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ABSTRACT

The upper brainstem is known to participate in brain activation, since 
the pioneering description of the Ascending Reticular System in the 
middle of twentieth century. Since the early works, the waking state and 
paradoxical sleep have been implicated in the same circuitry of 
activation. The consciousness cognitive process, which develops within a 
global cerebral workspace, is directly linked with the waking state, 
modulated by neurotransmitters, the most emblematic and historic being 
amino acids, such as glutamate (excitatory), gamma-aminobutyric acid 
(inhibitory); monoamines, such as serotonin and noradrenaline; and 
acetylcholine. From animal research, the main thalamic and extra-
thalamic pathways originating from the tegmentum, were precisely 
described. These two pathways are nowadays admitted in humans, 
supporting the cortical activation from the deep brain. The superior 
cholinergic thalamic pathway originates within dorsolateral tegmental 
nuclei, notably the pedunculopontine tegmental nucleus and the small 
laterodorsal tegmental nucleus, innervating the whole thalamus. The 
inferior, serotoninergic-noradrenergic basal-forebrain pathway, or 
extrathalamic, originates within the dorsal mesencephalon-pontine area, 
specifically the locus coeruleus and the dorsal raphe and central superior 
nuclei. Schematically, the thalamic and extra-thalamic pathways reach the 
hemispheric cortices, respectively through the thalamus and the 
hypothalamus. During several pathologic conditions, alterations of deep 
brain circuitry lead to disorders of consciousness, but the detailed 
mechanisms of dysfunctions are still not deciphered.  

1. INTRODUCTION

Human brain activation results in covert and overt activity, obviously 
present during the waking state, and commonly summarized as cerebral 
function or functions. Activation, coupling energetic metabolism and 
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neuroglial activity (Sokoloff, 1979), emerges from permanent cerebral 
activity, triggered by stimuli across networks taking parts in several 
functions. The diurnal, basal, permanent activity was revealed along with 
metabolic exploration of the brain with 18F-fluorodeoxyglucose (18F-
FDG) Positron Emission Tomography (Pet-Scan), and in 2001, Raichle et 
al. (2001) introduced the concept of default mode of brain function. The 
subject, lying quietly, lets the mind wander, this resting state being 
qualified as non-goal directed. It is also named default mode network 
(DMN) and explored with functional magnetic resonance imaging (fMRI) 
at rest (Greicius et al., 2003). It is also known that the metabolism of 
several cortical areas decreases during goal-directed tasks, particularly the 
precuneus, the posterior cingulate cortex, the medial prefrontal cortex, and 
the ventral anterior cingulate cortex (Greicius et al., 2003; Raichle et al., 
2001). In parallel, since the pioneering works on sleep, rapid-eye-
movement (REM) or paradoxical phase, was characterized by brain 
activation similar to the waking state (Jouvet, 1965). 

The networks or circuits supporting cerebral functions are nowadays 
better understood, although we still master a limited number and part of 
such circuits, the most well-known being very likely the motor loop 
activated during several motor and non-motor tasks (e.g., Nambu, 2008). 
At the cellular-molecular level, all activated neurons trigger ionic and 
electric discharges and neuromodulators releases, propagating the reaction. 
Schematically, neuro-glial cells are under the influence of permanent 
stimuli coming from upstream neurons, and they generate a downstream 
activation when the overall input stimulation reaches a certain threshold. 
The kind of discharge and the nature of release compounds determine the 
resulting action on downstream neurons, and so on across the networks. 
This text-book knowledge is the backbone of all brain functions, including 
consciousness (Crick and Koch, 2005).  

In this chapter, we focus on the role of the brainstem on cerebral 
activation, particularly during the waking state and consciousness. As a 
consequence of developmental issues, ontogenic and phylogenic, the upper 
brainstem plays a particular role in the activation of the diencephalon and 
telencephalon. Indeed, the brainstem, along with the hypothalamus and 
central thalamic nuclei, can be assimilated as the basal, subcortical, neural 
correlates of primary or anoetic consciousness of vertebrates (Fabbro et al., 
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2015). Figure 1 depicts the anatomy of tegmentum and thalamus, where 
arise the most emblematic pathways activating the cortex. The chapter 
ends addressing some aspects of the pathophysiology of disorders of 
consciousness (DOC) covering coma, vegetative state (VS) or 
Unresponsive Wakefulness Syndrome (Laureys et al., 2010) and minimally 
conscious state (MCS), with regard to the role of lesions of subcortical 
structures linked with brainstem and cerebral activation.  

2. CONSCIOUSNESS AND ACTIVATION OF
THALAMO-CORTICAL PATHWAYS

Consciousness is driven and modulated by triggers, the most obvious 
being sensory. There are convincing clues and evidence that it is a
cognitive process within a global workspace (Baars, 1988; Dehaene et al., 
1998), large scale, linking and binding distant cortices through cortical 
pyramidal neurons (layers II/III) and deep brain regions, with characteristic 
electroencephalographic (EEG) modifications, i.e., beta range (14-30 Hz) 
synchronization and gamma (30-100Hz) range late amplification (Dehaene 
and Changeux, 2011). This cognitive experience, if considered as high-
order cognitive functioning (Brown, 2014), is modulated by the thalamus 
(Saalmann, 2014). 

In 1949, Moruzzi and Magoun illustrated the role of the brainstem in 
replacing synchronized EEG alpha slow waves by fast low voltage activity, 

s. The cortical 
desynchronization, rather ipsi and anterior, was caused by electric 
stimulation from 50 to 300 pulses/sec (higher frequency, better response) 
of the ascending reticular activation system (ARAS), running from the 
bulbar region up to the dorsal (posterior) hypothalamus and subthalamus 
(also named ventral thalamus). The effects were mediated at least partially 
by the thalamus and more precisely its diffuse projection system, 
intralaminar and posterior ventral nucleus. Moruzzi and Magoun reported 
that unilateral low frequency stimulation (7.5 pulses/sec) of the midline 
thalamus evoked bilateral cortical recruiting responses and contralateral 
thalamic responses, abolished by high frequency stimulation of ARAS. 
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Only extended bilateral lesions of the thalamus blocked the cortical effects 
of ARAS high frequency stimulation.  

Figure 1. Overview of tegmental and thalamic structures involved in brain activation 
(lateral left, posterior and superior, view). The right 3D anatomic objects are contoured 
from 4.7 Tesla MRI slices, and the left thalamus is represented by triplanar orthogonal 
MRI slices (sagittal, coronal and axial slices, respectively parallel, perpendicular and 
parallel with the anterior commissure  posterior commissure plan) centered on the 
central region of thalamus: epi, epithalamus; meta, metathalamus; medial, nucleus 
medial or dorso-medial; laminar, intralaminar region of thalamus; anterior, anterior or 
oral part of the thalamus; VTA, ventral tegmental area; tegmentum is transparent, 
green; brachium conjunctivum is transparent, beige; the central tegmental tract is 
transparent, yellow; the tegmental pedunculo-pontine nucleus is transparent, shiny 
green. 
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The thalamo-cortical circuitry can be subdivided into two circuits 
according to the group of thalamic nuclei, specific or non-specific (Llinas 
et al., 2002). The specific system involves nuclei related to sensory and 
motor activity, and the unspecific system involves modulatory nuclei, 
anterior, lateral, intralaminar nuclei (central lateral, paracentral, central 
medial and parafascicular) and the midline thalamus (Van der Werf et al., 
2002). Llinas et al. (Llinas et al., 2002) proposed that both specific and 
unspecific systems, respectively through ventrobasal (VB) nuclei and 
centrolateral (or central lateral, CL) intralaminar nucleus, enable by 
coincidence of activations the generation of supraliminal stimuli of cortical 
pyramidal neurons. More recently, the reticular thalamus, wrapping the 
thalamus around, has been involved in attention processing, filtering 
stimuli like a gateway to the cortex (McAlonan et al., 2008; Min, 2010; 
Pinault, 2004). In rats and monkeys the midline and intralaminar nuclei 
(MITN) show specific orbital and medial prefrontal connections, which 
separate this group from unspecific nuclei (Hsu and Price, 2007). The 
dorsal medial (or medial) nucleus, and the medial pulvinar nucleus, were 
also called association nuclei of thalamus, as they connect with so-called 

Danos et al., 2003; Yeo et al., 2015). Vertes et al. (2015), more recently 
proposed an alternative classification: sensorimotor or principal or relay 
nuclei, limbic nuclei, and nuclei bridging the relay and limbic nuclei. The 
limbic nuclei consist of anterior nuclei, midline nuclei (the paraventricular, 
paratenial, reuniens and rhomboid nuclei), medial division of the 
mediodorsal nucleus (MDm) and central medial nucleus (CM) of the 
intralaminar complex (Vertes et al., 2015), the core being the MDm, CM, 
and midline nuclei.  

In monkeys, Jones (1998) pointed out the different roles of two kinds 
of thalamic cells with regard to calcium-binding properties: the matrix cells 
made up of calbindin neurons projecting to diffuse cortical areas within 
superficial layers (mainly layer I), and the core cells made up of 
parvalbumin neurons projecting to limited areas within middle layers 
(mainly layer IV). This distinction between matrix-calbindin (Matrix_Cal) 
and core-parvalbumin (Core_Parval) cells reshuffles the cards of the 
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diffuse projection system. In the intralaminar group particularly, the 
centromedian-parafascicular complex (CMPf) is Core_Parval with specific 
cortical projections, and the CL nucleus is Matrix_Cal with diffuse 

lightening the precise complementary distribution of Matrix_Cal and 
Core_Parval, in particular in the intralaminar nuclear group: the paracentral 
nucleus (Pc), CL, centromedian, and the Pf are mainly Matrix_Cal, 
whereas the CM is exclusively Core_Parval; in fact the lateral and 
intermediate subregions of the CMPf complex is Core_Parval. The 
reticular is Core_Parval, the anterior nuclei are combined and the 
dorsomedial is mixed. 

Schiff (2008) has also proposed to identify the central thalamus as a 
key player in arousal and disorders of consciousness. This central thalamus 
covers a quite large area and should be made up of anterior and posterior 
intralaminar nuclei and the paralaminar portions of related thalamic 
association nuclei-median dorsalis, ventral anterior, ventral lateral, and 
inferior pulvinar. A particular role of the centrolateral intralaminar nucleus 
was highlighted from works of Steriade (Steriade, 1981; Steriade et al., 
1993) in cats with a 40 Hz rhythm of spike-bursts during wakefulness and 
REM sleep.  

Figure 2 and the Table 1 summarize the functional organizations of 
thalamic nuclei. 

3. THE RETICULAR NUCLEI OF BRAINSTEM INVOLVED IN

AROUSAL AND CONSCIOUSNESS

The reticular formation, or substance of the brainstem where the 
ARAS was historically described, can be integrated within an Ascending 
Arousal System connecting the cerebrum through dorsal and ventral 
branching (Nieuwenhuys et al., 2008). 
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Figure 2. Thalamic nuclei. Topography of thalamic nuclei (superior, posterior and 
lateral view of the left thalamus; coronal (left), sagittal (right) and axial (bottom) slices 
of the thalamus): AL, nucleus anterolateral; CM, nucleus centromedian; DL, 
dorsolateral nucleus; DM, dorsomedial nucleus; Inl, intermediolateral nucleus; La, 
intralaminar nuclei; Med, medial nucleus; Meta, metathalamus; Mtb, 
mammillothalamic bundle; Pf, parafascicular nucleus; Pu, pulvinar; Re, reticular 
thalamus; VCL, ventrocaudal lateral nucleus; VCM, ventrocaudal medial nucleus; VI, 
ventrointermediate nucleus; VO, ventro-oral nuclei. 
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The superior cholinergic pathway uses the dorsal branching. It emerges 
mainly through the cholinergic dorsolateral tegmental region containing 
the pedunculopontine tegmental (PPtn; CH5) and nearby, the small 
laterodorsal tegmental nucleus (LDtn; CH6); this latter being placed in and 
around the locus coeruleus (Naidich et al., 2009). These nuclei are 
innervated by noradrenergic neurons from the A5 (nucleus 
paragigantocellular; near the olivary nucleus), A6 (LC, locus coeruleus), 
and A7 (lateral lemniscus nucleus) groups. 

The PPtn and LDtn innervate the entire thalamus; for example, in cats 
and monkeys, thalamic relay and association nuclei are innervated by 
cholinergic reticular nuclei of the peribrachial area (brainstem region 
around the brachium conjunctivum) and the laterodorsal tegmental nucleus 
(Steriade et al., 1988). Globally, the cholinergic nuclei of the dorsolateral 
part of the midbrain and rostral pons tegmentum, nucleus cuneiformis (or 
dorsal part of the midbrain reticular formation), PPn, LDn, project to the 
thalamus and notably intralaminar nuclei, midline nuclei, the reticular 
nucleus, and the lateral portion of MD (see Steriade et al., 1988).  

Although ill-defined, the nuclei of the reticular formation may reach 
the thalamus through two main bundles, the central tegmental tract and the 
longitudinal medial fascicle (Lemaire et al., 2011; Riley, 1953). The 
reticular and dorsomedial thalamic nuclei also receive specifically, 
cholinergic, as well as non-cholinergic, innervation from the substantia 
innominata and the nuclei of the diagonal band in cats (Steriade et al., 
1987). In reality, a limited number of acetylcholine-containing neurons 
also project to the targeted structure of the extrathalamic pathway (Jones, 
2005). 

The extrathalamic pathway uses the ventral branching. Broadly it runs 
along the deep ventro-medio (mesio)-basal region of brain, originating 
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within the dorsal mesencephalon-pontine area, specifically the LC and the 
dorsal raphe and central superior nuclei. The LC (A6) belongs to the 
noradrenergic centers. The B6-B8 (central superior, CSn) and B7 (dorsal 
raphe nucleus, DRn) serotoninergic (5-hydroxytryptamine; 5HT) centers 
belong to the median column or raphe of the reticular formation (Naidich 
et al., 2009; Nieuwenhuys et al., 2008). The axons follow the basal 
forebrain bundle, among others, reaching the hypothalamus and forebrain, 
hence the executive-behavioral system, and beyond the rest of the cortex. 

Figure 3. Cortical activation pathways. Thalamic and extra thalamic pathways 
activating the hemispheric cortices: the thalamic pathway originates within the 
dorsolateral tegmentum, at the level of cholinergic (Ch 5 & Ch6; orange) neurons of 
the pedunculopontine tegmental (PPn) and laterodorsal tegmental (LD) nuclei, which 
are innervated by noradrenergic (A5, A6, A7 groups; blue) neurons of the locus 
coeruleus (LC), lateral lemniscus (LL), and paragigantocellular (PG) nuclei; the extra-
thalamic pathway originates in the serotoninergic (B6, B7, B8 groups;, pink) neurons 
of the central superior (CS) and dorsal raphe (DR) nuclei, and the noradrenergic 
neurons of LC (see the text for details); BnM, basal nucleus of Meynert (Ch4); Hyp, 
hypothalamus; Thal, thalamus. 
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The LC, DRn and CSn reach the entire cortex, including the 
hippocampus, as well as the hypothalamus, and mesial forebrain; they also 
receive inputs from the hypothalamus and mesial forebrain (Naidich et al., 
2009; Nieuwenhuys et al., 2008): the tuberomamillaris (histamine), 
preoptic (ventrolateral; GABA and galanin) and perifornical (orexin) 
hypothalamic nuclei; septal and accumbens nuclei (cholinergic).  

Figure 3 summarizes the inferior and superior pathways of arousal, 
waking, and consciousness.

4. FUNCTIONAL BRAIN ACTIVATION DURING SLEEP, 
AROUSAL, WAKING, AND CONSCIOUSNESS

Consciousness, waking, arousal, and sleep phases are globally under 
the control of neurons in brainstem, basal forebrain, hypothalamus, and 
thalamus via divers transmitters and receptors (Jones, 2005; Steriade, 
1993) such as acetylcholine (Ach), glutamate (Glu), serotonin (5-HT), 
dopamine (DA), gamma-amino butyric acid (GABA), orexin (Orx or 
hypocretin), noradrenaline (NA), histamine, excitatory amino acids, nitric 
oxide, and N-methyl-D-aspartate (NMDA) receptors. There is still no clear 
understanding of the overall pharmacological interactions, known since 
pioneering works (see e.g., during REM sleep Jones, 1991) with intricate 
relationships between activating cholinergic cells and inhibiting 5-HT, NA, 
or GABA neurons within complex neurite branching and soma vicinities. 

In parallel, it was inferred that complex and tangled reciprocal 
activation and inhibition between the thalamus, brainstem, and striatum 
(Llinas et al., 2002) modulate the consciousness process. Indeed, broadly, 
deep pyramidal neurons of cortical layer 6 exert on thalamic neurons a 
direct glutamatergic activation and indirect GABAergic inhibition via the 
reticular nucleus; the thalamus and cortex activate cortical, striatal, and 
pallidal neurons; GABAergic pallidal neurons and cortical inhibitory 
interneurons participate in local indirect feedbacks. In parallel, the inputs 
to the cortex, through thalamic relays, act in different manners according to 
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the complexity of controls at the thalamus level, notably those exerted by 
cortical layer 5 cells (Sherman, 2005). Moreover, transthalamic circuits, 
notably with regard to glutamate pathways, support the modulation of 
activity between cortices, involving also subcortical structures, as in 
attentional processes (Sherman, 2016).  

T -
consciousness was highlighted by Crick and Koch (2005), who suggested 
that this region could coordinate globally information between cortices 
during complex tasks. In rats, the claustrum connects reciprocally with 
midline, reuniens, rhomboid, paraventricular, paratenial, and centromedian 
nuclei of the thalamus (Vertes et al., 2015).  

According to Jones (2005), the pharmacodynamics of waking and 
REM sleep can be simplified as follows: Glu, Ach, and GABA neurons are 
active during the waking state and REM, whereas NA LC neurons and 5-
HT neurons, also active during waking, cease their activity during REM; 5-
HT neurons also inhibit Ach neurons (inhibiting sleep-promoting); DA, 
histamine, and Orx neurons stimulate brain activation, although the 
mechanisms are still not disentangled; GABA release within the basal 
forebrain, preoptic area, brainstem, and thalamus inhibits arousal; DA 
neurons of the substantia nigra and ventral tegmental area could participate 
in waking and paradoxical sleep. 

5. DISORDERS OF CONSCIOUSNESS

AND DEEP BRAIN LESIONS

We overview here the dysfunctions of subcortical structures in the 
general context of lesional DOC following brain injury: essentially 
traumatic, ischemic, anoxic, and hemorrhagic, more rarely expansive 
lesions such as tumors or abscess. The implication of brainstem reticular 
and thalamic or extrathalamic pathways in acute stages of coma and other 
DOC is well documented, at least topographically, since clinical 
observations and autopsies in loss of consciousness related to structural or 
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functional lesions of the upper brainstem at the diencephalon-
mesencephalic junction (see e.g., Duret, 1955; Plum and Posner, 1980). As 
a consequence of anatomy, lesions at this level can also impede the 
functionality of somatosensory pathways, which may lead to a false 

therapeutic perspective, all treatments at the acute stage serve to maintain 
life and brain functions, limiting harmful consequences of injury.  

The persistence of clinical symptoms in VS and MCS qualifies the 
d disorders of consciousness

(1) prolonged or continuing DOC beyond 4 weeks; (2) permanent VS, 
more than 6 months after a vascular cause, ischemic or hemorrhagic, or 12 
months after a traumatic cause; (3) permanent MCS, after 5 years, or 3-4
years depending on the context (e.g., anoxic). Exceptionally, some patients 
recover later (e.g., Voss et al., 2006), making prognosis still difficult. 
Indeed, since the early phase following the injury, the question of 
continuing or stopping life-sustaining treatments is often at the core of 
discussions aiming for the best of the patient. Undoubtedly, better 
understanding of the neural correlates of DOC can help decision-making, 
while bearing in mind that it is just one pertinent element, besides, for 
example, social issues.  

In cases of continuing and permanent states, several invasive and non-
invasive treatments have been studied, which could facilitate recovery (see 
Lemaire et al., 2013 for a review). Among medical treatments, only 
amantadine hydrochloride has proven efficacy in a placebo-controlled trial 
(Giacino et al., 2012), recovery being faster over a 6-week period when 
introduced during the early phase (from about 5 to 9 weeks following 
injury). This antagonist of the NMDA-type increases dopamine release and 
blocks reuptake as well as possessing adrenergic activity and a clinical 
anticholinergic effect, which altogether can lead to side effects in waking 
and sleep controls and other behaviors. On the other hand, zolpidem, 
primarily a sedative drug, can exceptionally induce spectacular recovery 
from MCS (Brefel-Courbon et al., 2007). Zolpidem enhances inhibitory 
activity of GABA transmission (Jones, 2005) by binding on GABAA

(Crestani et al., 2000). 
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Nowadays, there is a growing body of evidence that pathophysiology 
of DOC relies on functional assessments in electrophysiology and imaging. 
Indeed, clinical observations, although critical for diagnosis, prognosis, 
and care protocol, are more prone to errors of interpretation, when they are 
rare, and when overt conscious behaviors are difficult to distinguish from 
unintentional reflexes. One recent hypothesis on the pathophysiology for 
DOC involving the brainstem focuses on the role of anterior forebrain 
mesocircuits (Fridman and Schiff, 2014). It must be compared to early 
pioneering models, more centered on the consequences of dysfunctions of 
thalamo-reticular activations of cortex (see e.g., Zeman, 2001). Among the 
cortices, it seems that the mesial cortex, prefrontal, cingulate, and 
precuneus are more engaged in resting state and self-awareness (Baars et 
al., 2003; Thibaut et al., 2012). 

CONCLUSION

Although we can better master the structural organization of groups of 
neurons involved in cortical activation, at least those of thalamic and extra-
thalamic pathways, the complexity of functional specificities at molecular 
and histological levels still impedes extensive understanding of 
macroscopic networks or circuits. 
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Patient : 

Date et heure :         

FONCTION AUDITIVE         

4 – Mouvement systématique sur demande         

3 – Mouvement reproductible sur demande         

2 – Localisation de sons         

1 – Réflexe de sursaut au bruit         

0 – Néant         

FONCTION VISUELLE         

5 – Reconnaissance des objets         

4 – Localisation des objets : atteinte         

3 – Poursuite visuelle         

2 – Fixation         

1 – Réflexe de clignement à la menace         

0 – Néant         

FONCTION MOTRICE         

6 – Utilisation fonctionnelle des objets         

5 – Réaction motrice automatique         

4 – Manipulation d’objets         

3 – Localisation des stimulations nociceptives         

2 – Flexion en retrait         

1 – Posture anormale stéréotypée         

0 – Néant / Flaccidité         

FONCTION OROMOTRICE/VERBALE         

3 – Production verbale intelligible         

2 – Production vocale / Mouvements oraux         

1 – Réflexes oraux         

0 – Néant         

COMMUNICATION         

2 – Fonctionnelle : exacte         

1 – Non fonctionnelle : intentionnelle         

0 – Néant         

ÉVEIL         

3 – Attention         

2 – Ouverture des yeux sans stimulation         

1 – Ouverture des yeux avec stimulation         

0 – Aucun éveil         

SCORE TOTAL /23         

http://www.coma.ulg.ac.be/images/CRSR_Fr_291008.pdf
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DEEP BRAIN STIMULATION IN FIVE PATIENTS WITH SEVERE DISORDERS OF 

CONSCIOUSNESS 

Conscious Behavior Following Low Frequency DBS 

 

SUPPLEMENTARY MATERIAL 

PATIENTS AND METHODS 

Biomedical Research Data 

Full title of the clinical trial, Study of consciousness behaviours during low frequency deep 

brain stimulation of patients suffering of chronic and severe consciousness disorders following 

coma; Short title, DBS-Post-coma; ID-RCB, French Agency for the Safety of Medicine and 

Health Products (ANSM, 2011-A00300-4; actual start date April 2012; Ethical Review Board 

Authorization, AU 890; trial administrator and promoter (recorded as RBHP 2011), Clermont-

Ferrand University Hospital, France. Clinical Trials, NCT01718249; Principal Investigator, Dr 

Jean-Jacques Lemaire ; Methodologist, Bruno Pereira, CHU Clermont-Ferrand 

Blinding Procedure 

BeP was responsible for randomization. PI (JJL), CRS-R examiners (personnel on site) and 

imaging personnel were blind during the cross-over phase. Baseline and Outcome data were 

collected by the personnel on site (ecologic approach). Data analyst was blind of effects.  

Training of Care Staffs 

AS (blind of effects and cross-over periods) trained the health care and medical staffs to CRS-

R, after selection of patients, and when care teams changed (routine turn-over of teams).  

Clinical Facilities 

CHU, Clermont-Ferrand: neurosurgery, Dr Jean-Jacques Lemaire, Dr Aurélien Coste, Dr 

Guillaume Coll; medical imaging, Dr Betty Jean, Dr Jean Gabrillargues†, Dr Louis Boyer; 

anesthesiology, Dr Aurélien Momon, Dr Thierry Gillart; neurology, Dr Sarah Rosenberg, Dr 

Catherine Sarret; rehabilitation, Dr Bénédicte Pontier. 

Centre Médical d’Oussoulx: 43230 Couteuges; Dr Jacques Roux. 



Centre Hospitalier Etienne Clémentel: 63530 Enval, Dr Jean-Luc Epiphanie, Dr Isabelle Hauret. 

Centre Hospitalier Georges Claudinon: 42501 Le Chambon-Feugerolles, Dr Marie-Julie 

Françon, Dr Christiane Besson. 

Centre Médical de L’Argentière: Centre de Soins de Suite et Réadaptation, MPR Neurologie, 

69610 Aveize, Dr Thierry Sarraf. 

Molecular Imaging, Centre Jean Perrin: Clermont-Ferrand, Dr Antony Kelly, Dr Danielle 

Mestas, Dr Florent Cachin. 

Personalized Targeting 

Personalized targeting was performed according to: (i) preoperative imaging (baseline phase), 

3T MRI scanner (General Electric), 3D T1 (voxel = 0.469 mm × 0.469 mm × 0.7 mm), T2 

(voxel = 0.469 mm × 0.469 mm × 4.4 mm), fluid attenuation inversion recovery (voxel = 0.469 

mm × 0.469 mm × 4.4 mm), diffusion tensor imaging (20 directions; voxel = 1 mm × 1 mm × 

3.5 mm) and FDG (General Electric, Discovery ST) (voxel = 2.344 mm × 2.344 mm × 3.27 

mm); (ii) surgical stereotactic imaging (stereotactic frame in place), 1.5 T MRI scanner 

(Siemens), 3D T1 (voxel = 0.625 mm × 0.625 mm × 1.3 mm),  inversion recovery sequences 

(voxel = 0.527 mm × 0.527 mm × 2 mm) and CT-Scans (voxel size = 0.586 mm × 0.586 mm × 

1.25 mm). All MRI sequences, CT-Scans and FDG imaging were coregistered (mutual 

information algorithm; Iplan, BrainLab, Germany), enabling optimal manual contouring for 

target delineation (multiple modalities), 3D direct pinpointing and planning of trajectories; 

except in P1, whose left pallidum had been destroyed during trauma. 

Intraoperative Electrophysiological Recordings 

Extracellular recordings (under sevoflurane general anesthesia) of spontaneous neuronal 

activity were obtained using two exploratory electrodes (Platinum/Iridium electrodes, Alpha 

Omega Eng., Israel): two parallel tracks 2-mm apart; 1-millimeter step; 12 kHz sampling rate; 

duration 30-second duration. The signals were analyzed offline (Alpha Omega Studio™, Alpha 

Omega Eng., Israel) and the mean firing rate (MFR, Hz) was calculated. We detected spikes in 

50 pallidal (out of 130; 38.4%) and 58 thalamic (out of 90; 64.4%) recordings, respectively with 

9.84±1.32 Hz and 3.78±0.74 Hz MFR (mean ±SEM). From a sample of five patients 

(unpublished data) suffering from motor disorders (four cases of Parkinson’s disease and one 

of dystonia), having received implants within the pallidum under general anesthesia, spike 

occurrence was 34.9% (52 out of 150) with 11.95±1.43 Hz MFR. Comparative data for the 

central-anterior thalamus not targeted in clinical routine were unavailable. 



FDG PET Exams and Normalization 

FDG was acquired in a spontaneous position without stimulation except for ambient noise; eye-

opening was uncontrolled after tracer injection (30±5 min) and during acquisition time (15 

min). Glycemic instability due to type-1 diabetes in P4 complicated FDG imaging (three 

attempts required). Standardized uptake values of cerebral glucose metabolic rates were 

normalized by cerebral global mean (CGM) activity, without assumptions about specific 

regional activity. As extensive brain-tissue lesions precluded statistical parametric analysis, 

normalized FDG imaging was analyzed visually. A brain mask (removing skull, ventricular and 

subarachnoid CSF spaces and encephalomalacia) was obtained by manual contouring on 3D T1 

images (288 slices; Iplan, BrainLab, Germany). FDG images (47 slices) were normalized using 

this mask (automatic rigid coregistration, 6 degrees of freedom, re-slicing; Slicer, USA) and 

relative activity maps were computed (Insight Segmentation and Registration Toolkit) and 

displayed as color-codes: values above CGM (high relative activity) in red, and below (low 

relative activity) in blue. We computed (voxel-based) maps of metabolic variation, DBS-ON – 

Baseline. Variations in low voxel values were neutralized using the following formula:  log + VC-DBS i,j+ Vbaseline i,j
)  with VC-DBS i,j  and Vbaseline i,j the values of voxel i,j, in DBS-ON and baseline 

phases respectively (normalized by CGM). Thus, only marked regional brain metabolic 

variations following chronic DBS were interpreted. The variations were displayed using a 

dynamic bipolar color scale, green when metabolism increased (DBS-ON FDG > Baseline 

FDG), and beige when it decreased (Baseline FDG > DBS-ON FDG).  

Cortices and Cortical Areas 

Cortical regions (n=23): prefrontal dorsolateral (PFDL), prefrontal ventrolateral (F3; PFVL), 

sensorimotor central (SMC), parietal superior (P1; Pa1-sup), parietal inferior (P2; Pa2-inf), 

occipital lateral (O1, O2, O3; OcLa), temporal T1 (T1), temporal T2 (T2), temporal T3 T3), 

prefrontal orbital (PForbi), prefrontal dorsomedial (PFDM), prefrontal ventromedial (PFVM), 

sensorimotor paracentral (SMpc), occipital medial (cuneus, O3-O6; OcMe), precuneus 

(PreCun), cingulate anterior (CingAnt), cingulate intermediate (CingInt), cingulate posterior, 

retro splenius & isthmus (CingPost), temporal mesial T4-fusiform (T4Fus), temporal mesial 

T5-parahip-limbic (T5parahip), temporal polar (Tpo, prefrontal polar (PFpo), cerebellum 

(Cereb). 

The three cortical areas: (1) the internally-oriented area made up of prefrontal ventromedial, 

precuneus, cingulate, and temporo-mesial parahippocampal cortices; (2) the externally-oriented 

area made up of prefrontal dorsal and lateral, sensorimotor (lateral and medial), parietal lateral, 



occipital (lateral and medial), lateral and basal temporal cortices; (3) and other areas, made up 

of prefrontal orbital and polar, temporopolar, and cerebellar cortices. 

Statistical Analysis 

Examiner and patient effects were studied as random-effects, more precisely using a slope and 

intercept model for patients, and following assumptions: unstructured covariance matrix and 

independent structure of the residual errors. For comparisons between the phases, a Šidák’s 

post-hoc test for multiple comparisons was performed. Phases, order, time since DBS surgery, 

and their interactions were considered as fixed effects. The intra-class correlation coefficient 

(ICC) was then estimated. ICC was expressed as 
σ2 bσ² b +σ2 w   where σ² (w) is the pooled variance 

within subjects, and σ² (b) is variance in traits between subjects, with σ² (b) + σ² (w) = total 

variance. So, ICC could represent the proportion of total variance accounting for within-subject 

variation (correlation among observations within the same patient). A linear mixed model was 

used for analysis of CRS-R (quantitative endpoint). Furthermore, the normality of residuals was 

checked for each model. Sensitivity analysis was undertaken, applying random-effects models 

to analyze the evolution of CRS-R over time in each patient with phase considered as a random-

effect. A generalized linear mixed model was favored in analysis of open-eye state (binary 

endpoint). More precisely, a logistic random-effect model (with logit link function) was 

performed for the Open-eye state analysis. For analysis of MCS-thresholds and emergence-

thresholds, Pearson's chi-squared test and Fisher’s exact test were used relative to groups (DBS-

ON, CO-ON and CO-OFF versus baseline) and individuals (DBS-ON, CO-ON and CO-OFF 

versus baseline; CO-ON versus CO-OFF) respectively. We chose to report all the individual p-

values comparing groups for the secondary analyses without any mathematical correction for 

distinct tests [Rothman KJ. No adjustments are needed for multiple comparisons. Epidemiology 

1: 43–46. 1990]. However, a particular focus was given to the magnitude of improvement and 

to the clinical relevance [Feise RJ. Do multiple outcome measures require p-value adjustment? 

BMC Medical Research Methodology 2002, 2:8]. 

Brain Lesions  

The smallest brain volumes with the most severe lesions were those of the three females, P2 

(786 cm3), P4 (796 cm3) and P5 (812 cm3). P1 and P3, the two males, with head injuries of 

almost exclusively traumatic origin, had the biggest brains, 836 cm3 and 868 cm3 respectively. 

These broad lesions were asymmetric, largely predominant on the left side in P1 and the right 

side in P3 and P5, and were cortico-subcortical in all but P4, who showed evidence of global 

cortical atrophy. From the lesions we inferred function impairments: P1 (right-handed), 



language, left basal ganglia loops; P2 (right-handed), language, praxis, cognitive-executive-

behavior; P3 (left-handed), language, praxis; P4 (right-handed), all higher functions; P5 (right-

handed), language and right basal ganglia loops. 

 

GROUP-LEVEL ANALYSES OF OVERT BEHAVIORS 

CRS-R scores 

The mean CO-OFF score (p=0.001) of the 5-patient group, and mean DBS-ON (p=0.005) and 

CO-OFF (p<0.001) scores of the P1-P4 subgroup (exclusion of P5, suffering from keratitis 

susceptible to influence subscores), were superior to baseline scores (Table 2). Mean scores of 

the first (8.0±3.6, n=50), and second (8.0±4.2, n=58) periods of crossover were not significantly 

different in the 5-patient group. Globally mean CRS-R scores (5-patient group) increased from 

baseline (6.3±3.5) to crossover phase (first period p=0.003, second period p=0.02). ICC (5-

patient group) was 0.71 [0.41; 0.89] showing subject-dependent variation across phases 

(comparable to 0.70 [0.36; 0.90] in the P1-P4 group). 

CRS-R subscores 

Mean auditory, visual, oromotor-verbal and communication subscores increased from baseline 

to DBS-ON in the 5-patient group and P1-P4 subgroup (p=0.02, p=0.03; p<0.001, p<0.001; 

p<0.001, p<0.001; p=0.02, p=0.05 respectively), in addition to motor scores (p=0.004) in the 

P1-P4 subgroup (Supplementary Table 1). The mean crossover subscores of the 5-patient group 

were not significantly different; the mean motor subscore of the P1-P4 subgroup was however 

lower during CO-ON (p=0.03). ICC associated with phases was zero, showing the limited 

variability of subscores in each patient across phases. 

MCS-threshold and emergence 

There was an increase in visual and communication MCS-thresholds from baseline to DBS-ON 

in the 5-patient group and the P1-P4 subgroup (p=0.001, p=0.02, and p=0.002, p=0.04 

respectively), as well as in auditory (p=0.04) MCS-thresholds in the P1-P4 subgroup 

(Supplementary Table 2). Within crossover, there was no difference in the occurrence of MCS-

thresholds between the 5-patient group and the P1-P4 subgroup. 

Open-eye state at night 

The number of patients in open-eye state at night in the P1-P4 subgroup decreased during DBS-

ON versus baseline (p<0.001). Within crossover, we observed no difference (p=0.80) between 

the first (n=35, 22.9%) and second (n=44, 20.5%) periods. 



SUPPLEMENTARY FIGURES 

Supplementary Figure 1 – FDG results - Individual basis – 3D rendering 

A. Normalized FDG at baseline: values above the Cerebral Global Mean (high relative 

activity) are in red, and below the Cerebral Global Mean (low relative activity) in blue; left 

columns, superior and inferior views; right columns, lateral and medial views of right (Rh) and 

left (Lh) hemispheres; yellow, cerebrospinal fluid space and encephalomalacia. 

B. Normalized FDG variations: dynamic bipolar color scale; green when metabolism 

increased (DBS-ON FDG > Baseline) and beige when it decreased (Baseline FDG > DBS-ON 

FDG); same representation as A. 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY TABLES 

Supplementary Table 1: Mean CRS-R subscores during baseline, DBS-ON, CO-ON and CO-

OFF phases (the first period of the crossover phase is highlighted in grey); values are expressed 

as mean ± SD (number of assessments); * significant difference (p<0.05) with baseline; ‡ 

significant difference (p<0.05) of CO-ON with CO-OFF. 

 

Patient / Subscore   Baseline DBS-ON CO-ON CO-OFF 

P1 

Auditory   1.13±0.52 (15) 1.46±0.92 (41) 1.18±0.75 (11) 1.27±0.47 (11) 
Visual   0.53±0.52 (15) 1.98±1.04* (41) 2.09±1.04* (11) 2.36±1.12* (11) 
Motor   1.53±0.83 (15) 1.83±0.5 (41) 0.91±1.14*‡  1.82±0.60 (11) 

Oromotor-Verbal   0.93±0.26 (15) 1.07±0.26 (41) 1±0.45 (11) 1.09±0.30 (11) 
Communication   0±0 (15) 0.02±0.16 (41) 0±0 (11) 0±0 (11) 

Arousal   2±0 (15) 2.05±0.22 (41) 2.09±0.3 (11) 2.09±0.3 (11) 

P2 

Auditory   1.35±0.86 (17) 1.06±0.55 (34) 0.82±0.4* (11) 0.88±0.35 (8) 
Visual   1.88±1.32 (17) 2.12±0.91 (34) 2.36±1.12 (11) 1.75±1.04 (8) 
Motor   3.24±1.44 (17) 3.09±1 (34) 3.64±0.67‡  2.5±1.51 (8) 

Oromotor-Verbal   1.18±0.39 (17) 1.21±0.73 (34) 1.55±0.52 (11) 1.38±0.52 (8) 
Communication   0±0 (17) 0.06±0.24 (34) 0±0 (11) 0±0 (8) 

Arousal   2±0 (17) 1.97±0.17 (34) 1.91±0.3 (11) 2±0 (8) 

P3 

Auditory   2.22±0.94 (18) 3±0.39* (40) 3±0* (7) 2.6±0.7 (10) 
Visual   2.28±0.96 (18) 2.98±1.19* (40) 3±1.15 (7) 3.3±1.25* (10) 
Motor   4.17±0.79 (18) 4.03±0.16 (40) 4.86±0.38*‡ 7  4.3±0.95 (10) 

Oromotor-Verbal   0.89±0.32 (18) 1.38±0.77* (40) 1.29±0.49 (7) 1.1±0.57 (10) 
Communication   0±0 (18) 0.08±0.27 (40) 0.29±0.49* (7) 0.2±0.42 (10) 

Arousal   2.11±0.32 (18) 2.3±0.46 (40) 2.71±0.49* (7) 2.5±0.53* (10) 

P4 

Auditory   0.98±1.2 (57) 0.36±0.83* (28) 1.09±1.14 (11) 0.79±1.12 (14) 
Visual   0.37±0.67 (57) 0.18±0.55 (28) 0.27±0.47 (11) 0.5±0.76 (14) 
Motor   1.16±1.19 (57) 1.21±0.92 (28) 0.27±0.65*‡  3.07±2.13* (14) 

Oromotor-Verbal   0.28±0.45 (57) 0.64±0.49* (28) 0.27±0.47 (11) 0.29±0.47 (14) 
Communication   0±0 (57) 0±0 (28) 0±0 (11) 0±0 (14) 

Arousal   2±0 (57) 1.89±0.42* (28) 2±0 (11) 2±0 (14) 

P5 

Auditory   0.5±0.75 (34) 0.33±0.48 (27) 0.67±0.49 (15) 0.6±0.52 (10) 
Visual   0.5±0.93 (34) 0.3±0.47 (27) 0.6±0.51‡  1.4±1.07* (10) 
Motor   0.94±1.67 (34) 0.22±0.85* (27) 0.8±1.66 (15) 0.1±0.32 (10) 

Oromotor-Verbal   1.21±0.59 (34) 1.11±0.42 (27) 0.93±0.26 (15) 1.3±0.67 (10) 
Communication   0±0 (34) 0.04±0.19 (27) 0±0 (15) 0±0 (10) 

Arousal   1.09±0.87 (34) 1.04±0.9 (27) 1.73±0.46* (15) 1.7±0.67* (10) 

all 

Auditory   1.09±1.09 (141) 1.38±1.2* (170) 1.18±0.98 (55) 1.21±1.01 (53) 
Visual   0.84±1.12 (141) 1.68±1.4* (170) 1.49±1.32* (55) 1.77±1.41* (53) 
Motor   1.78±1.71 (141) 2.24±1.51 (170) 1.8±1.99 (55) 2.4±1.89* (53) 

Oromotor-Verbal   0.76±0.61 (141) 1.11±0.62* (170) 0.98±0.59* (55) 0.96±0.65* (53) 
Communication   0±0 (141) 0.04±0.2* (170) 0.04±0.19 (55) 0.04±0.19 (53) 

Arousal   1.79±0.59 (141) 1.91±0.62 (170) 2.02±0.45* (55) 2.06±0.46* (53) 

all 

- 

P5 

Auditory   1.27±1.12 (107) 1.58±1.19* (143) 1.38±1.05 (40) 1.35±1.04 (43) 
Visual   0.95±1.15 (107) 1.94±1.36* (143) 1.83±1.38* (40) 1.86±1.47* (43) 
Motor   2.05±1.64 (107) 2.62±1.28* (143) 2.18±1.99‡  2.93±1.70* (43) 

Oromotor-Verbal   0.62±0.54 (107) 1.10±0.65* (143) 1.00±0.68* (40) 0.88±0.63* (43) 
Communication   0±0 (107) 0.04±0.20* (143) 0.05±0.22 (40) 0.05±0.21 (43) 

Arousal   2.02±0.14 (107) 2.07±0.37 (143) 2.13±0.40 (40) 2.14±0.35* (43) 



Supplementary Table 2: MCS threshold and emergence from MCS state during baseline, 
DBS-ON, CO-ON and CO-OFF phases (the first period of the crossover phase is highlighted 
in grey); values are expressed in number of observations (out of number of assessments); * 
significant difference (p<0.05) with baseline; ‡ significant difference (p<0.05) of CO-ON with 
CO-OFF.  

Patient / Subscore 
MCS, Emergence 

thresholds 

 
Baseline DBS-ON CO-ON CO-OFF 

 

P1 

Auditory MCS   0 

(15) 

7 

(41) 

0 

(11) 

0 

(11) 

Visual MCS   0 31* 8* 8* 

Motor 
MCS   1 0 1 1 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 1 0 0 

emergence  0 0 0 0 

P2 

Auditory MCS   0 

(17) 

0 

(34) 

0 

(11) 

0 

(8) 

Visual MCS   10 24 8 5 

Motor 
MCS   13 25 10 4 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 2 0 0 

emergence  0 0 0 0 

P3 

Auditory MCS   10 

(18) 

39* 

(40) 

7 

(7) 

7 

(10) 

Visual MCS   14 33 6 8 

Motor 
MCS   17 40 7 9 

emergence  1 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 3 2 2 

emergence  0 0 0 0 

P4 

Auditory MCS   12 

(57) 

2 

(28) 

2 

(11) 

2 

(14) 

Visual MCS   6 2 0 2 

Motor 
MCS   5 0 0‡ 8* 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 0 0 0 

emergence  0 0 0 0 

P5 

Auditory MCS   1 

(34) 

0 

(27) 

0 

(15) 

0 

(10) 

Visual MCS   4 0 0‡ 6* 

Motor 
MCS   4 1 3 0 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 1 0 0 

emergence  0 0 0 0 

all 

Auditory MCS   23 

(141) 

48 

(170) 

9 

(55) 

9 

(53) 

Visual MCS   34 90* 22 29* 

Motor 
MCS   40 66 21 22 

emergence  1 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 7* 2 2 

emergence  0 0 0 0 

all - 

P5 

Auditory MCS   22 

(107) 

48* 

(143) 

9 

(40) 

9 

(43) 

Visual MCS   30 90* 22* 23* 

Motor 
MCS   36 65 18 22* 

emergence  1 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 6* 2 2 

emergence  0 0 0 0 



Supplementary Table 3: Variance/covariance and correlation matrix (symmetric) of 

coefficients of random-effect model for CRS-R scores; results are reported with Baseline as 

reference. 

Patient / Subscore 
MCS, Emergence 

thresholds 

 
Baseline DBS-ON CO-ON CO-OFF 

 

P1 

Auditory MCS   0 

(15) 

7 

(41) 

0 

(11) 

0 

(11) 

Visual MCS   0 31* 8* 8* 

Motor 
MCS   1 0 1 1 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 1 0 0 

emergence  0 0 0 0 

P2 

Auditory MCS   0 

(17) 

0 

(34) 

0 

(11) 

0 

(8) 

Visual MCS   10 24 8 5 

Motor 
MCS   13 25 10 4 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 2 0 0 

emergence  0 0 0 0 

P3 

Auditory MCS   10 

(18) 

39* 

(40) 

7 

(7) 

7 

(10) 

Visual MCS   14 33 6 8 

Motor 
MCS   17 40 7 9 

emergence  1 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 3 2 2 

emergence  0 0 0 0 

P4 

Auditory MCS   12 

(57) 

2 

(28) 

2 

(11) 

2 

(14) 

Visual MCS   6 2 0 2 

Motor 
MCS   5 0 0‡ 8* 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 0 0 0 

emergence  0 0 0 0 

P5 

Auditory MCS   1 

(34) 

0 

(27) 

0 

(15) 

0 

(10) 

Visual MCS   4 0 0‡ 6* 

Motor 
MCS   4 1 3 0 

emergence  0 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 1 0 0 

emergence  0 0 0 0 

all 

Auditory MCS   23 

(141) 

48 

(170) 

9 

(55) 

9 

(53) 

Visual MCS   34 90* 22 29* 

Motor 
MCS   40 66 21 22 

emergence  1 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 7* 2 2 

emergence  0 0 0 0 

all - 

P5 

Auditory MCS   22 

(107) 

48* 

(143) 

9 

(40) 

9 

(43) 

Visual MCS   30 90* 22* 23* 

Motor 
MCS   36 65 18 22* 

emergence  1 0 0 0 
Oromotor-Verbal MCS   0 0 0 0 

Communication 
MCS   0 6* 2 2 

emergence  0 0 0 0 










