (Elekta 
Neuromag Oy, version 2.2.15) was applied using standard settings: a correlation limit 
of 0.9, and a sliding window of 10 seconds.17,18 The automated anatomical labeling 
(AAL) atlas was used to label the voxels in 78 cortical and 12 subcortical regions of 
interest (ROIs).19,20 This was done by registering the anatomical T1-weighted image to 
an MNI template and labeling all voxels according to the 90 ROIs. Subsequently, an 
inverse registration to anatomical subject space was performed. We used each ROI’s 
centroid voxel as a representative for that ROI. 21 Subsequently, a scalar beamforming 
approach (beamformer, version 2.1.28; Elekta Neuromag Oy), similar to Synthetic 
Aperture Magnetometry, was used to project the sensor-level data to these centroids.22 
The beamformer weights were based on the covariance of the recorded time-series 
within a 0.5–48 Hz frequency window and the forward solution (lead field) of a dipolar 
source at the centroid voxel location, and using a single sphere head model fitted to the 
MRI scalp surface as extracted from the co-registered MRI.23,24 Source orientation that 
maximized the beamformer output was obtained using eigenvalue decomposition.25 
Singular value truncation was used when inverting the data covariance matrix to 
deal with the rank deficiency of the data after SSS (∼%70 components). Broadband data 
(0.5–48 Hz) were projected through the normalized beamformer weights21,26, resulting 
in a broadband time series for each centroid of the 90 ROIs.21,26

The amount of data used for further analysis, per condition, was determined by the 
amount of artifact-free data (based on visual inspection by co-author PT). For analysis 
of stimulation, we used the MEG dataset during the washout phase, in specific, the first 
minutes directly after cessation of stimulation. MEG-based functional connectivity 
(see below) for the patient was compared with the average functional connectivity 
obtained from healthy volunteers. Based on gender and age, we selected out of a 
previously published dataset of healthy volunteers all males of approximately the 
same age as this patient.21,27 This resulted in three healthy age-matched males (mean 
age of 39), who had all undergone one five-minute, eyes-closed, resting-state MEG 
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recordings (similar to Arnts et al.2). Data acquisition, pre-processing, and analysis was 
performed in the same way as for the patient’s reference dataset.

Estimation of functional connectivity and neural variability
We estimated power spectral densities using a Fast Fourier Transform (FFT) using 
Welch’s method, with window width of 10 seconds. Power spectral densities were 
averaged over all ROIs and artefact free epochs (range 23-30 epochs). We defined 
frequency bands as follows: theta (4–8 Hz), alpha1 (8–10 Hz), alpha2 (10–13 Hz), beta 
(13–30 Hz), and gamma (30-48 Hz). Functional connectivity was estimated using 
the amplitude envelope correlation (AEC) from band-pass filtered time-series. 28 The 
AEC captures co-fluctuations in modulations of the amplitude envelope. Pairwise 
orthogonalization was first performed to reduce the effects of signal leakage prior 
to connectivity estimation.29,30 The amplitude envelopes were extracted from the 
analytical signal obtained from the Hilbert transform for every band-pass filtered 
time series. No further smoothing or downsampling was applied to the amplitude 
envelopes. We computed the AEC using the same epoch length as used for the power 
spectral densities (10 seconds). Pearson correlations between amplitudes envelopes 
were computed. The AEC was calculated for all possible pairs of ROIs, resulting in a 
90%×%90 weighted adjacency matrix that contained the functional connectivity values 
between all pairs (with a potential range of values between%−1 and 1). Averaging over 
rows in this weighted adjacency matrix subsequently led to one mean functional 
connectivity value per ROI (i.e., the average functional connectivity of that ROI with 
the rest of the brain) per condition.

Past work has shown that fluctuations in the amplitude envelope coincide with 
strong functional connectivity, i.e. periods of high amplitude envelope could serve 
as a window of opportunity for ongoing functional connectivity.31 Hence, as the AEC 
captures co-fluctuations in the amplitude envelope, we lastly estimated the variability 
of the amplitude envelopes in the context of neural variability.32 Neural variability was 
quantified in terms of the detrended standard deviation of the amplitude envelope 
for every ROI. We first subtracted the mean from every time series for every ROI, 
after which we computed the standard deviation for each epoch of 10 seconds.33 
The lower limit for the detrended standard deviation is zero and the upper limit is 
determined by the range of the values for every time series. Power spectral density, 
neural variability, and functional connectivity analyses were performed in MATLAB 
2021b (Mathworks; 9.1.0.441655) using in-house scripts. The observed power and AEC 
for different conditions are reported as average and standard deviation across epochs.
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3. RESULTS

3.1 Clinical effects of DBS
At the start of the study, the baseline MOCA-score was 0/30. DBS with high-frequency 
parameters (130 Hz, 60 ms, 1 mA) elicited a direct arousal response: the eyes of the 
patient were widened and there were signs of active visual pursuit throughout the 
room with motor restlessness in his wheelchair. However, no objective signs of return 
of spontaneous speech or purposeful movements could be observed. It was decided 
to leave the stimulator on for 24 hours. Hereafter, the patient was repeatedly visited 
in his nursing home to evaluate his clinical condition. However, after 2 months 
of stimulation, still no signs of return of speech or movement could be seen. The 
MOCA-score remained 0/30. After this period, a parameter switch was made to low-
frequency stimulation (30 Hz, 450 ms) following our observations in another patient 
who received DBS for a disorder of consciousness following traumatic brain injury.9 
Low-frequency stimulation, similar to high-frequency stimulation, resulted in a direct 
increase in arousal, motor restlessness and visual pursuit (see Video 1). Hereafter, 
slow, but progressive signs of improvement in behavioral performance followed. For 
instance, it was observed that the patient showed consistent communication with 
the use of a letter map and needed less additional enteral feeding, since eating was 
improved (i.e, he ate by himself). His MOCA score increased to 2/30, though these 
improvements were still smaller than those previously observed with zolpidem 
administration (maximum MOCA score of 13/30). Therefore, it was decided to increase 
the amplitude of continuous stimulation to 1.5 mA. Two months later, he clearly named 
three animals in the MOCA test (score of 3/30), and, at times, ate autonomously 
with some verbal stimulation. During this time, his nursing team noticed a decrease 
in length of sleep and in days with excessive tiredness. Therefore, it was decided 
to switch the stimulator off at night and on in the morning. After further raising 
the current to 2.3 mA, our patient could now be woken up in the morning from a 
state of sleep (Video 2). Moreover, the patient could now, at times, eat and drink 
by himself (Video 3). The day after raising the amplitude to 2.3 mA, the patient was 
even able to walk with a walker, communicate with family and staff, make jokes, 
actively watch TV, and make requests for food that he would like (Video 4). These 
improvements in behavioral performance were clearly better than those previously 
observed with zolpidem. His MOCA score improved to 6/30. However, after two days 
of improvement, these spectacular effects disappeared and excessive tiredness and 
immobility reappeared. The DBS settings were kept constant for several months 
to see if spontaneous improvements or ‘up-regulation’ would occur, but without 
success. Therefore, it was decided to increase the stimulation amplitude to 2.6 mA. 
Once again, a spectacular awakening occurred after a couple of hours with return of 
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talking, walking and spontaneous communication with healthcare staff. His MOCA 
score further increased to 11/30, even with some return of mathematical abilities. 
However, the same night, the patient became increasingly confused, requesting 
his healthcare staff to ‘bring him home’, eventually becoming angry with staff and 
family members (on the phone) and, at times, feeling sad. The day after, this confused 
state disappeared, slowly changing to a state of extreme tiredness. Therefore, after 
careful deliberation with both family and healthcare staff, it was decided to reduce 
the amplitude to 2.3 mA, as this confused state and tiredness were deemed not to 
be in the best interest of the patient. With 2.3 mA of daytime stimulation, a stable 
situation developed in which the patient required less enteral feeding, was able to 
sometimes eat by himself, and, at times, could assist in his own self-care. Signs of 
confusion and sadness were not observed anymore. Later, a frequency change to 50 
Hz was made, in an attempt to increase the lengths of daytime arousal and periods 
with increased behavioral performance. In order to record the neurophysiological 
changes, and gain insights in possible mechanisms underlying the effects of DBS, it 
was decided to perform another MEG recording. The MEG recording took place 22 
months after the DBS operation, and the patient was stimulated with DBS settings 
of 50 Hz, 450 ms, and 2.3 mA.

3.2 MEG results
The MEG source-space spectral analysis showed differences in spectral power 
between our patient and healthy controls (see Figure 2). Previous research already 
showed a specific decrease in the alpha-peak and increase in beta-band power in our 
patient after zolpidem administration. However, after DBS, rather limited changes 
were seen in the power spectrum throughout the brain. Only low-frequency DBS 
showed some limited increase in alpha-band power compared to the DBS off and pre-
DBS conditions, though the alpha-peak in healthy controls remained more prominent.

There were, however, striking differences in functional connectivity after low-
frequency (50 Hz) DBS (see Figure 3). First of all, there were remarkable decreases in 
functional connectivity with respect to the DBS off condition for almost all regions, 
with the alpha1-band, alpha2-band, and beta-band approaching baseline levels of 
functional connectivity that were measured in healthy controls. The direction and 
magnitude of these changes were similar to the changes previously seen after zolpidem 
administration. Moreover, there were increases in functional connectivity within the 
gamma-band, similar as seen after zolpidem administration, although these levels 
were markedly higher than in healthy controls.
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Figure 2. Spectral analysis of four different conditions and healthy controls. Green: pre-DBS/
zolpidem, purple: after zolpidem administration, blue: DBS off condition, red: DBS effect, 
yellow: healthy controls (HC).

Figure 3. Regional functional connectivity of four different conditions and healthy controls. 
Green: pre-DBS/zolpidem, purple: after zolpidem administration, blue: DBS off condition, red: 
DBS effect, yellow: healthy controls. For definition of AAL regions: see Supplementary Table 1.
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The analysis of patterns of regional functional connectivity for the different conditions 
showed no specific regions of interest, suggesting that these changes were widespread 
throughout the brain, though some areas of the brain, such as the visual cortex, 
showed no changes in gamma-band functional connectivity after DBS (see Figure 4). 
Importantly, there was a large variation in the theta- and alpha-1 band for the situation 
before DBS and before zolpidem, suggesting that DBS and zolpidem result in some 
‘stabilisation’ or limit variation.

Concerning neural variability, there was a higher neural variability in healthy controls 
compared to our patient in the DBS off condition for all bands and almost all regions 
(see Figure 5). After DBS, no increase in neural variability was observed and there 
were no differences between the DBS off and on condition. This stands in contrast to 
the condition after zolpidem administration (before the DBS operation), in which an 
increase in neural variability could be seen in all frequency bands.2

Figure 4. Regional differences in functional connectivity of four different conditions compared 
to healthy controls (darker red = regions with high levels of functional connectivity, light-
yellow = regions with lower levels of functional connectivity).
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Figure 5. Neural variability for four different conditions and healthy controls. Green: pre-DBS/
zolpidem (baseline condition), purple: after zolpidem administration, blue: DBS off condition, 
red: DBS effect, yellow: healthy controls. For definition of AAL regions: see Supplementary 
Table 1.

4. DISCUSSION

4.1 General discussion
In this study, we show that central thalamic 30-50 Hz DBS after severe brain injury 
is associated with beneficial clinical effects in arousal and is able to transform a 
patient with akinetic mutism from a state of sleep and immobility to full wakefulness. 
Although longer periods of neurostimulation were associated with improvements in 
spontaneous speech, movement, and restored functional abilities, such as independent 
walking and eating, these changes remained of a temporary nature and effects seemed 
to wear off. This, in some sense, mimicks the wearing-off effects that were previously 
seen after zolpidem administration. However, the effects of DBS were much more long-
lasting than those observed after zolpidem administration, which were only lasting for 
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roughly one hour. After one year of stimulation, DBS was associated with a sustained 
improvement in behavioral performance, although this improvement was still limited.

Though no differences were seen in the spectral analysis of the MEG, there was a 
mixture of effects of 50 Hz DBS on functional connectivity. Specifically, a reduction 
of functional connectivity could be observed in nearly all frequency bands, except the 
theta band. Moreover, lowering of the variation in theta- and alpha1-band functional 
connectivity were qualitatively observed. These MEG-observations suggest that 50 
Hz DBS of the central thalamus has some similar effects on functional connectivity 
as zolpidem, mimicking its reduction of ‘hyperconnectivity’ throughout the cortex. 
Neurological disruption after brain injury is known to result in altered connectivity 
in large-scale neural networks. Hyperconnectivity may be a ‘paradoxical’ response 
to neurological disruption and has previously been described to occur in the early 
setting after traumatic brain injury.34 It is thought to be a fundamental compensatory 
response of neural networks to provide the minimum resources to maintain an integral 
network, and meet task demands, and may be a sign of plasticity at work in the brain.35-

37 Usually, brain injury causes some combination of functional connectivity gain and 
loss that is expressed differentially throughout the network. The fact that there was 
still mainly hyperconnectivity throughout the brain in our patient, more than 10 years 
after brain injury, may suggest that there is pathological overcompensation and that 
the process of plasticity in this patient could not be completed or ‘went wrong’. This 
study shows that reducing this long-lasting pathological hyperconnectivity may be 
one of the keys of restoring functional brain networks. Interestingly, experimental 
DBS of the same thalamic target area (CM-Pf) and concomitant restoration of 
arousal in another patient with severe brain injury was associated with an increase in 
functional connectivity.9 Pre-existent levels of functional connectivity in this patient 
with another type of brain injury were, however, much lower than observed in our 
current patient, and even lower than those seen in healthy controls. The contrasting 
results of both studies therefore seem to indicate that DBS of the central thalamus 
can work two ways and restore functional connectivity towards a healthier ‘baseline’. 
This baseline may be an important ‘steady-state’ for optimal information transfer and 
functionality of brain networks.

In contrast with the post-DBS changes that were observed for functional connectivity, 
no changes were seen in neural variability, which is a measure of the ability of the brain 
to adapt to rapid changes in cognitive demands and accommodate a high-dimensional 
space for coding a large varieties of information, as suggested by animal models.38-40 
Previous research has shown that severe brain injury is associated with a loss of neural 
variability, which corresponds to the low neural variability observed in our patient 
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compared to healthy controls. Neural variability and a low level of neural correlations 
have been shown to be a much better correlate for behavior and wakefulness than 
traditional measures of neuronal oscillatory power.38,41,42 The observation that, after 
central thalamic DBS, neural variability remained relatively unchanged and much 
lower than in healthy controls may indicate that, despite improvements in arousal, 
cognitive performance was still significantly disturbed. This may be one of the 
explanations why the effects of DBS eventually wore off, similarly to zolpidem. The 
contrast between the effects of DBS of the central thalamus on functional connectivity 
and neural variability, in combination with the limited long-term improvements in 
behavioral performance, suggests that DBS can re-activate dormant functional brain 
networks, but lacks the ability to fully improve those properties of those injured 
networks that serve cognitive capacities.

4.2 Limitations
Since this is a N=1 study, our findings should be interpreted with some caution. Firstly, 
the present study contains a more in-depth re-analysis of previously acquired MEG 
data (see Arnts et al.2). Since this new analysis has a broader focus, and was not 
limited to the beta-band, additional decreases of functional connectivity in almost 
all frequency bands, despite the theta-band, were found after zolpidem. Although, 
in the time between both studies, a new MEG-system was installed in our center, 
similar analytic methods and a similar analytical pipeline were used. Therefore, we 
think that differences in outcome between the two studies is limited. Secondly, as 
previously described, during 50 Hz stimulation, there were significant artifacts in 
MEG signal, limiting its direct analysis. Therefore, for the analysis of data following 
50 Hz stimulation, we were obliged to perform the analyses on data that were recorded 
directly after cessation of the stimulation. These artifacts of DBS are well known in 
MEG research. 43 Previous studies have shown that the effects of stimulation can be 
reliably analyzed after cessation, and, because the effects of stimulation on arousal 
were relatively long-lasting, we think that this potential limitation is negligible.9,43 
Thirdly, it is important to state that the effects of Cm-Pf DBS may be caused by local 
non-specific spreading to other parts of the central thalamus, since the volume of 
tissue activated (VTA) of the current is quite large (see Figure 1). The mechanism 
of action of the observed arousal and autonomic response and concomitant changes 
in functional connectivity/variability may therefore also directly or indirectly 
involve areas well beyond the central thalamus itself. Finally, this study is subject to 
performance confounds, meaning that if the behavioral performance is substantially 
different in two experimental conditions, as is the case for the pre- and post-DBS 
conditions, some measures of brain physiology may also differ between those 
conditions, thereby representing an epiphenomenon.

7
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5. CONCLUSION
30-50 Hz DBS of the CM-Pf can restore arousal and influence behavioral performance 
by restoring functional brain networks, long after severe brain injury. It is able 
to transition a patient with severe brain injury from a sleeping state towards full 
wakefulness and, temporarily, restore some signs of behavioral performance. Its 
underlying effects seem to have similarities with the paradoxical working-mechanism 
of zolpidem: both seem to be able to return functional connectivity levels towards a 
‘healthier’ baseline, though lack the ability to fully restore the functional properties 
of brain networks so that permanent functions can return. Zolpidem-responsiveness 
may be a potential sign that there is ‘hidden’ brain capacity left after injury and 
could therefore be used as a potential marker for a patient’s responsiveness to 
any further restorative interventions, such as DBS. Future research on the role of 
hyperconnectivity after brain injury is necessary to understand more of this complex 
phenomenon.



199

Modulating arousal and motivation with deep brain stimulation after severe brain injury

SUPPLEMENTARY VIDEO MATERIAL

Video 1: https://youtu.be/uHWbs3c8D-4
Video 2: https://youtu.be/xcNI_ESroig
Video 3: https://youtu.be/1lGFKQgV0Bw
Video 4: https://youtu.be/e656JNNTH1Y
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Abstract
Decisions regarding experimental research are characterized by considerable ethical 
complexities, especially when such decisions concern experimental interventions in 
individual incompetent patients. In this article, we argue that the use of moral case 
deliberation (MCD), a form of clinical ethics support, can help healthcare professionals 
to evaluate complex dilemmas that arise in experimental research concerning patients 
with severe brain injury. MCD involves a structured analysis and weighing of values 
and norms of all stakeholders involved in a moral dilemma. It facilitates ethical 
reflection for both the patient’s regular healthcare team and researchers and can lead 
to improved decision-making. We illustrate MCD’s usefulness for reflection on and 
decisions about experimental research with a case of a severely brain-injured patient 
for whom experimental use of deep brain stimulation (DBS) was considered to improve 
his condition. Twelve people participated in the MCD, including physicians, nurses, 
and researchers. Participants reflected on the dilemma whether or not to propose 
experimental DBS in this patient and identified important values and norms (e.g., 
autonomy and happiness). Ultimately, it was decided that the research team would 
approach the patient’s family to discuss DBS. In this article, we further discuss the 
three main ethical topics that were identified from the MCD that are heavily related 
to research in severely brain injured patients, including lack of current autonomy of 
the patient, uncertainty about harms and benefits of treatment, and dealing with 
possible future autonomy of the patient.
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Introduction
Some patients with severe brain injury have lifelong impairments of physical, 
cognitive, behavioral, and social functions, resulting in a lack of decision-making 
capacity. Besides rehabilitative and supportive therapies, there are relatively limited 
treatment options for patients who develop these severe disabilities.1,2 If there is little 
or no spontaneous recovery in the months after injury, chances for significant recovery 
in the longer term are relatively small.1 As a result, patients who do not recover, remain 
fully dependent on care received in a nursing home or at home for the rest of their 
lives. For the most severely injured patients with little prospects of spontaneous 
recovery, experimental off-label medications are sometimes used on a ‘last-resort’ 
basis to improve their state of physical or cognitive wellbeing. However, more 
invasive measures in this group of patients are usually avoided3,4, since performing 
experimental interventions is accompanied by a considerable ethical complexity in 
those who are not able to provide consent themselves.5

The group of patients with the most severe forms of brain injury consists of a relatively 
small subset of individuals with heterogeneous clinical profiles that may present with 
rare neurological syndromes or symptoms. Strong medical evidence of the therapeutic 
benefit of an (experimental) intervention is often missing and, consequently, the 
use of the intervention in a specific individual is based on hypotheses coming from 
animal studies or related fields of research in human subjects with other neurological 
disorders. To propose an experimental intervention in a patient with hopeless 
perspective and for which no other treatments are available, but at the same time lost 
all of his/her decision-making capacity, is a difficult ethical dilemma. In this article, 
we suggest the use of moral case deliberation (MCD), a well-known form of clinical 
ethics support, to deal with these dilemmas of experimental research in individual 
patients with severe brain injury.

An MCD is a way for healthcare professionals to jointly discuss complex ethical 
dilemmas in clinical care and explore the moral aspects of a specific decision for 
individual cases.6,7 The ‘dilemma method’ is a form of MCD, guided by a trained 
facilitator, in which the healthcare team reflects upon a specific moral question using 
their concrete experiences in clinical care.7,8 Using the dilemma method, healthcare 
professionals have the opportunity to reflect on the potential harms and benefits of a 
suggested treatment in individual patients and structurally define if it would be in the 
patient’s best interest. We suggest that this form of MCD, now mainly used in clinical 
practice, could also provide value for evaluating complex dilemmas in experimental 
research and help in weighing benefits and risks of a specific intervention, before 
further regular ethics approval is considered.

8
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In this article, we describe the unique case of a patient with severe brain injury who has 
lived in a nursing home for over ten years with near complete absence of spontaneous 
movement and speech. This patient showed a rather spectacular paradoxical ability to 
walk and talk after the off-label use of zolpidem, a sleeping pill, though the effects of 
the drug were short-lasting and diminished over time, a well-described phenomenon.9 
After studying his condition with neurophysiological techniques, the study team, 
based on theoretical reasoning and specific patient characteristics, considered the use 
of an experimental intervention, deep brain stimulation (DBS), in the hope of more 
permanently restoring residual brain functions.10 We will illustrate the usefulness 
of MCD for making decisions regarding experimental treatment with the help of the 
aforementioned case. An overview will be provided of the MCD that was held by the 
patient’s healthcare team to reflect on whether or not to perform experimental DBS 
research in this patient. Three main themes were identified from this MCD, which have 
also been related previously to research involving and care of severely brain injured 
patients. First is the patient’s lack of autonomy. We argue that incompetent patients 
should not straightaway be excluded from experimental research participation, 
because it is exactly these patients who could benefit from it. Second, the experimental 
nature of such interventions comes with uncertainty regarding potential therapeutic 
benefits and harms and dilemmas how the patient would experience these. Lastly, it is 
the potential that the patient recovers some decision-making capacities and the way 
the healthcare team should respect these capacities as they return.

Case description
Ten years ago, a 29-year-old male with a history of alcohol abuse suffered from a 
cardiac arrest after choking on a piece of meat while dining in a restaurant. After 
initial recovery from his hypoxic-ischemic brain injury, spontaneous movement and 
speech disappeared. Following the acute hospital phase, the patient was eventually 
transferred to a nursing home in a severe hypo-responsive state without a clear 
classifying neurological diagnosis. At clinical assessment, the patient was awake, but 
showed a complete lack of voluntary movement (akinesia) and absence of speech 
(mutism). More specifically, he showed no affective reactions, no initiation of eating 
or drinking, and remained incontinent and wheelchair bound. Although the patient 
showed no signs of spontaneous speech or vocalization on request, he was able to 
respond to questions or commands with movements, though with a significant delay 
(usually a couple of seconds) and with evident ataxia and muscle rigidity. Despite his 
intact awareness, he was so severely impaired that he remained entirely dependent 
on nursing care for all daily activities, including the need for enteral tube feeding. His 
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behavioral condition was eventually classified as ‘akinetic mutism’: a severe disorder 
of diminished motivation.10,11

Eight years passed without any significant progress, until a new elderly care physician 
suggested the use of zolpidem after reading different case-reports on (temporary) 
neurological recoveries after administration of the sleeping pill in patients with 
severe brain injury.9 Informed consent for the use of zolpidem was obtained from his 
family. Quite surprisingly, within 20 minutes after administration of the first dose, the 
patient started communicating spontaneously, asking the nurse how his wheelchair 
was to be operated, and requesting fast food. He phoned his father, who had not heard 
his son’s voice for years. With the support of the staff, he even managed to walk a few 
steps. Despite evident retrograde amnesia, going back three years before the brain 
injury, and a hearing deficit, he was cheerful, alert, and showed interest in the people 
and objects surrounding him. However, two hours after zolpidem administration, he 
gradually fell back into his former diminished motivational state.

Following this observation, a drug-regimen of three daily doses of zolpidem (10 mg) 
around mealtimes was started. However, a severe reduction in effectiveness 
became noticeable after administering zolpidem. After several consecutive days, 
administration of zolpidem no longer resulted in observable clinical effects. It 
required two to three medication-free weeks to notice the effects of a single dose 
of zolpidem again. Consequently, zolpidem administration was restricted to special 
occasions, such as family visits or dental appointments. With this pharmacological 
regime, a single zolpidem dose could again lead to the effects observed after the first 
administration of the drug. Under these conditions, the effects of zolpidem became 
noticeable after approximately 30 minutes from oral administration and lasted for 
roughly 30–60 minutes.

Rationale for further research and experimental treatment
Because the temporary awakenings resulted in a troubling situation in which his 
family could, at times, interact with their loved-one for about an hour, only to 
see him slowly slip back into a fully dependent, non-communicative state, further 
investigations were considered appropriate. Ten years after the patient’s accident, it 
was decided to study the neurophysiological changes that paralleled the awakening 
after zolpidem. Both electroencephalography (EEG) and magnetoencephalography 
(MEG) techniques were used in order to untangle the mechanisms behind the drug-
effect.10 These neurophysiological studies clearly showed aberrant electrical activity 
in the brain with abnormal levels of beta-band functional connectivity in the resting-
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state of the patient. After zolpidem administration, this level temporarily decreased to 
normal (baseline) levels, comparable to healthy controls, suggesting that pathological 
hyperconnectivity might be one of the main reasons for his diminished motivational 
state. Such pathological hyperconnectivity is also observed in other neurological 
disorders, such as Parkinson’s disease and may be associated with disturbed attention 
and cognition. 12,13

The aforementioned results fueled the search for a therapy that would generate a more 
permanent awakening effect. After all, during awakening periods, the patient clearly 
showed residual motor and cognitive capacity after more than ten years. The idea was 
raised to use deep brain stimulation (DBS) to permanently improve his motivational 
state and restore purposeful behavior. DBS is a treatment that involves the placement 
of electrodes within specific anatomical targets in the brain and the implantation of 
a subcutaneous pace-making neurostimulator in order to modulate brain networks 
with the use of electrical impulses.14 It is a well-established, safe, and FDA-approved 
neurosurgical treatment for different neurological and neuropsychiatric disorders, 
including Parkinson’s disease, essential tremor, dystonia, and obsessive-compulsive 
disorder. Previous research has shown that the effects of DBS in Parkinson’s disease 
are, in part, associated with changes in beta-band connectivity.15 Moreover, previous 
DBS-studies of different subregions of the thalamus, the central part of the brain, in 
both animals as patients with severe brain injury suggested that the technique can 
modulate arousal, attention, and cognition.16-19 This evidence inspired the research 
team to consider central-thalamic DBS in an attempt to restore motivation and 
purposeful behavior in this patient with akinetic mutism. However, the potential 
experimental use of DBS raised serious and complex ethical dilemmas. What would 
improvement mean for his physical and mental condition? What would the side-
effects be of DBS in this individual patient? What if the patient improved to an extent 
that he could become more aware of his despairing situation, yet remained severely 
disabled? Could he give informed consent himself for the procedure after receiving a 
dose of zolpidem? Since these complex ethical questions were raised, it was decided to 
organize an MCD using the ‘dilemma method’ before regular ethical approval would 
be sought.

The dilemma method
The current case is an exemplary illustration of a complex ethical dilemma, i.e., a 
situation in which a decision has to made between two courses of action, neither of 
which are satisfactory because both courses will probably cause some form of harm. 
In this case, with the patient having been in his present state for more than ten 
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years, a continuation of the current course of action would not increase the patient’s 
capacities of purposeful behavior or emotions, nor improve those related to activities 
of daily living. On the other hand, it was unknown what the exact beneficial and/or 
non-beneficial effects of DBS would entail for him. In order to facilitate reflection 
and support the decision-making process of the treating doctor, all healthcare staff 
and the research team involved in the decision-making process engaged in an MCD. 
Specifically, the dilemma method was used in which the group collectively reflected 
on the moral issue at hand for circa 90 minutes in a structured manner (for more 
details of its methodology, see Tan et al.).7 The deliberation was guided by a trained 
facilitator. The primary aim was not to make a joint decision or reach consensus, but 
instead to explore the issue together and obtain a richer perspective of the situation 
by exchanging values of various stakeholders related to the patient’s case.

The deliberation took place at the patient’s nursing home. Twelve participants were 
present, including the treating physician (an elderly care physician), six nurses who 
provided daily care for the patient, the senior researcher (a neurosurgeon), the 
executive researcher (a neurosurgeon in training), the elderly care physician who had 
discovered the paradoxical effect of the zolpidem in this patient years before and knew 
patient and family well, a psychologist, and a neuroscientist. All participants provided 
oral consent for participation in the deliberation and for recording of the deliberation 
on tape. In order for the patient and the participants to remain anonymous, no 
additional details are provided about the participants. Consent was provided by the 
patient’s surrogates to publish this MCD.

Description of the moral case deliberation

Step 1. Introduction
Following a brief round of introduction, the facilitator explained the goals of the 
current MCD, i.e., to explore moral aspects of the dilemma. The facilitator explained 
that the deliberation should help to gain a better view of the case at hand and should 
support the decision-making process of the treating team, taking into account the 
views of other stakeholders. The procedure of the MCD was briefly described, and it 
was mentioned that some steps would be covered in less detail due to time restrictions.

Step 2. Presentation of the case
Next, the executive researcher presented the case to the group. The researcher 
explained the symptoms of akinetic mutism and the underlying pathophysiology 
in plain language. It was explained that the patient had been treated with 
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zolpidem previously, and the researcher explained the team’s findings of zolpidem 
administration in the patient: the patient’s brain was ‘hyperactive’ prior to zolpidem 
administration, as measured with an EEG and MEG, and ‘normalized’ for circa 30 
to 60 minutes after zolpidem administration. The surgical procedure involved with 
DBS was addressed. The research team hypothesized that DBS might induce an effect 
similar to that of zolpidem, but more permanently. Previous research in patients with 
Parkinson’s disease, whose brains also demonstrate beta-band hyperconnectivity, 
showed that DBS can reduce neural beta activity. Moreover, previous DBS research 
in other patients with disorders of consciousness and disturbed attention and arousal 
and their results were addressed. Complications due to the implantation of the DBS 
device are relatively small with incidence rates of circa 1% of intracranial bleeding 
and 3% of infection.20 Moreover, it was mentioned that DBS of the central thalamus is 
already a standard treatment for different other disorders, including pain disorders, 
epilepsy, and Gilles de la Tourette.14 For these reasons, DBS was proposed for treating 
the patient in order to improve his current condition in a more permanent way. It was 
emphasized that the technique is reversible, i.e., the stimulation can be turned ON 
and OFF at any moment. Finally, the video was shown of the awakening effects of 
zolpidem in the patient (see Arnts et al.).10

Step 3. Formulation of the moral question and dilemma
The facilitator asked the case presenter to make the moral question explicit and helped 
formulate the dilemma at hand: ‘should we start the experimental DBS treatment, or 
should we continue as it is?’ Hence, the dilemma resulted in two mutually exclusive 
options:

A. Start preparation of the experimental DBS treatment.
B. Not to take steps in the direction of starting experimental DBS treatment.

The dilemma was written on a flipchart by the facilitator and the negative 
consequences or moral damages resulting from each option were listed.

For option A (starting preparation of the experimental DBS treatment), four potential 
damages were listed. Firstly, participants mentioned that the treatment might lead to 
complications related to implantation of the DBS device. Secondly, surgery in a person 
who has not given consent could be viewed as a violation of bodily integrity. Thirdly, it 
was unknown to which condition the patient would be brought (back) by treating him 
with DBS due to concerns over his pre-morbid well-being. Finally, the patient often 
appeared to be content in his current condition, raising the concern whether it was 
worth the risk to initiate experimental DBS treatment. In general, the main concern 
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was the fact that the patient appeared to have little awareness of his current condition, 
which was viewed as beneficial, since his condition was considered undesirable. One of 
his physicians was afraid that the treatment might increase self-awareness and cause 
the patient to wonder: ‘what has happened with my life? I now live in a nursing home, 
bound to a wheelchair’. Also, a significant part of the nursing team had reservations 
about experimental interventions that could increase the patient’s awareness. For 
instance, one of the nurses said that she sometimes could see that the zolpidem was 
working, because the patient looked angry, while he normally remained without 
emotions. After asking the patient if he was angry, he replied that this was true and 
that she was doing things he did not want. However, after zolpidem administration 
or during spontaneous moments of ‘awakening’, the patient, when inquired about his 
condition, also reacted in a more neutral way. For example, when asked whether he 
knew why he was in a wheelchair, he once responded: ‘why not?’. Moreover, the patient 
had on various occasions expressed great surprise over the fact that his brother had 
children. All of these experiences seemed to suggest that the patient had a limited 
understanding of his condition and that the content of his ‘awakened’ moments was 
transient (i.e., not retained in his memory). Moreover, there were also indications 
that, during awakened moments, the patient did not suffer. For instance, he often said 
that he was ‘fine’. Moreover, he was able to play some videogames on this computer 
from time to time and he seemed to enjoy eating (fast)food, meeting his family, and 
following his favorite football team on TV.

For option B (not to take steps towards experimental DBS treatment), three potential 
damages were mentioned. First, the participants noted that communication with the 
patient was not possible in his current condition. Secondly, they mentioned that the 
patient was not able to perform several activities of daily living, such as eating and 
grooming, because his motor function remained severely impaired, even with the 
zolpidem. Finally, they said that the effects of zolpidem were wearing off significantly, 
resulting in fewer and less powerful ‘awakening’ moments. The lack of motor functions 
and the inability to eat, capacities that shortly returned after zolpidem administration, 
seemed to severely affect the quality of life in his current condition. During zolpidem 
moments, the patient was able to brush his own teeth, use his shaving equipment, 
and communicate with family or healthcare staff by typing words or simple sentences 
on his computer or by speaking single words. He could thereby express some of his 
wishes, though mostly communicated about things that had a high emotional load. A 
significant part of these ‘awakening’ moments where therefore considered beneficial 
for his general condition. Whereas the initially effects of zolpidem used to last about 
two to three hours, this was currently only 30 to 60 minutes, even when used sparsely 
(i.e., twice a month). It was feared that these qualities of zolpidem would further 
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worsen in the near future. Not starting the treatment would therefore leave the 
patient in his current fully care dependent, mute, and wheelchair-bound condition.

Step 5: Case analysis in terms of perspectives, values and norms
This step aimed to jointly reconstruct values and norms of the persons involved in 
the case related to the moral dilemma. ‘Values’ are fundamental moral motivations, 
whereas ‘norms’ are action rules that indicate what has to be done to honor and realize 
these values. First, the group identified the involved stakeholders (i.e., perspectives). 
They then identified the values and norms of the various stakeholders in the case 
which were noted down schematically by the facilitator (see table 1). Since the patient 
and the relatives were not present during the meeting, their values and norms were 
identified by the staff, who knew them well. The values in the table were related to 
the two decisions, i.e., starting (option A) and/or not starting the experimental DBS 
treatment (option B). Some of these values could be, in some way, associated with 
both options.

Table 1. Values and norms of the different stakeholders.

Stakeholder Key values Norm

Patient

Self-determination (A) I do not want to be forced to eat

Self-governance (A) I want to perform activities of daily 
functioning myself

Privacy (B) I do not want to be stared at or 
touched by strangers

Aspirations (A/B) I want a partner and potentially 
children

Relatives

Functioning (A) He should be active and participate

Happiness (A/B) He should not suffer

Perseverance (A) We must do whatever we can

Nurses

Happiness (B) He should not have negative 
emotions

Familiarity (B) He should not be confronted with 
unfamiliar people

Functioning (A) He should be able to help in daily care 
and express his wishes

Treating doctor

Engagement (A) He should have the opportunity to 
participate in his rehabilitation

Communication (A)
He should be able to have a 
conversation and to express 
dissatisfaction
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Table 1. Values and norms of the different stakeholders. (continued)

Stakeholder Key values Norm

Specialist 
geriatric 
medicine

Functioning (A) He should be able to participate in 
his care

Perseverance (A) We should work on his rehabilitation, 
even if it would make him unhappy

Psychologist

Equal opportunity (A) He should receive equal 
opportunities in life

Improving the patient’s situation (A)
We should try what we can, given 
that the intervention can be made 
undone

This table lists the key values and norms of the different stakeholders, i.e., the patient, his relatives and 
the healthcare staff. The values are associated with the option of starting (A) and/or not starting the 
experimental DBS treatment (B).

From the patient’s perspective, several important values were identified. Self-
determination and self-governance were mentioned, since it was believed that the 
patient found it important to be able to make his own decisions and be able to act 
upon them, even if they concerned small issues. These values favored option A over 
B, as A would give him more options to decide and act. Yet, another value identified 
as relevant for the patient was privacy, as the patient was known to be uncomfortable 
with being in contact with strangers. This value would imply that one should not create 
new situations, and thus would favor option B. Furthermore, the patient seemed to 
have certain aspirations, as he mentioned that he wanted a relationship with a woman 
and also mentioned children. The participants thought he would appreciate having 
the opportunity to try and fulfil his dreams, yet that he might be very disappointed 
if he would not be able to do so.

From the perspective of the patient’s relatives, his father and brothers, the patient’s 
functioning was deemed to be a key value, accompanied by the norm that he should 
be active and able to participate in his daily functioning. Moreover, happiness was 
identified as a key value of the relatives, although it was unclear whether option A or 
option B would result in more enjoyment. Furthermore, the participants mentioned 
that according to the relatives, it was important to do everything in order to improve 
the patient’s situation.

Furthermore, key values from the perspectives of members of the health care staff 
were brought up. First, the nurses identified values and norms which were important 
to them. They mentioned happiness as a core value. They were afraid that the patient 
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would experience negative emotions after treatment, as he might be overwhelmed 
by the situation. They had observed that the patient disliked the increased attention 
he received during the zolpidem ON moments, since he expressed that, in these 
moments, people would be very talkative and ask a lot from him. Thus, the value of 
happiness for the nurses favored option B. The nurses also mentioned that, when 
with people he knew, the patient seemed to enjoy company and attention, and they 
thought this likely had to do with the familiarity of the situation. Since the DBS 
treatment could elicit more visits and create more unfamiliar situations, the nurses 
considered option B to be preferable, in the light of the value of familiarity. The nurses 
also mentioned the value of functioning. This value, which entailed the norm that the 
patient should be able to help in the care process and express his wishes, was in favor 
of option A. Second, the treating doctor mentioned key values to him, i.e., engagement 
and reciprocal communication. In his current condition, the patient could not be 
involved in the care process and DBS might remove this limitation (partially), thereby 
favoring option A. Regarding the value of reciprocal communication, the doctor found 
it important that the patient could communicate with others in order to express his 
wishes and any discomfort. Next, the specialist geriatric medicine mentioned that he 
valued the patient’s functioning and the commitment to his revalidation. Even if DBS 
would result in unhappiness, it might be more acceptable to at least give the patient 
an opportunity to participate in his rehabilitation than to leave the situation as is. 
Finally, the psychologist stressed that the patient was still young and he therefore 
should be given the opportunity to live a life different from his current condition. 
She also mentioned the reversible nature of DBS: if it did not work out, they could 
always take a step back, but then at least they had tried to give him the opportunity.

Step 6. Searching for alternatives
After making the values and norms explicit for each stakeholder, the facilitator 
invited the group to look for alternatives. This involves a creative out-of-the-box 
thinking process, going beyond the assumptions underlying the dilemma. Since 
some alternatives had already been mentioned, such as trying out the DBS with the 
possibility to stop, and no new ones directly came to mind, this step was skipped due 
to time constraints.

Step 7. Deciding individually
The facilitator asked the participants to take pen and paper and to individually note 
down their views regarding the five following points.

1. It is morally justified that I choose … (option A, B, or an alternative)
2. This would be supported by value or norm … (list relevant value(s) and norm(s))
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3. This would go against value or norm… (list relevant value(s) and norm(s))
4. The damage mentioned under ‘3’ can be repaired by… (mention a specific action)
5. In order to execute the choice mentioned under ‘1’, I need… (mention what support 

would be needed)

Step 8: Dialogical inquiry
In this step, the participants examined the differences and similarities in personal 
perspectives, guided by the facilitator. The goal was to clarify each one’s position 
and thus to gather new insights, discuss possible consensus, or to find a balanced 
compromise.

First, the participants were invited to individually present the choice they had made, 
the values which supported that choice, and the values which would be compromised 
by the choice. It turned out that all participants, also those who initially were hesitant 
about starting an experimental intervention, especially the nurses, eventually had 
chosen option A, i.e., to start preparation for the experimental DBS treatment, as 
the most desirable in this case. Most participants justified this option based on the 
values of self-governance, self-determination and perseverance. Most participants 
were, however, concerned that starting the experimental DBS treatment could lead 
to loss of privacy, unrest, suffering, and unhappiness if the patient’s awareness would 
be increased and his clinical condition would only minimally improve. Autonomy was 
also mentioned as a concern when deciding for option A, since the patient could not 
be involved in this decision.

Second, the group discussed how to limit the potential damage of not being able to 
do justice to the values which would be compromised by starting the DBS treatment. 
They compared the actions which had been written down in the notes, and, in jointly 
reflecting upon them, also added new options to minimize harm. Regarding privacy 
and rest, it was deemed desirable to minimize extensive visits and keep an eye on 
preventing ‘overstimulation’. Moreover, the possibility of providing the patient with 
psychological support was discussed in order to cope with the potential effects of 
increased awareness. Lastly, the group agreed that the patient should be involved in 
his rehabilitation as much as possible in order to respect his autonomy. For this, it 
would be important to think carefully about how to communicate with the patient 
when he might regain his voice.

The participants also discussed the expectation that the DBS treatment would only 
sort in a limited effect on the patient’s functional abilities. They compared this 
prospect to the known effects of the zolpidem treatment, mentioning that the patient 
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appeared to enjoy moments with zolpidem and his ‘short life’ in the ON-phase. The 
fact that he could eat by himself and actively participate in his daily care was seen 
as real progress for the patient and was experienced as beneficial to his daily care by 
the healthcare staff. It was concluded that even a small or a ‘halfway’ progress due to 
experimental DBS treatment could be regarded as a big improvement. Moreover, if the 
patient might be able to speak again or show some purposeful behavior on request, his 
treatment could be further personalized to his individual wishes. Additionally, if he 
would display significant progress, rehabilitative therapy could even be offered. Lastly, 
the reversibility of DBS was mentioned to partly justify the start of the experimental 
trial, since potential negative effects could presumably be reversed.

Step 9: Formulating a conclusion
Based on the deliberation, it was concluded that opting for treatment (in line with 
option A) was morally best. The research team would approach the family of the 
patient to discuss enrolling him as subject in a clinical DBS trial and, if they would 
agree, seek ethical approval. It was also decided to try to deduce a possible ‘yes’ or 
‘no’ answer from the patient in the zolpidem ON-phase, judged by a trained specialist 
in elderly care with significant experience with patients with disorders of diminished 
motivation and disturbed consciousness. However, various concerns were raised 
about his cognitive abilities to oversee this choice. It was also decided not to continue 
treatment or research if any verbal or physical signs of objection were present and to 
ask about any negative feelings that the patient would experience in the ON-phase. 
Finally, it was agreed that both positive and negative effects of the experimental DBS 
treatment should be published.

Discussion
This case demonstrates the moral concerns that are involved in making decisions 
about performing experimental interventions in incompetent patients after severe 
brain injury. Three main themes can be identified from the MCD, which are related 
to previously raised points of concerns about research/therapies in severely brain 
injured patients in general.

1. The patient’s lack of autonomy and decision-making capacity
The patient should be offered a chance to indicate his wishes, according to the MCD 
participants. Yet, how do we know what the patient wants if he has so little means 
to communicate about his wishes and about his current condition? Decision-making 
with the use of a surrogate who try to make decisions based on what the patient would 
have wanted (the so-called ‘substituted judgement principle’) is generally difficult, 
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since it remains nearly impossible to imagine the state in which a patient is in.21 
Akinetic mutism is an extremely rare condition and to the best of our knowledge no 
literature exists testifying of patients’ own reflections on their experiences during 
their akinetic, mute state. Moreover, the burden involved in having a loved one with 
severe acquired brain injury may result in complicated dynamics in the surrogate 
decision-making process as a whole.22 However, previous authors have stressed that 
a patient’s incompetence should not straightaway exclude them from participating in 
studies which aim to intervene with their condition.3,23,24 In particular, the possibility 
that a patient may regain (cognitive) functions bears a significant moral importance. 25 
Hence, one might say that enrolling a patient in an experimental DBS treatment can 
potentially foster the patient’s autonomy by means of improving his or her decision-
making capacity for certain situations. The fact that there is significant brain injury, 
that zolpidem only partially restores neurological functions and speech, and that 
amnesia remains during ON-periods, makes it likely that our patient would still suffer 
from significant deficits after the intervention. The degree of return of autonomy after 
an experimental intervention would therefore be debatable.

2. The uncertainty about the effects of DBS and how they will be 
experienced
Despite the fact that there is increasing evidence that some patients with severe brain 
injury experience signs of neurological improvement after experimental DBS, it is too 
early to conclude whether DBS is a suitable treatment for patients with severe brain 
injury.1,19,26 This is especially the case in our patient with akinetic mutism, since DBS 
has never been performed in this specific patient category. The current evidence of 
DBS in severe brain injury is based on animal research and a relatively small, rather 
heterogeneous group of patients, usually those with disorders of consciousness.19 
These patients are considered a different patient category than those with disorders of 
diminished motivation. Additionally, DBS study designs often differ from one another, 
for instance in stimulation parameters and in neuroanatomical areas of stimulation, 
which makes it difficult to generalize conclusions from previous studies. 19 Nonetheless, 
the hypothesis that DBS would be useful in this specific patient was formed out of 
individual neurophysiological evidence that was collected earlier. 10 Previous authors 
have claimed that DBS for patients with severe brain injury may be considered a 
‘halfway technology’, since the intervention may only lead to incomplete improvement 
of a patient’s neurological functions.27 These reservations were actively discussed in 
our MCD. A significant proportion of participants, especially the nursing team of 
the patient, feared that DBS could improve the patient cognitively and physically to 
an extent that he would become aware of his condition, but would still significantly 
suffer from his impairments. The moral justification of starting DBS despite this 
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potential problematic outcome was predominantly based upon considerations 
regarding ‘beneficence’ and ‘non-maleficence’. The principle of beneficence entails 
a moral obligation to act in a way that benefits the patient, and non-maleficence in a 
way that prevents harm to the patient.28 At the end of the MCD, there was consensus 
that, after ten years of being in this state, there would be little chance of further 
spontaneous recovery. The patient’s condition was considered seemingly hopeless. 
The relative risks of performing DBS, which included a small chance of complications, 
such as an intracranial bleeding or hardware infection, were considered relatively 
limited and justified in light of this hopeless baseline situation. Moreover, another 
important point which justified the use of an experimental DBS intervention was 
its reversibility. If, during the trial, any harm to the patient were observed, it could 
be decided to discontinue DBS treatment by setting the neurostimulator in the off 
mode. It was further concluded that, during the trial, the patient would be carefully 
monitored by his caregivers and that the research team should be readily available to 
visit the patient and make adjustments to the DBS system at any point in time.

3. Recovery of autonomy: how to engage the patient in future decision-
making
Another interesting issue addressed in this MCD was how to engage a patient that 
would regain some level of autonomy during the further course of care and research. 
The awakening caused by zolpidem seemed to suggest that the patient retained 
sufficient residual brain capacity to function beyond a fully mute, wheelchair and 
care dependent nursing home patient. Concerns were raised about the content of care 
that could be delivered in his nursing home if the patient would recover to an extent 
that would leave him capable of consistent communication, self-care, and independent 
walking. Moreover, it was mentioned that dilemmas could arise if the patient regained 
(a limited form of) autonomy and denied further (nursing home) care or asked for 
discontinuation of his DBS treatment. During any experimental treatment, it remains 
of utmost importance that the autonomy of a patient should be respected as certain 
capacities return. For this ‘return of autonomy dilemma’, previous authors have 
suggested the use of an approach called ‘mosaic decision-making’, which aims to 
‘accommodate a patient’s re-emergent voice, yet not let it speak beyond its range 
and capabilities’.29 This approach involves a deliberative process between multiple 
stakeholders (i.e., the patient, his surrogate and medical staff) in which information 
concerning the patient’s former wishes, his medical best interests, and his present 
views comes together. These individual parts of information generally lack normative 
power, yet produce a well-formed decision when combined. An MCD could be a suitable 
approach to make mosaic decision-making concrete, by including many perspectives. 
Ideally, this would mean involving the relatives, or maybe even the patient, in the 
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MCD. If they cannot be present, their perspectives can still be addressed, as shown in 
the MCD above. If dilemmas regarding decision-making capacity would arise during 
the experimental research period, it was proposed to perform a new MCD to mutually 
evaluate the consequences of the patient’s recovery of autonomy. It was explicitly 
stated that evaluations of recovery of autonomy should regularly take place during the 
experimental period and that the results of treatment should be monitored by both 
caregivers and the research team. Moreover, it was discussed that if the patient’s self-
determination and self-governance would improve significantly after DBS, a transfer 
to a rehabilitation center would be undertaken in which other rehabilitative therapies 
could be deployed to help the patient gain further independence. Lastly, considering 
the dynamic nature of recovery and fluctuating condition of the patient, repeating 
MCDs over the patient’s course of recovery was deemed beneficial to monitor values 
and norms that are relevant for future care and treatment.

General discussion
This case is just one example of the many ethical questions that can arise in patients 
with severe brain injury that reached the end of the line in regular treatment and have 
little perspective of further recovery. Clinicians and scientists alike may feel reluctant 
to even consider experimental interventions in individuals that are severely affected 
by brain injury. Especially when it comes to surgical interventions in chronically 
incompetent patients, ethical dilemmas sometimes seem to make the step towards 
medical ethical approval process extremely high. In this paper, we show how an 
established method of clinical ethics support helped both healthcare professionals 
and the study team involved to decide whether an intervention should or should 
not even be proposed as experiment in a patient who had been in a state of akinetic 
mutism for many years. An MCD proves to be an important tool to openly discuss what 
would be in the best interest for the patient and what option (A or B) would be most in 
line with respecting the patient’s autonomy. Such deliberation also seems to provide 
a valuable tool for research clinicians to help navigate their dual role as clinicians 
and health researchers.30 The summary and outcome of an MCD, which is formally 
noted, can form a solid basis to make appropriate adjustments to a study protocol, 
seek further regular ethical approval, and discuss the option of the intervention with 
the family/surrogates.
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Conclusion
MCD can be a valuable tool for evaluating individual ethical issues that arise when 
experimental interventions are considered in incompetent patients. The dilemma 
method lends itself uniquely when experiments are considered on a ‘last-resort’ basis 
in patients with life-threatening or seemingly hopeless conditions, such as after severe 
brain injury. It stimulates healthcare professionals who are involved in care for a 
patient to reflect on ethical dilemmas, such as providing or not providing certain 
(experimental) treatment or care, by exploring norms and values from different 
perspectives. In addition, it assists the research team in identifying potential harms 
that can result from choosing a certain option and consider ways of how to minimize 
these risks.
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Chapter 9

GENERAL DISCUSSION
This thesis deals with patients who are amongst the most severely affected after severe 
brain injury. If patients survive the acute phase after injury, a small though significant 
subgroup develops PDOC or disorders of diminished motivation. Frequently, these 
patients are considered to have poor perspectives and little chance of (spontaneous) 
recovery. In this thesis, an attempt is made to improve consciousness as well as 
the general behavioral performance of these patients with the use of experimental 
interventions, including medication, such as zolpidem, and more invasive procedures, 
such as DBS. The results of this thesis, especially the neurophysiological effects 
that have been measured, further help in understanding the working mechanisms 
of these interventions, as well as clarify some of the patient- and disease-specific 
network effects that are caused by severe brain injury. The studies in this thesis are a 
collaborative effort between a research team with expertise in functional neurosurgery 
and neurophysiology and a team of clinical experts who care for patients with PDOC 
and their families. It is the fruits of renewed academic interest in those patients that 
are often ‘forgotten’ when they leave the hospital. In this chapter, the most important 
findings of this thesis will be summarized and put into perspective.

The intralaminar thalamus: a central ‘conductor’ in the brain’s orchestra
The intralaminar thalamus, through its extensive connections with widespread (sub)
cortical targets, is critically involved in a variety of cognitive functions, including 
memory, attention, perception, and processing of pain signals.1 Therefore, it has 
long been an important brain target for functional neurosurgeons for a variety 
of neurological disorders. As described in Chapter II, the intralaminar thalamus 
is also considered to be a pivotal hub in the arousal regulation system. Many 
previous attempts have been undertaken to restore consciousness with the use of 
neuromodulation of the thalamus.2 However, the underlying mechanism of action and 
network effects of stimulation remained unknown. In chapter III of this thesis, we 
describe our first experience with DBS of the CM-Pf complex, a specific subregion of 
the intralaminar thalamus, in a patient with persistent MCS after severe brain injury. 
The results from this work suggest that DBS, especially when applied with relatively 
low-frequency (30-50 Hz) parameters, can increase functional connectivity within 
the severely injured brain. This increase in functional connectivity, which spans over 
different frequency bands throughout the brain, suggests that stimulation results in 
the widespread reorganization of (functional) brain networks. Moreover, it shows 
that the intralaminar thalamus acts as some kind of central ‘conductor’ in the brain’s 
orchestra of signals. However, while this increase in functional networks was clinically 
associated with a direct increase in arousal, improvement of swallowing, and reduction 
of rigidity, the level of consciousness of our patient did not improve to the extent that 
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there was a significant increase in CRS-R score. This may be explained by the relatively 
little influence of DBS on neural variability within the brain. Neural variability is a 
measure of the ability of the brain to adapt to rapid changes in cognitive demands.3 It 
seems to be a much better correlate for behavior than traditional measures of neuronal 
oscillatory power.4 Awareness is thought to depend strongly on neural variability of 
large-scale cortico-thalamocortical networks.5,6 While low-frequency DBS seemed to 
increase neural variability to some extent, these parameters remained much lower 
than measured in healthy subjects. This difference may be the result of the severity 
of the injury itself and indicates that, despite increases in functional connectivity, 
the injured brain cannot still adapt to changing cognitive demands. The study in 
Chapter III suggests that both functional connectivity and neural variability may be 
possible (future) neurophysiological biomarkers to evaluate a patient’s eligibility for 
experimental interventions, such as DBS, after severe brain injury. It is reasonable 
to assume that patients with higher pre-operative levels of functional connectivity 
and neural variability may have more residual brain capacity and sparing of (sub)
cortical connectivity, and therefore, a presumed higher chance of benefiting from 
restorative interventions. MEG, due to its non-invasiveness nature and high spatial 
and temporal resolution, might be a suitable technique for future pre-operative DBS 
eligibility evaluations.

Low-hanging fruit in patients with PDOC
Hydrocephalus is a relatively common secondary complication of severe brain injury, 
especially after trauma. As described in Chapter IV, hydrocephalus can develop in up 
to 29% of these patients in the aftermath of injury.7,8 As a clinician, it is important 
to recognize this complication, especially in the most severely affected individuals 
with PDOC, since hydrocephalus can impair the natural recovery process. While 
hydrocephalus can develop relatively early after injury, around 50% develops in the 
late rehabilitation phase.9-11 In this phase, it is probable that a significant percentage 
of late hydrocephalus is missed since this patient group receives rather limited 
clinical follow-up. In this thesis, we propose the use of an active surveillance protocol 
for hydrocephalus with serial CT or MRI scans after discharge from the hospital. 
Nonetheless, dilemmas, whether there is a ‘true’ hydrocephalus or atrophy after 
injury, will remain if conventional neuroimaging procedures and/or cerebrospinal 
fluid diversion diagnostics are used in the follow-up process. We, therefore, advocate 
rather aggressive treatment of hydrocephalus when consciousness remains disturbed 
and clinical or neuroradiological doubt on ventricular enlargement exists and advise 
restoring the cranial vault and shunt to prevent the shear fatalistic acceptance of 
unfortunate outcomes. Low-threshold communication with caregivers and families 
remains a vital step in the pre-operative screening process since deterioration from 
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hydrocephalus can be subtle. Careful consultation before starting any procedure 
remains important, as the complication rate of shunting in these patients is probably 
higher than in those without PDOC and improvements may sometimes be marginal.

The role of pathological hyperconnectivity after severe brain injury
In Chapter IV, we introduce an extreme disorder of diminished motivation, akinetic 
mutism, and describe its presumed pathophysiology and treatment. Akinetic mutism 
is a relatively rare neurological disorder and, therefore, probably hardly recognized 
by both neurologists and neurosurgeons. The condition sits at the very end of the 
spectrum of disorders of diminished motivation and is often misconceived with 
psychiatric disorders (and probably vice-versa).12 Besides managing any underlying 
structural lesions or infection, akinetic mutism is difficult to treat. Developing 
a rational treatment approach strongly depends on its underlying etiology and 
affected neurocircuits. A variety of evidence-based medications can be used, which 
are summarized in Chapter IV. One of these is zolpidem, a GABAergic sleeping pill 
that can produce a paradoxical ‘awakening’ reaction in specific patients with severe 
brain injury.13,14 In Chapter V of this thesis, we describe the spectacular neurological 
improvements that this sleeping pill produces in a patient with akinetic mutism and 
use MEG to clarify its underlying working mechanism. We show that severe brain 
injury can cause a form of ‘pathological’ hyperconnectivity within the brain, especially 
within specific frequency bands, foremost, in the beta band. Zolpidem temporarily 
reduces this hyperconnectivity throughout the brain, thereby ‘normalizing’ 
connectivity levels to those seen in healthy subjects, which suggests that the drug 
can reorganize functional brain networks. However, the clinical effects of zolpidem, 
such as the return of spontaneous speech and movement are of temporary origin and 
the effectiveness of the drug wears off with repeated administrations. The findings 
from this study suggest that any drug or intervention that more durably reduces 
pathological hyperconnectivity within the brain, especially within the beta-band, may 
result in a more permanent improvement in behavioral performance.

DBS after severe brain injury: returning the brain to its ‘physiological 
baseline’
In response to the hypotheses from our study in Chapter IV, we experimentally used 
DBS in our patient with akinetic mutism to more permanently restore connectivity 
levels throughout the injured brain. In other disorders, such as Parkinson’s disease, 
DBS is associated with changes in connectivity patterns and improvement in 
neurological symptoms.15 In Chapter V, we show that low-frequency (50 Hz) DBS of 
the CM-Pf can effectively reduce functional connectivity within different frequency 
bands. This reduction of hyperconnectivity is associated with direct improvements 
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in both speech and walking, similar to the improvements seen after zolpidem. While 
these improvements were considered better than after zolpidem, the effects were, 
once again, of temporary origin. This may be explained by habituation (or tolerance) 
through adaptation of the biological response of the stimulated neuronal network, 
which is also seen after DBS for other neurological disorders, such as in patients who 
received DBS for essential tremor.16,17 Moreover, it may be the result of potentiation 
of (sub)cortical compensatory mechanisms like the return of ‘normal’ GABAergic 
inhibition or caused by local gliosis after stimulation.18-20 The tissue response to 
chronically implanted electrodes in patients with severe brain injury, such as the 
response of (subcortical) microglia, may be different in patients with a severely injured 
brain and thalamic atrophy. While a change in DBS parameters, such as alternating or 
cycling of stimulation has been suggested to deal with habituation or to overcome the 
‘glial scar’, these actions seemed not to result in a more permanent improvement in our 
patient. Interestingly, the effects of CM-Pf DBS in our patient with akinetic mutism 
were completely different than those observed in our patient with MCS in Chapter 
III. This leads us to believe that the effects of (low-frequency) DBS are disease- or 
patient-specific. Theoretically, brain injury may draw network activity away from its 
physiological ‘baseline’ and cause a state of hypo- or hyperconnectivity. In the case of 
hyperconnectivity, there may be some kind of meaningless and noisy information flow 
throughout the brain.21,22 By disrupting or toning down this noise, through for instance 
zolpidem or DBS, a stable physiological state or baseline may return and meaningful 
information may be temporarily liberated. This thesis suggests that there is a delicate 
‘physiological balance’ in the brain for optimal information flow and that brain injury 
can disrupt this balance, causing neurological symptoms. Though this work contains 
research on single subjects, more studies in larger patient groups need to be done to 
study if different types of brain injury may cause different neurophysiological profiles 
to appear within the brain. It is probable that the physiological balance in the brain 
may vary between individuals and that any treatment to restore this balance after 
brain injury may necessitate a tailored approach.

Dealing with research dilemmas in patients with a loss of autonomy
This thesis deals with patients who have a complete loss of autonomy. Research in 
these patients is extremely challenging, especially since informed consent for any 
intervention has to be derived from surrogates, which are often family members. 
In Chapter VI, we describe the value of using a moral case deliberation (MCD) in 
evaluating individual ethical issues that arise when experimental interventions are 
suggested in patients with severe brain injury. In an MCD, the whole healthcare team 
can express their values towards a suggested experiment and carefully weigh potential 
beneficial versus non-beneficial effects.23,24 It stimulates healthcare professionals 
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who are involved in the daily care of a patient to reflect on a complex dilemma and 
express their individual opinions about possible harms and benefits that a certain 
intervention would have for the current state the patient is in. We describe that, 
by structurally exploring norms and values from different perspectives, an MCD 
can help in the decision-making process and determine what would be in a patient’s 
best medical interest. Moreover, we state that an MCD helps to assist the research 
team in identifying potential harms that can result from choosing a certain option 
and assist in finding ways to minimize the risks of research. As such, it may be an 
important adjunct to regular ethics procedures. A single MCD, however, does not 
exclude the necessity for continuous re-evaluations of a patient’s autonomy and best 
medical interests during and after any experimental treatment is performed. Critical 
evaluations of ‘what is a favorable outcome for a patient’ naturally remain a dynamic 
process in experimental research, especially for patients with brain injury.

FUTURE PERSPECTIVES
The above-mentioned perspectives require future research to prove their robustness 
in larger groups of patients with similar, but also other forms of severe brain injury. 
Performing research in patients with severe brain injury forms a challenge since brain 
injury is heterogeneous and some neurological disorders, such as akinetic mutism, 
are relatively rare or not well-recognized. Therefore, multicenter and (inter)national 
collaboration remains an important factor for success in the future. Currently, the 
RECONNECT study (REstoring CONsciousness with NEurostimulation of the 
Central Thalamus) is performed in the Amsterdam UMC (The Netherlands), which is 
an N=6 CM-Pf DBS study in patients with permanent MCS. Recently, the third patient 
was implanted with DBS and the results of this study are expected in 2024/2025. It will 
give important information if DBS in this severely affected patient group has a durable 
clinical benefit, though the definition of what is a minimally clinically important 
improvement for these patients remains an interpretative challenge. Moreover, future 
fundamental research on neurophysiological patterns in patients with severe brain 
injury remains a matter of interest. Especially, the enigmatic role of pathological 
hyperconnectivity has to be further studied. It is probable that artificial intelligence 
(AI) techniques may help to evaluate similarities and common denominators in 
individual neurophysiological profiles in a larger group of (heterogeneous) patients 
with brain injury. Future neuroimaging techniques and studies may further help in 
understanding variations in individual (thalamic) anatomy and guide the targeting 
process of DBS, which can be a challenge in a brain with significant atrophy. The 
selection of the right patients who have enough residual baseline capacity for recovery 
remains another factor of importance. In the future, any invasive treatment must be 
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preceded by a combination of neuroimaging and neurophysiological evaluations to 
identify which patients have ‘enough’ residual brain capacity and, therefore, a higher 
chance of benefiting from any restorative procedure. Patients likely need to be selected 
that have more residual functional brain networks, which are, possibly, those with 
higher clinical classifications of consciousness, such as MCS+, or patients with chronic 
disorders of arousal/sleep that are somewhat less affected than those with long-lasting 
PDOC.

The time of merely accepting unfortunate outcomes after severe brain injury needs 
to be over. Rigorous academic follow-up of patients with severe brain injury is 
advised when a patient survives the initial invasive and intensive treatment that is 
often given in the acute phase. Repeated clinical assessments to evaluate outcomes, 
as well as neuroimaging to screen for secondary complications are imperative 
to aim for optimal recovery of consciousness and behavioral performance. Low-
threshold communication with rehabilitation clinics, long-term care facilities, general 
practitioners, and the family of the patient forms the basis of this follow-up process. 
Continuous evaluations of what is in the best interest of the patient, as well as critical 
appraisals of experimental (neurotechnological) therapies that are applied in those 
with complete loss of autonomy remain a necessity. Care for patients with severe brain 
injury starts with prevention and avoidance of early and late secondary complications 
and needs to have a holistic nature from the beginning to long after discharge from 
the hospital.

9
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APPENDIX I: SUMMARY
In general, this thesis aims to explore the clinical value and mechanism of action of 
both experimental medicines, such as zolpidem, and more invasive neurosurgical 
treatments, such as deep brain stimulation (DBS), for patients with severe brain 
injury. It is an attempt to improve the behavioral performance of those patients 
who are severely affected by disorders of consciousness and diminished motivation. 
Moreover, it contains a description of the complex ethical dilemmas that accompany 
experimental research in patients who develop a complete lack of decision-making 
capacity after brain injury. This thesis is divided into two parts: research on disorders 
of consciousness and research on disorders of diminished motivation.

Part 1: Disorders of consciousness
Chapter 1 of this thesis provides a general introduction to the main research topics 
that form this thesis. First, the different disorders of consciousness are described 
that can develop if patients survive their initial brain injuries. The different causes 
of disorders of consciousness, the prognosis, and the current limitations in treatment 
are discussed. Moreover, a historical overview and rationale for performing DBS in 
patients with chronic disorders of consciousness are provided. Hereafter, a general 
overview of disorders of diminished motivation that can arise after brain injury 
is given. The focus of this overview is akinetic mutism, one of the most severe 
disorders in the spectrum of motivational deficits after brain injury. This condition 
is characterized by the complete absence of spontaneous speech and movements. 
Once again, the diagnosis, prognosis, and dilemmas in the treatment of this disorder 
are discussed. The chapter concludes with a complete overview of the content and 
general aim of this thesis.

Chapter 2 of this thesis contains a comprehensive overview of functional neurosurgery 
of the intralaminar thalamus and its nuclei that are involved in a variety of important 
brain functions. Different nuclei of the intralaminar thalamus are thought to be 
involved in the pathophysiology of different neurological and psychiatric disorders 
and have therefore been used as targets for neurostimulation and ablation procedures. 
Our study describes the large body of early and more recent evidence on functional 
neurosurgery for patients with treatment-refractory pain, epilepsy, Tourette 
syndrome, and Parkinson’s disease. Moreover, it contains a description of the evidence 
of the effectiveness of DBS for patients with chronic disorders of consciousness. This 
chapter further critically evaluates the future value of functional neurosurgery of the 
intralaminar thalamus.
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In Chapter 3, we describe our first experience with the experimental use of DBS of 
the centromedian-parafascicular (CM-Pf) complex of the intralaminar thalamus in 
a patient with severe brain injury. This patient remained in a persistent minimally 
conscious state (MCS) for more than six years after a car accident. With the use 
of magnetoencephalography (MEG), we show that low-frequency (30-50 Hz) DBS 
restores some of the functional connectivity within the brain. Low-frequency DBS 
seemed to have a more significant effect on functional connectivity than high-
frequency DBS. While DBS was clinically associated with a direct increase in arousal, 
improvement of swallowing, and reduction of rigidity, there was no objective increase 
in the level of consciousness of our patient. This may be explained by the relatively 
little influence of DBS on neural variability within the brain, which remained much 
lower than measured in healthy subjects. This can be the result of the severity of the 
injury itself and indicates that, despite increases in functional brain networks, the 
injured brain still lacks the ability to adapt to changing cognitive demands.

In Chapter 4, we discuss the dilemmas that arise when hydrocephalus develops in 
patients with disorders of consciousness after severe brain injury. We highlight that 
secondary hydrocephalus develops rather frequently after brain damage, especially 
in the setting after trauma, and describe the difficulties in differentiating between 
hydrocephalus as a result of loss of brain tissue or ‘true hydrocephalus’ in these 
patients. In this chapter, we further propose the use of an active surveillance protocol 
for hydrocephalus with serial CT or MRI scans after a patient’s discharge from the 
hospital and regular (clinical) follow-up. Moreover, we suggest that low-threshold 
treatment of hydrocephalus, restoration of the cranial vault after decompressive 
surgery, and placement of a (ventriculoperitoneal) shunt in patients with chronic 
disorders of consciousness can contribute to the restoration of consciousness, even 
in the longer term after severe brain injury.

Part 2: Disorders of diminished motivation
In Chapter 5, a narrative review is provided on the pathophysiology of akinetic 
mutism, a relatively rare disorder of diminished motivation, which is characterized 
by the complete absence of spontaneous movements, speech, and purposeful behavior. 
The condition sits at the very end of the spectrum of disorders of diminished 
motivation and is often difficult to diagnose, as a result of which it is often confused 
with disorders of consciousness or psychiatric diseases. In this chapter, we describe 
the brain structures that are involved in the development of the disorder in the setting 
of different brain diseases. Moreover, a description of the clinical value and rationale 
of a variety of medications that can be used to treat the disorder, depending on its 
underlying etiology, are described for use in clinical practice.

A
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In chapter 6, we study the paradoxical ‘awakening’ effects of zolpidem, a sleeping pill, 
in a patient with akinetic mutism. The drug results in a spectacular, though temporary 
return of spontaneous speech, motor behavior, and ability of human interaction with 
this patient. We use MEG to describe the neurophysiological effects that parallel 
this paradoxical phenomenon and show that severe brain injury can cause a form of 
‘pathological’ hyperconnectivity within the brain, especially within the beta frequency 
band. This hyperconnectivity seems to form some kind of ‘noise’ that impairs the 
function of brain networks. Zolpidem temporarily reduces this noise. In this chapter, 
we suggest that pathological hyperconnectivity, especially in the beta frequency band, 
plays an important role in the development of deficits in attention and motivation 
after severe brain injury.

In Chapter 7, we experimentally use DBS of the CM-Pf in the patient described in 
Chapter 6 in an attempt to permanently improve his behavioral performance. We show 
that low-frequency (50 Hz) DBS is associated with direct improvements in speech 
and the return of the abilities to walk, eat, and have human interaction. While these 
improvements were considered better than after zolpidem, the effects were, once 
again, of temporary origin. Interestingly, the effects of CM-Pf DBS in this patient, a 
reduction in functional connectivity, were completely different than those observed 
in our patient with MCS in Chapter 3. This leads us to believe that DBS has the 
ability to restore functional connectivity within the brain toward its physiological 
‘baseline’. It suggests that brain injury may draw network activity away from its stable 
physiological state and that a delicate ‘physiological balance’ in the brain exists for 
optimal information flow. Brain injury can disrupt this balance and cause neurological 
symptoms.

In Chapter 8, we highlight specific ethical dilemmas that arise in research on patients 
with severe brain injury and describe the ethical framework that formed the basis of 
the experimental interventions we performed in Chapter 7. This thesis deals with 
patients who, as a result of their brain injury, have a complete loss of autonomy. 
Research in this patient group is extremely challenging, especially since informed 
consent for any intervention has to be derived from surrogates. In this chapter, we 
describe the value of using structured moral case deliberation in the process of ethical 
justification of interventional research after brain injury.

Finally, in Chapter 9, a general discussion of the findings of this thesis is provided, 
as well as suggestions for future research.
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APPENDIX II: SAMENVATTING (DUTCH)
Deze thesis heeft als doel om bij patiënten met ernstig hersenletsel de klinische 
waarde en fundamentele aspecten van experimentele behandelingen te onderzoeken, 
waaronder medicijnen, zoals zolpidem, en meer invasieve neurochirurgische 
behandelingen, zoals diepe hersenstimulatie (DBS). Het is een zoektocht om bij 
patiënten met ernstige bewustzijns- of motivatiestoornissen na ernstig hersenletsel 
essentiële functies, zoals bewustzijn en doelbewust gedrag te herstellen. Daarnaast 
bevat het een beschrijving van de complexe ethische dilemma’s die ontstaan bij het 
doen van experimenteel onderzoek bij patiënten die door ernstig hersenletsel het 
vermogen om zelfstandige beslissing te maken volledig zijn verloren. Deze thesis is 
opgedeeld in twee delen: het onderzoek naar ernstige bewustzijnsstoornissen en het 
onderzoek naar motivatiestoornissen.

Deel 1: Bewustzijnsstoornissen
Hoofdstuk 1 geeft een algemene inleiding op de onderwerpen die in deze thesis 
behandeld worden. Er wordt gestart met een overzicht van de verschillende 
bewustzijnsstoornissen die kunnen ontstaan als patiënten de acute fase na ernstig 
hersenletsel overleven. Eveneens worden de oorzakelijke factoren, prognose en 
huidige (beperkte) behandelmogelijkheden besproken. Vervolgens wordt een 
historisch overzicht en een rationale gegeven voor het uitvoeren van DBS bij deze 
patiëntengroep. Hierna volgt een algemeen overzicht van motivatiestoornissen die 
kunnen ontstaan door hersenletsel. De focus ligt op akinetisch mutisme, één van 
de meest ernstige stoornissen in het spectrum van motivatieproblematiek. Deze 
aandoening wordt gekenmerkt door een volledige afwezigheid van spontane spraak 
en bewegingen. Wederom wordt een overzicht gegeven van de diagnose, prognose en 
dilemma’s in de behandeling van deze motivatiestoornis. Het hoofdstuk besluit met 
een overzicht van de inhoud en een uitgewerkt doel van deze thesis.

Hoofdstuk 2 bestaat uit een uitgebreide review van functionele neurochirurgische 
behandelingen die gericht zijn op de kernen van de intralaminaire thalamus, een 
structuur die bestaat uit verschillende hersenkernen en betrokken is bij verschillende 
belangrijke hersenfuncties. Er wordt stilgestaan bij de verschillende aandoeningen 
die behandeld kunnen worden door middel van zowel neurostimulatie als ablatie. 
Zo wordt er een historisch overzicht geboden van functionele neurochirurgie voor 
pijn, epilepsie, Gilles de la Tourette en de ziekte van Parkinson. Daarnaast wordt er 
uitgebreid stilgestaan bij het bestaande bewijs voor de effectiviteit van neurostimulatie 
bij patiënten met bewustzijnsstoornissen. Het hoofdstuk omvat een kritische 
reflectie op de huidige en toekomstige waarde van neurostimulatie en ablatie van de 
intralaminaire thalamus.
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In Hoofdstuk 3 worden de eerste resultaten beschreven van DBS van het 
centromediane-parafasciculaire complex (CM-Pf) van de intralaminaire thalamus bij 
een patiënte met ernstig hersenletsel. Deze patiënte verbleef na een verkeersongeval 
al meer dan zes jaar in een minimaal bewuste toestand (MCS). Middels magneto-
encefalografie (MEG) tonen we in dit hoofdstuk aan dat CM-Pf DBS met een lage 
frequentie (30-50 Hz) voor enig herstel van functionele connectiviteit in de hersenen 
kan zorgen. CM-Pf DBS met een lage frequentie zorgde voor een grotere stijging van 
functionele connectiviteit dan CM-Pf DBS met een hoge frequentie. Hoewel DBS in 
deze patiënte gepaard ging met directe tekenen van ‘arousal’, herstel van slikfunctie 
en afname van rigiditeit, was er echter geen sprake van een objectieve verbetering van 
het bewustzijn. Een verklaring hiervoor zou kunnen zijn dat de neurale variabiliteit 
(fluctuaties in activiteit) in de hersenen vrijwel niet veranderde door stimulatie en 
lager bleef dan gemeten werd bij gezonde proefpersonen. Dit wijst er mogelijk op dat 
er na het hersenletsel, ondanks herstel van functionele hersennetwerken, een blijvend 
onvermogen van de hersenen bestaat om te voorzien in de zogenaamde ‘cognitieve 
behoefte’ en hersenfuncties blijvend verstoord zijn.

In Hoofdstuk 4 bediscussiëren wij het dilemma van hydrocephalus bij patiënten 
met een bewustzijnsstoornis na ernstig hersenletsel. Het is namelijk regelmatig 
ingewikkeld om bij deze patiënten te bepalen of er sprake is van hydrocephalus door 
verlies van hersenweefsel of een ‘werkelijke secundaire hydrocephalus’ die een rol 
speelt bij het uitblijven van herstel van bewustzijn. Een secundaire hydrocephalus 
komt bij deze patiënten vaker voor dan gedacht, met name na traumatisch hersenletsel. 
In dit hoofdstuk geven we algemene adviezen over de benadering van secundaire 
hydrocephalus in deze patiëntengroep en adviseren we om frequente klinische en 
neuroradiologische follow-up te verrichten met opeenvolgende CT’s of MRI’s als zij 
eenmaal uit het ziekenhuis zijn ontslagen. Daarnaast stellen wij dat een laagdrempelige 
behandeling van deze complicatie door enerzijds het herstel van het schedeldak na 
neurochirurgische ingrepen en het plaatsen van een (ventriculoperitoneale) shunt bij 
kan dragen aan herstel van bewustzijn, ook op de langere termijn.

Deel 2: Motivatiestoornissen
Hoofdstuk 5 bevat een literatuurstudie naar de pathofysiologie en behandeling 
van akinetisch mutisme, een zeldzame motivatiestoornis waardoor een patiënt 
ernstig wordt beperkt doordat de prikkel voor het vertonen van spontane motoriek, 
spraak en gedrag ontbreekt. Akinetisch mutisme bevindt zich aan het uiteinde van 
het ziektespectrum van motivatiestoornissen en is een aandoening die moeilijk 
vast te stellen is, waardoor het vaak verward wordt met bewustzijnsstoornissen of 
psychiatrische ziekten. In dit hoofdstuk beschrijven wij de hersenstructuren die 
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een rol spelen bij het ontstaan van deze aandoening, wanneer de functie van deze 
structuren is aangetast door hersenziekten of hersenletsel. Eveneens beschrijven 
wij de rationale van de verschillende behandelingen die kunnen worden toegepast 
in de klinische praktijk en hoe deze toegespitst kunnen worden aan de hand van de 
onderliggende etiologie van de aandoening.

In Hoofdstuk 6 onderzoeken wij de paradoxale werking van zolpidem, een slaapmiddel 
dat een bijzondere, maar helaas tijdelijke ‘awakening’ veroorzaakt bij een patiënt 
met akinetisch mutisme. Het middel zorgt in deze patiënt voor een korte terugkeer 
van spontane spraak, de mogelijkheid tot bewegen en het hebben van menselijke 
interactie. Met behulp van MEG tonen wij aan dat er in de rusttoestand sprake is 
van hyperconnectiviteit in de hersenen, met name in de bèta-frequentieband. Deze 
hyperconnectiviteit lijkt te zorgen voor ‘ruis’ waardoor de werking van hersenfuncties 
afneemt. Deze ruis wordt tijdelijk gedempt door zolpidem. In dit hoofdstuk stellen 
wij dat pathologische hyperconnectiviteit, met name in de bèta-band, een belangrijke 
rol kan hebben in het onderhouden van neurologische uitval en aandachts- en 
motivatiestoornissen na ernstig hersenletsel.

In Hoofdstuk 7 wordt bij de patiënt met akinetisch mutisme uit Hoofdstuk 6 op 
experimentele wijze CM-Pf DBS uitgevoerd met als doel om een meer permanente 
terugkeer van spraak en bewegingen te bewerkstelligen. Na laagfrequente (50 Hz) DBS 
is er sprake van herstel van spraak, lopen en is patiënt weer in staat om zelfstandig 
te eten en te interacteren met zijn omgeving. Hoewel het herstel van deze functies 
na DBS sterker is dan na inname van zolpidem, is er wederom sprake van een tijdelijk 
effect. Het bijzondere is dat het effect van DBS van de CM-Pf dit keer, in tegenstelling 
tot de patiënte met MCS uit Hoofdstuk 3, een daling van de functionele connectiviteit 
is in de hersenen teweegbrengt. Dit doet vermoeden dat DBS het vermogen heeft om 
functionele connectiviteit in de hersenen te herstellen naar een soort fysiologische 
‘baseline’. Er wordt geconcludeerd dat er in de hersenen mogelijk sprake is van 
een nauw neurofysiologisch evenwicht om informatieoverdracht adequaat te laten 
verlopen en dat afwijkingen van deze baseline, bijvoorbeeld door hersenletsel, kunnen 
resulteren in uitval van hersenfuncties.

In Hoofdstuk 8 worden de specifieke ethische dilemma’s beschreven die ontstaan 
bij het doen van onderzoek met patiënten met ernstig hersenletsel en het ethische 
kader dat de basis vormde voor de experimentele behandeling die we in Hoofdstuk 
7 hebben uitgevoerd. Deze thesis gaat over patiënten die, vanwege de ernst van hun 
hersenletsel, het vermogen om zelfstandig een besluit te nemen hebben verloren. 
Onderzoek in deze patiënten is uitdagend, met name omdat de toestemming (consent) 
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voor elke (experimentele) behandeling moet worden afgeleid aan de hand van het 
inzicht dat heerst over de patiënt bij naaste familie. In dit hoofdstuk beschrijven we de 
waarde van het organiseren van een gestructureerd moreel beraad om experimenteel 
onderzoek na ernstig hersenletsel ethisch te rechtvaardigingen.

Tot slot wordt in Hoofdstuk 9 een algemene discussie op de bevindingen uit deze 
thesis beschreven. Op basis van deze discussie doen we suggesties voor toekomstig 
onderzoek.
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APPENDIX VII: Dankwoord
Aut inveniam viam aut faciam, oftewel ‘ik zal een weg vinden of ik maak er een’ staat 
wel heel uitdrukkelijk op pagina 3 van dit proefschrift, maar iedereen weet: een weg 
bouw je eigenlijk nooit alleen. Gedurende dit onderzoek ben ik dan ook heel wat 
mensen op mijn pad tegengekomen die absoluut een hele diepe buiging verdienen.

Ik wil beginnen met de dappere groep patiënten die we hebben mogen bezoeken 
tijdens mijn onderzoek, hebben mogen behandelen met experimentele medicijnen 
en die we uiteindelijk hebben geopereerd. We hebben het hier over experimenteel 
onderzoek met een onzekere uitkomst die ingrijpt in de diepst reikende kiem van het 
menselijk bestaan: het bewustzijn. De weerbaarheid die patiënten en hun families 
na het doormaken van ernstig hersenletsel laten zien, is onbeschrijfelijk. Dit is ook 
te zeggen over de liefde die zij krijgen en het zorgvuldige werk waarmee zij thuis of 
in het verpleeghuis verzorgd worden. Vanuit privacyoverwegingen noem ik hen en 
hun families niet bij naam, maar weet dat ik ongelofelijk veel respect voor jullie heb.

Daarnaast wil ik mijn promotor, professor Schuurman bedanken. Beste Rick, ik 
bewonder je pragmatische blik op zaken. Niet lullen, maar poetsen is jouw devies. De 
manier waarop je met gemak een mastworp toepast tijdens een DBS-operatie of zelf 
een instrument laat maken door de technische dienst, omdat iets op de operatiekamer 
je niet zint, is voor mij karakteristiek voor jou als persoon en daarvan heb ik veel 
geleerd. Met jou als promotor zwem je niet tegen de stroom in, maar maak je gebruik 
van de onderstroom in het water om verder te komen.

Mijn copromotor, beste Pepijn, waar moet ik toch beginnen. Wie had kunnen denken 
dat onze digitale aanvaring de basis zou vormen voor mijn neurochirurgische opleiding 
in Amsterdam en onze gezamenlijke passie voor DBS en bewustzijnsstoornissen. 
Tijdens mijn tijd in Amsterdam was er ‘never a dull moment’. Ons onderzoek, een 
onderwerp met veel controversen, had veel ups en downs, maar samen en met jouw 
begeleiding en enthousiasme hebben we ons er doorheen geslagen. Dat laatste was 
overigens niet te danken aan de’n Alfa die ons vaak langs de snelweg in de steek liet. 
Maar ach…hij stond wel goed in de Italiaanse lak. Gelukkig hebben de vele kroketjes bij 
de Shell dat goedgemaakt. Mijn PhD was letterlijk en figuurlijk een wilde rit, kriskras 
door Nederland, met studies die vorm kregen door een gezonde dosis serendipiteit. 
Laten we elkaar beloven dat het afronden van dit proefschrift niet het einde is, maar 
het begin van verdere samenwerking. We zijn misschien wel twee verschillende 
personen, maar we hebben dezelfde interesses en honger naar nieuwe ‘awakenings’ 
(en ook naar nachtelijke pizza’s uit een pizza-automaat). De grote vraag blijft: wanneer 
gaan we die champagnefles nou eens sabreren?



255

About the author

Mijn opleider, professor Vandertop, beste Peter. Veel dank dat je me al vroeg de kans 
gaf om neurochirurg te worden en mij de fijne kneepjes van het neurochirurgische 
vak wilde leren. Je gaf me de mogelijkheid om mezelf in de volle neurochirurgische 
breedte te ontwikkelen en hebt ons onderzoek altijd vanaf het begin een warm hart 
toegedragen. Hier zijn we je ontzettend dankbaar voor. Zonder jouw vertrouwen waren 
we nooit zo ver gekomen. Ik zal de ‘Amsterdamse school’ verder koesteren in mijn 
huidige loopbaan in het Radboudumc.

Mijn copromotor Willemijn, Berno en boegbeeld Jan. Ik noem jullie samen, want voor 
mij vormen jullie al vanaf het begin een geweldig team. Jullie zorgen met veel bezieling 
voor de meest kwetsbare groep mensen die wij in onze samenleving kennen, scheppen 
vertrouwen en maken verbinding met families en zorgverleners. Met EENnacoma 
zijn jullie uniek in de wereld. Jullie hebben ons op het juiste pad gebracht en laten de 
langdurige zorg voor mensen met ernstig hersenletsel samensmelten met hernieuwde 
academische interesse. Hier is deze thesis een vrucht van. Jullie inspanning zorgt 
ervoor dat niemand tussen wal en schip valt en, vooral, dat het schip zijn koers 
behoudt: op naar betere zorg voor mensen met ernstig hersenletsel.

Dear Prejaas, Lennard, and Conrado. Your analytic abilities and neurophysiological 
expertise were the real fire this research needed and were, in large, the basis of its 
scientific success. I have high expectations of your academic careers and I have no 
doubts that we’re going to hear a lot of you in the near future. Also, lots of thanks to 
Arjan and Cees, great neurophysiological powers who were extremely kind to open 
all doors of the MEG department in the VUmc and enthusiastically welcomed me, 
together with a challenging group of patients in my slipstream.

Eveneens veel dank aan professor Groenewegen voor zijn legendarische bijdrage aan 
anatomische kennis in dit proefschrift. Dat er nooit een koffietje van is gekomen, 
kan ik inmiddels niet meer wijten aan COVID. Laten we er maar een biertje of 
wijntje van maken tijdens mijn promotie. Ditzelfde drink ik ook graag met professor 
Widdershoven die ons op zeer professionele wijze de ethische aspecten en alle voors 
en tegens van ons eigen onderzoek liet ontdekken. Ook Vera was in dit proces van 
belangrijke ‘filosofische’ waarde.

Also, a big thanks to my foreign colleagues, including professor Krauss, professor 
Laureys, and Filipe for their valuable comments on our articles. Hopefully, we’ll keep 
in touch for future scientific endeavors. After all, international collaboration remains 
the key to success in functional neurosurgery, especially when patients with severe 
brain injury are involved.
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Moreover, many thanks to the other members of the Doctorate Committee that are 
not mentioned yet, including professor de Bie, doctor Chudy, and professor Horn.

Verder ook veel dank aan de gehele staf en assistenten neurochirurgie van zowel 
het AMC als VUmc. Ik denk nog vaak terug aan de biertjes in de Ysbreker, BBQ’s op 
Friso’s praam en de lol die we samen hebben gehad tijdens mijn opleiding. Ik acht het 
vanzelfsprekend dat we bij mijn promotiefeest nog eens een dansje doen, want jullie 
weten immers: ‘only the strong survive’. Uit het oog betekent voor mij niet uit het 
hart. De deur staat altijd open voor een koffie en een worstenbroodje.

Inmiddels heb ik een zeer warm welkom gehad van mijn nieuwe collega’s in het 
Radboudumc en CWZ: Ronald, Erik, Alfred, Saman, Erkan, Mark, Joost, Jeroen, Hans, 
Marlien, Karel, en alle assistenten, physician assistants, bedrijfsleiders, OK personeel 
en secretariaat (helaas te veel om allen bij naam te noemen). In deze enthousiaste 
groep floreert ambitie en is er ruimte voor vernieuwende ideeën. De toekomst is 
rooskleurig en ik heb geen twijfel dat we werken aan een nieuw neurochirurgisch 
‘Mekka’. Binnen het expertisecentrum voor Parkinson en bewegingsstoornissen, 
samen met alle neurologen en gespecialiseerd verpleegkundigen, is ook voldoende 
ruimte voor innovatie in de funtionele neurochirurgie. Ik ben dan ook trots dat ik 
hier mag werken.

Ik was overigens niet op dit punt gekomen zonder de steun van mijn goede vrienden, 
met in het bijzonder ‘Jaar 2007’. Inmiddels staan we met zijn vijven al zo lang aan het 
roer dat varen moeiteloos gaat. Kip, 50, Steef en Tony, jullie vormden de basis van mijn 
studententijd en hebben me al die tijd onvoorwaardelijk gesteund, vanaf onze vroege 
start bij dispuut W.I.N.G. We mogen inmiddels blij zijn dat we niet zijn doodgevroren 
op die bergpas in Montenegro, gesneuveld zijn in een taxi in Bulgarije of verbrand zijn 
in een hostel in Istanbul. Volgende reisjes zal ik wel op me nemen, want ik heb mijn 
leven toch te lief om met Pegasus Airlines te vliegen en een jacuzzi acht ik inmiddels 
wel een voorwaarde om van huis te vertrekken. Op nog vele mooie avonturen!

Also, a big shout-out to Benny and the Jets: Bernhard, Saman, and ‘Hans’. Let’s keep 
meeting each other, despite our busy neurosurgical schedules. And next time Hans, 
you’ll just hop on the boat to England with us!

Daarnaast zou ik hier niet zijn gekomen zonder dat clubje gekakel uit Bakel. Lieve 
Mam en Pap. Jullie hebben, misschien wel deels onbewust, de basis gelegd voor mijn 
motivatie en doorzettingsvermogen om neurochirurg te worden en dit proefschrift 
te schrijven. Wie fietst er nou immers dagelijks door weer en wind naar Helmond 
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om te werken…en dat met vier doldwaze kinderen thuis. Zonder jullie voortdurende 
steun, vermogen om te relativeren en mijzelf terug te laten keren tot de ratio was dit 
nooit gelukt. Jullie hebben me alle vrijheid gegeven die je als kind kan krijgen en daar 
ben ik zeer dankbaar voor. De hoeveelheid biologische meuk die ik heb moeten eten 
woog gelukkig ook op tegen de hoeveelheid suiker en koffie die me dit proefschrift 
heeft gekost. Inmiddels is de familie Arnts flink aan het uitbreiden. Chantal, Dennis, 
Janique, Anouk, Tim, Wout, Marijn en Olivier, zullen we de boel vooral eens een 
keertje heel houden? Opdat we nog lang gezond bij elkaar mogen blijven. Datzelfde 
geldt inmiddels ook voor mijn schoonfamilie Ingrid, Mark, Johnny, Stijn, Annelien en 
alle grootouders. Bij jullie voelt België inmiddels ook als thuiskomen. Ik blijf overigens 
wel voor het Nederlands elftal. 

Iedereen weet dat ik dol ben op toetjes. En jij bent dan ook het toetje van mijn 
dankwoord lieve Eline, oftewel lieve Crush. Jij bent voor mij in mijn leven de enige 
echte ‘awakening’ geweest. Je hebt meer dan 9 jaar geleden een nieuwe wereld voor mij 
geopend. Jij hebt me van het reizen laten genieten en dat stukje bourgondisch België 
mee naar Nederland genomen en in mijn hart gekregen. Je onuitputtelijke hoeveelheid 
liefde voor mij en de mensen om ons heen is bewonderenswaardig. Dat geldt ook voor 
de manier waarop je in zo’n korte tijd zo’n succesvolle advocate bent geworden en 
de opofferingen die je daarnaast doet voor mij en ons kersverse dochtertje Emilia. 
Je krijgt altijd gelijk, of ik het nu ben, of het de baas is van een groot bedrijf, voor jou 
‘maken ze zelfs een weg’. Samen vormen we daarom een goed team en omdat deze 
thesis nu af is, hoef je me ook niet meer achter mijn broek aan te zitten. Je bent de 
beste moeder die een kind zich kan wensen en laten we met zijn drietjes nog veel van 
het leven genieten. Op nog vele mooie avonturen. Ik zie jullie graag!
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