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RAPID EYE MOVEMENT (REM) SLEEP IN HUMANS IS 

CHARACTERIZED BY PERIODS OF LOW-VOLTAGE, 

MIXED-FREQUENCIES ELECTROENCEPHALOGRAM 

(EEG activation) with occasional sawtooth waves, rapid eye 

movements (REMs), and muscular atonia.1 In cats, REM sleep 

is characterized by biphasic, sharp field potentials, called pon-

to-geniculo-occipital (PGO) waves, which are usually recorded 

in the lateral geniculate nucleus (LGN) of the thalamus.2 These 

potentials, which can occur as an isolated event independently 

of eye movements or in clusters closely related to the bursts 

of REMs,3 are associated with changes in the electromyogram 

(EMG)4,5 and with synchronized cortical fast oscillations.6,7 

Although the original term “PGO waves” indicated their pres-

ence in the feline geniculostriate visual pathway, PGO-like 

waves largely transcend this sensory system and are dissemi-

nated throughout many nuclei and cortical areas of cats, such as 

other thalamic nuclei, cerebellum, oculomotor nuclei, cingulate 

gyrus, amygdala, and hippocampus.2

Although the vast majority of evidence regarding the ex-

istence of PGO waves comes from experiments in cats, some 

studies have suggested a human equivalent using a variety of 

methods: scalp,8 cortical,9 and pontine10 electroencephalograph-

ic recordings; dipole tracing11; standardized low resolution brain 

electromagnetic tomography (sLORETA)12; positron emission 

tomography (PET)13,14; functional magnetic resonance imaging 

(fMRI)15,16; and magnetoencephalography (MEG).17 However, 

studies that have systematically recorded deep brain structures 

during sleep to directly detect PGO-like waves in humans are 

lacking.

Functional neuroimaging studies of humans in REM sleep 

have shown a strong activation of the limbic and paralimbic 

regions of the forebrain, of the basal ganglia, and of the dorsal 

mesencephalon and pontine tegmentum.18-20 In cats, PGO waves 

have been shown to originate in the mesopontine tegmentum 

and the cholinergic neurons of the pedunculopontine tegmen-

tal nucleus (PPN), which is located at the junction between the 

mesencephalon and the pons, representing the final common 
path for their transfer to thalamocortical systems.2,21 The PPN 

and the basal ganglia have reciprocal projections involved in 

motor control, postural muscle tone, saccadic eye movements, 

and sleep.22-27 Indeed, the PPN strongly modulates the neuronal 

activity of the subthalamic nucleus (STN), one of the core nu-

clei of the basal ganglia.22,28 Because the basal ganglia are in a 

position to gate the transfer of information from the PPN to the 

thalamus and forebrain, investigators have proposed that dur-

ing REM sleep, these nuclei may participate in an ascending 

activating network involved in the rostral transmission of PGO 

waves.18,29
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Renewed interest in deep brain stimulation (DBS) has led 

to efforts to record neuronal activity, in the form of local field 
potentials (LFP), directly from the STN in human individuals 

with Parkinson’s disease following implantation of DBS elec-

trodes.30 Using simultaneous polysomnography (PSG) and DBS 

electrode recordings, the present study was designed to explore 

the participation of the STN in an ascending activating network 

involved in the transmission of PGO-like waves during REM 

sleep in humans.

METHODS

Subjects

Twelve patients with PD (6 men, 6 women) implanted with 

bilateral subthalamic DBS electrodes participated in the present 

study. Their mean age was 58.1 ± 8.92 years (range 42–73 years), 

and they had a mean disease duration of 12.5 ± 4.17 years (range 

6–20 years), and a mean levodopa (l-dopa) treatment duration of 

5.00 ± 2.68 years. These subjects were selected from an initial 

population of 48 patients of our 2003–2005 surgical period31 who 

were simultaneously recorded with standard polysomnography 

(PSG) and DBS electrodes during nighttime sleep after 84 hours 

of DBS electrode implantation.32 Patients from that group were 

included in the present study if they showed the following: (1) 

absence of complications for 6 days after surgical implantation; 

(2) positive localization of the DBS electrodes within the STN in 

both hemispheres, as assessed by postsurgical MRI, computed 

tomography (CT), and neurophysiologic recordings; and (3) an 

excellent clinical outcome after 1 year of subthalamic DBS. An 

excellent clinical outcome was defined as a significant reduction 
in l-dopa dose from the time of surgery to 1-year follow-up (960 

± 259.42 mEq/day vs. 227.27 ± 204.16 mEq/day; t
11

 = 7.06; P = 

0.00004) and a significant increase in the following parameters: 
quality of life score (20 ± 6.32 vs. 7.08 ± 4.46; t

11
 = 5.23; P = 

0.0003), based on the Unified Parkinson’s Disease Rating Scale-
part II (UPDRS II); motor disability score, based on the UPDRS 

III (40.92 ± 7.62 vs. 14.08 ± 6.44; t
11

 = 12.89; P = 0.00005); Hoe-

hn and Yahr stage (3.33 ± 0.49 vs. 2.17 ± 0.33; t
11

 = 9.11; P = 

0.00002); and scores on the Schwab and England scale (48.18 ± 

18.34 vs. 86.82 ± 11.46; t
11

 = −7.16; P = 0.00003). These require-

ments for clinical outcome served to ensure the positive bilateral 

STN positioning of the DBS electrodes and to reduce the inter-

individual variability in terms of DBS electrode positioning.33 

Four patients, who fulfilled these criteria were not selected: 2 did 
not show REM sleep during the nighttime recording, one asked 

to abort the sleep recording in the middle of the night, and the 

EMG for one patient was missing for more than half the PSG re-

cording. The remaining 32 PD patients did not strictly fulfill the 
above criteria and were excluded from further analyses.

Four patients with cluster headache (CH; 3 men and 1 wom-

an) implanted with unilateral DBS electrodes within the poste-

rior hypothalamus during our 2005–2008 surgical period were 

also recorded with PSG. This allowed us to compare the REM 

sleep-related PGO-like activity in the STN recordings of PD 

subjects with recordings made near to, but clearly outside, the 

STN. The mean age of these subjects was 47.25 ± 2.63 years 

(range 45–50 years), and they had a mean disease duration of 

16.25 ± 16.15 years (range 2–37 years).

All subjects provided written informed consent. The study 

protocol conformed to the Declaration of Helsinki and was ap-

proved by the Committee on Clinical Ethics at Hospital Univer-

sitario Central de Asturias (Oviedo, Asturias, Spain).

Surgical and neuroimaging procedures

Individual target coordinates for implantation of DBS elec-

trodes in the STN were calculated based on indirect neuroimag-

ing methods combining CT and MRI, and were anatomically 

defined as 12 mm lateral to the anterior-commissure/posterior-
commissure (AC-PC) midline, 2 mm behind the mid-commis-

sural point, and 3 mm below the axial AC-PC plane. In order 

to improve the localization of the STN, intraoperative monitor-

ing (IOM) of multiunitary neuronal activity was performed. An 

Ohye’s semi-microelectrode was inserted along a pre-defined 
trajectory through a cranial burr-hole in patients under local 

anesthesia.34 The insertions were made in steps of 1 mm, and 

the multiunitary activity was amplified, filtered, and displayed 
both as crude and 2-sec integrated signals. The latter was dis-

played over an anatomical atlas plane to indicate the trajectory, 

which typically was: caudate, thalamic reticularnucleus, inter-

nal capsule, top and bottom of the STN, and substantia nigra 

parsreticulata (SNr).35 The STN was identified by the presence 
of an abrupt increase in the synchronization of crude multiuni-

tary activity in the 15–35 Hz frequency band36 with occasional 

discharges of ripples (> 200 Hz). When these activities were 

indicative of STN, wake subthalamic-related somatotopic re-

sponses to passive contralateral movements were performed.36

When IOM showed an atypical STN trajectory, median 

nerve evoked potentials were performed in order to detect ven-

troposterolateral thalamic and/or lemniscal activity. In addition, 

electrical monopolar stimulations through the macro-contact of 

the semi-microelectrode were used to detect undesirable mo-

tor responses, such as tonic or clonic contractions.37 In the 24 

hemispheres of the PD subjects, a mean number of 4.25 ± 1.31 

trajectories were performed to ensure optimal placement. The 

best trajectory was used for implanting the DBS electrodes 

(Model 3389, Medtronic, USA). These electrodes had 4 cylin-

drical contacts with a length of 1.5 mm, a diameter of 1.5 mm, 

and a surface area of 6 mm2. The contacts were spaced at a 

distance of 0.5 mm from one another, and were numbered 0, 1, 

2, and 3 starting from the tip of the electrode. To ensure the ac-

curate positioning of contact 2, insertions in steps of 1 mm were 

monitored using bipolar LFP recording, which was analyzed 

and displayed as described in the multiunitary detection of the 

STN. The goal of this approach was to position contact 2 in the 

dorsolateral area of the STN.38 The final Cartesian coordinates 
for contact 2 of the DBS electrodes, calculated by integrating 

immediate postoperative MRI coordinates and intraoperative 

neurophysiological coordinates39 were 11.96 ± 1.02 mm lateral 

to the AC-PC midline (X), −0.60 ± 2.35 mm behind the mid-
commissural point (Y) and −3.49 ± 0.81 mm below the axial 
AC-PC plane (Z).

The same methodology was used for the implantation of 

unilateral hypothalamic DBS electrodes in the 4 CH subjects. 

First, the coordinates of the anterior border of the left STN were 

targeted using the same IOM methodology described above. 

Second, these coordinates were modified by moving 6 mm me-
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dially in order to target the left posterior hypothalamus. The 

final Cartesian coordinates for contact 2 of the DBS electrodes 
were 5.97 ± 0.63 mm lateral to the AC-PC midline (X), −0.77 
± 0.22 mm behind the mid-commissural point (Y) and −0.92 ± 
0.55 mm below the axial AC-PC plane (Z).

For a 6-day period following placement of DBS electrodes, 

the PD subjects remained ON dopaminergic medication and 

OFF DBS condition (“ON/OFF”), and the leads from each 

of the 4 contacts of the quadripolar DBS electrode were led 

out through the scalp and connected to external amplifiers for 
recording or stimulation purposes. Beginning 84 hours after 

implantation surgery, recordings of oculomotor, facial and bra-

chial extensor motor responses evoked by subthalamic stimu-

lation and somatosensory evoked potentials were performed. 

These recordings were used to assess the final positioning of 
the DBS electrodes with respect to the oculomotor nucleus, 

posterior thalamus, red nucleus, and cerebral peduncle. Also 

beginning at 84 hours post-surgery, standard wake video-EEG 

was performed in order to detect critical phenomena and pos-

sible postsurgical complications. The evoked responses and the 

EEG recordings were made following standard guidelines and 

methodologies for PD patients.38

Simultaneous deep brain and polysomnographic Recordings

Simultaneous standard nighttime PSG and bilateral subtha-

lamic DBS electrode recordings were made the night after these 

postsurgical neurophysiologic evaluations and were carried out 

from 22:00 (lights off) until 08:00 (lights on). The behavioral 

state was monitored by video in real time. All PD subjects were 

on standard postsurgical medication: l-dopa (750 mg), pheny-

toin (300 mg), and cefazolin (3 g). Opiate medication was not 

administered to any of the PD subjects. Standard PSG deriva-

tions of EEG (C3-A2, C4-A1, O1-A2, and O2-A1), EOG (E1-

A2, E2-A2), submental EMG, EKG, breathing, SpO
2
, pulse, 

and body position were recorded in order to allow sleep stag-

ing. Subthalamic LFPs were recorded using the contacts of the 

DBS electrodes as bipolar derivations, numbered 0-1, 1-2, and 

2-3. Subthalamic bipolar derivations were preferred, since we 

wished to ensure that the signals analyzed were as focally gen-

erated as possible and thus related to activity within the STN. 

These recordings were performed with a NicoletOne digital 

video-electroencephalograph. The PSG and STN signals were 

obtained by sampling the unfiltered data (DC 1 kHz) at 256 Hz 
(in recordings made before 2004) and at 512 Hz (in recordings 

made after 2004). These notch-filtered (50 Hz) records were 
displayed and scored as discrete 30-s epochs, with a sensitivity 

deflection of 70 μV/mm for scalp EEG and EOG, 50 μV/mm for 
EMG, and 20 μV/mm for STN derivations. A vascular artifact 
was recorded in the STN derivations during sleep; thus in all 

figures, the EKG and pulse derivations are displayed. Finally, 
36 h after the PSG recording, the leads were internalized and 

connected to a permanently implanted programmable stimula-

tor (Itrel model 3625, Medtronic, USA). This rendered the leads 

of the DBS electrodes inaccessible until the replacement of the 

stimulator’s battery (after approximately 5 years of DBS).

DBS requires adjustment of the most effective DBS elec-

trode contact, as well as modification of stimulation parameters 
and dopaminergic medication in order to manage possible ad-

verse effects. Therefore, at 1-year follow up, when the subjects’ 

postsurgical clinical courses had stabilized, 2 clinical neurolo-

gists performed double-blind, video-based evaluations using 

the standard clinical scales described above. Based on these 

evaluations, at 1-year follow-up for the 12 PD subjects stud-

ied here, 16 hemispheres were receiving the originally intended 

monopolar stimulation with contact 2, seven were receiving 

monopolar stimulation with contact 1, and only one was receiv-

ing monopolar stimulation with contact 3. These data confirm 
that the STN was successfully targeted in the vast majority of 

hemispheres.

data analyses

Sleep stage scoring was performed blind to the STN traces 

according to standard methods.36 However, it was difficult to 
score NREM sleep stage 3 following the standard criteria (i.e., 

≥ 20% of a 30-s epoch consisting of waves of peak-to-peak 
amplitude > 75 μV and 0.5–2 Hz frequency recorded in scalp 
EEG),40 probably because of the acute postsurgical condition 

of the subjects (e.g., bilateral frontal burr-holes, contusion, and 

pneumoencephalus). Thus, 30-s epochs were scored as wake-

fulness; NREM stages 1 and 2, with the latter including those 

epochs that did not strictly fulfill the standard criteria for stage 
3; and REM sleep. After scoring sleep stages, 2 researchers vi-

sually analyzed the STN traces during all epochs, displaying 

them with a low band-pass filter of 1 Hz and a high band-pass 
filter of 100 Hz. For all analyses, the first REM sleep period 
of the last third of the total sleep time (TST) was selected be-

cause REM sleep episodes are longer during the last third of the 

night.1 We defined pre-REM as the 3 epochs (90 s) preceding 
the first epoch scored as REM sleep.40

Subthalamic PGO-like waves were analyzed in terms of 

amplitude, frequency, duration, polarity reversal, organization, 

density, and length of the inter-potential interval (IPI). To assess 

the bilateral (inter-hemispheric) synchrony of PGO-like waves, 

we used the interval between the peak of the left PGO-like wave 

and that of the right one in each patient (n = 180 intervals) to 

calculate the mean consecutive difference (MCD). The asso-

ciation between subthalamic PGO-like waves and REMs was 

analyzed by calculating the incidence of PGO-like waves 500 

ms before and after the EOG deflection.
Synchronized oscillations in the STN traces were analyzed 

using digital filtering to group δ (0.5–4 Hz), θ (4–8 Hz), α (8–12 
Hz), σ (12–15 Hz), and β (15–35 Hz) frequency bands. While 
some authors have suggested that there is no reason to split fast 

oscillations into β (15–30 Hz) and γ (> 30 Hz) categories in 
order to reflect different functional states,7 studies of the robust 

β oscillatory activity of the STN in healthy rats, nonhuman pri-
mates, and PD patients30 suggest that fast oscillations in the β 
band are important for motor processing.30,41-43 In fact, these fast 

oscillations are considered a hallmark of the STN.30 Thus, the 

study of fast oscillations in the 15–35 Hz range allowed us to 

be consistent with previous STN studies,30,42,43 to avoid the pos-

sible confounder of subthalamic < 15 Hz spindle-like activity,7 

and to avoid possible changes in subthalamic > 40 Hz oscilla-

tions induced by postsurgical l-dopa treatment.30,41 Subthalamic 

β oscillations were analyzed in relation to the clusters of PGO-
like waves by displaying the raw subthalamic signal and the 
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Parametric tests were used because 

data were normally distributed (Kolm-

ogorov-Smirnov tests, P > 0.10), and 

because these tests are robust to viola-

tions of their assumptions and to the 

loss of power incurred by the use of the 

equivalent nonparametric tests. The sig-

nificance level was set at P ≤ 0.05 (cor-
rected for multiple comparisons).

RESULTS

pSG characteristics of the Sample

The scoring of standard PSG record-

ings to ascertain sleep/wake states in the 

12 PD subjects showed a mean sleep on-

set latency of 19.92 ± 19.63 min, and a 

mean TST of 394.88 ± 87.95 min. The 

percentages of sleep stages based on 

TST were 28.92% ± 17.61% for stage 
1, 55.78% ± 20.43% for stage 2, and 
15.30% ± 7.24% for REM sleep. Stage 3, 
as defined by current standard criteria,40 

was not scored (see Methods). The REM 

latency was 71.29 ± 79.59 min. The per-

centage of wakefulness after sleep onset 

(WASO) based on the time spent in bed 

was 26.68% ± 16.61%. Although these 
recordings reflected the well-known 
disturbed sleep architecture in PD,44 the 

amount of sleep stages recorded was sat-

isfactory for further analyses.

detection of Subthalamic pGo-like 

Waves

In all 24 hemispheres of the 12 bilat-

erally implanted subjects, a pattern of 

subthalamic sharp field potentials was detected during REM 
sleep (Figure 1). These LFPs were bilaterally synchronous 

(MCD = 4.06 ms; sampling precision: 1000/256 = 3.906 ms/

sample; Figure 1d), showed polarity reversal at different contact 

levels of the DBS electrodes, and appeared as singlets/doublets 

or in clusters with a variable number of waves. During periods 

of WASO with REMs and NREM sleep (outside the pre-REM 

period), subthalamic PGO-like waves were not detected (data 

not shown).

characterization of Subthalamic pGo-like Waves

Two types of subthalamic sharp field potentials were found 
during full episodes of REM sleep. The first type (type I) con-

sisted of those appearing in singlets or doublets that were not 

closely associated with the bursts of REMs, and were typically 

characterized by a duration of 366.89 ± 52.02 ms, an amplitude 

of 87.86 ± 27.64 μV, an IPI of 387.08 ± 64.50 ms, and a fre-

quency of 2.66 ± 0.46 Hz (Figure 2a). The second type (type II) 

were those that appeared in clusters, with a density of 7.90 ± 2.13 

filtered one, together with the standard PSG derivations. For 
visual analyses, low-β (15–25 Hz) and high-β (25–35 Hz) fre-

quency bands were also displayed. The power of subthalamic 

15–35 Hz activity before, after, and during the clusters of PGO-

like waves was analyzed statistically.

Statistical analyses

Paired Student t-tests were used to analyze changes in mean 

clinical and pharmacological parameters at 1-year follow-up, 

and changes in the power of the β band before and after the 
clusters of PGO-like waves. Student t-tests were used to ana-

lyze mean differences between subthalamic and hypothalamic 

subjects in terms of the Cartesian coordinates of contact 2 of 

the DBS electrodes. A repeated-measures ANOVA with Tukey 

HSD post hoc multiple comparisons was used to analyze mean 

changes in β power before, during, and after the PGO-like 
clusters. Linearity of the increase in β power associated with 
PGO-like clusters was tested with polynomial analysis. Effect 

size was measured with the partial eta-squared statistic (
p
η2). 
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Figure 1—REM sleep related subthalamic activity. (A) A 30-s epoch of simultaneous PSG 

and bipolar subthalamic recording showing the pattern of PGO-like waves. A 0.5–100 Hz 

band-pass filter reveals the vascular pulse component in the right 2-3 derivation. (B) Axial 

MRI view showing DBS electrodes at the level of contact 0. (C) Enlarged section of the pat-

tern of subthalamic PGO-like waves recorded during REM sleep.
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association of pGo-like Waves with Subthalamic Fast (15–35 

Hz) Oscillations

Increased subthalamic β (15–35 Hz) activity during and after 
the clusters of subthalamic PGO-like waves (Figure 4a) was re-

vealed by spectral analyses (Figure 4b). Zooms of subthalamic 

segments are displayed in Figure 4c to show the polarity rever-

sal of these β oscillations.
Figure 4d shows the significant enhancement of β (15–35 

Hz) power following the clusters of PGO-like waves (1.44 ± 

0.90 μV2 vs. 13.46 ± 8.12 μV2; t
11

 = 5.00; P = 0.0004). Further-

more, the β power of each second after the occurrence of each 
PGO-like wave of the cluster was analyzed. Since all subjects 

waves/cluster, and that were strongly as-

sociated with the bursts of REMs, usually 

preceding them. These clusters typically 

had a duration of 366.52 ± 49.78 ms, an 

amplitude of 96.23 ± 22.57 μV, an IPI of 
369.17 ± 61.65 ms, and a frequency of 

2.79 ± 0.50 Hz (Figure 2a).

During pre-REM, subthalamic LFPs 

similar in amplitude, duration, and fre-

quency to those that were found during 

REM sleep and that were classified as 
type I also occurred. These occasional 

pre-REM subthalamic potentials were 

associated with drops in submental 

EMG and with the onset of total sub-

mental EMG atonia (Figure 2b). Oc-

casionally, clusters of PGO-like waves 

appeared during pre-REM; when they 

did, they were associated with the onset 

of muscular atonia and with certain de-

gree of instability of the eyes recorded 

in the EOG (Figure 2c). Figure 3 shows 

the association of type I waves during 

pre-REM with drops in submental EMG 

and with onset of muscular atonia (Fig-

ure 3a), as well as the association of type 

II waves with REMs (Figure 3b). There 

was a higher incidence of PGO-like 

waves before the EOG deflection, spe-

cifically with peaks between −281 ms to 
−328 ms, between −94 ms and −117 ms, 
and also around the deflection, between 
0 ms and +23 ms (Figure 3b). Since these 

waves typically last 366 ms and have an 

IPI of ~370 ms, approximately 2 waves 

occurred around the EOG deflection.

location of Subthalamic pGo-like Waves

Subthalamic PGO-like waves showed 

polarity reversal, which is not expected 

for volume-conducted activity and which 

indicates a local field origin.7,30 The spec-

ificity of this subthalamic activity was 
assessed by comparing these recordings 

with those made in the left posterior hy-

pothalamus of CH subjects. The latter recordings showed sharp, 

non–polarity-reversed field potentials similar in shape to those 
found in the STN of PD subjects. Significant differences were 
detected in the Cartesian coordinates of contact 2 of the DBS 

electrodes between subthalamic PD subjects and hypothalamic 

CH subjects [final mediolateral (X), t
26

 = 7.51; P = 0.00006; dor-

soventral (Z), t
26

 = −6.08; P = 0.0002] (see Methods for mean 

values). In contrast, no significant difference between these 2 
groups was found in the final Cartesian rostrocaudal coordinate 
(Y) [t

26
 = 3.71; P = 0.714]. These data indicate that the recorded 

subthalamic PGO-like potentials had a local field origin within 
the STN, and that PGO-like waves can be recorded as volume-

conducted potentials in the vicinity of the STN.
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Figure 2—Sequences of pre-REM and REM sleep. (A) A 90-s REM sleep period showing the 

clusters of subthalamic PGO-like waves associated with REMs. (B) Fast transition to REM 

sleep from a pre-REM sleep period where subthalamic PGO-like waves appeared as singlets 

linked to drops in the EMG and to onset of definite muscular atonia. (C) Transition to REM 

sleep from a pre-REM sleep period, where a cluster of subthalamic PGO-like waves appeared 

associated with short-lasting total EMG atonia and instability of the eyes recorded in the 

EOG. All subthalamic traces band-pass filtered at 1–100 Hz.
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p
η2 = 0.748), with a peak occurring af-

ter the clusters (see Table 1). After we 

adjusted for age, disease duration, and 

medication, this increase remained 

significant, and the mean differences 
remained similar to those reported in 

Table 1.

diScuSSion

The main finding of this study was 
the identification in humans of a bilateral 
pattern of sharp field potentials within 
the STN that preceded and accompanied 

REM sleep and that resembled the PGO 

waves typically recorded in cats. These 

subthalamic PGO-like waves appeared 

as singlets or as clusters (2–3 Hz, 2–8 s, 

3–13 waves per cluster) and were associ-

ated with drops in the EMG and with total 

muscular atonia, both during epochs of 

REM sleep and during epochs preceding it 

(pre-REM). Furthermore, clusters of sub-

thalamic PGO-like waves were typically 

associated with the bursts of REMs and 

with an enhancement of subthalamic fast 

(15–35 Hz) oscillatory activity. Our data 

support the role previously proposed18 

for the basal ganglia nuclei as part of an 

ascending activating network involved 

in the rostral transmission of PGO waves 

during REM sleep in humans.

Many of the features of subthalamic 

PGO-like waves recorded as LFPs in the 

present study using DBS electrodes are 

consistent with those of previous stud-

ies in animals. Datta2 has summarized 

the characteristics of naturally occurring 

feline PGO waves during REM sleep 

as biphasic, sharp field potentials that 
last 60–120 ms and have an amplitude 

of 200–300 μV. These potentials occur 
as singlets and as clusters containing a 

variable number of PGO waves (3–5 

waves), with a density ranging from 

30 to 60 waves/min. In the rat, pontine 

PGO-like waves have amplitudes (± 150 μV) and durations 
(± 100 ms) similar to those of PGO waves recorded in the cat.2 

The interspecies variability may be due to morphological dif-

ferences, or to the type and/or the positioning of the electrodes 

used relative to the dipole source. Similar to what we observed 

in humans (Figure 2), PGO waves in the cat precede REM sleep 

by approximately 30 to 90 s, appearing as singlets that precede 

the other key signs of REM sleep (i.e., EEG activation, muscu-

lar atonia, and REMs), and they continue to occur as clusters 

throughout REM sleep.2

In the present study, as in studies of feline PGO waves,2,3 

singlet subthalamic PGO-like waves were independent of eye 

movement (type I), while clusters of PGO-like waves were typi-

showed ≥ 6 waves per cluster during the first epoch of the REM 
episode, subsequent analyses were made on the β power before 
the cluster, after each wave in the cluster until the fifth wave, 
and after the cluster (i.e., the 6th wave in 3 subjects, and the 7,th 

8th, and 9th in 1, 2, and 6 subjects, respectively). To examine 

within-subjects differences in β power associated with clusters 
of PGO-like waves, repeated-measures ANOVA was conducted 

(F
1,11

 = 9.93; P = 0.009;
 p
η2 = 0.475).

Table 1 shows pairwise comparisons that revealed significant 
differences in the β power before the clusters and the β power 
after the third and subsequent PGO-like waves of the clusters. 

Figure 4e clearly shows a significant linear increase in β power 
during clusters of PGO-like waves (F

1,11 
= 32.70; P = 0.0001; 

Figure 3—Subthalamic PGO-like waves, muscular atonia, and REMs. (A) A 15-s enlarged 

section of a pre-REM–REM sleep transition showing the close association of subthalamic 

PGO-like waves with drops in the EMG and the onset of muscular atonia during pre-REM 

sleep. Subthalamic traces band-pass filtered at 1–100 Hz. (B) Histogram showing the in-

cidence of PGO-like waves 500 ms before and after REMs. The solid line represents the 

averaged amplitude deflection in the EOG (μV), and the dotted lines represent ± SD. Bars 
represent the incidence (num. = number) of PGO-like waves.
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for the proposed role of PGO-like activity in the progressive 

synchronization of fast oscillations during REM sleep.

Current models of REM sleep posit that activation of the 

forebrain occurs through ascending activating systems in the 

brainstem reticular arousal system and the basal forebrain; this 

activation is aminergically deficient and cholinergically driven,29 

and it is modulated by GABAergic and glutamatergic release.58 

The cholinergic neurons of the PPN, which are the final common 
path of brainstem networks for the transfer of PGO waves to thal-

amocortical systems,12,21 extensively innervate the STN, which, 

in turn, sends back glutamatergic projections to the PPN.22-25 The 

STN is a key component of the basal ganglia and a potent regula-

tor of the basal ganglia-thalamocortical associative and limbic 

circuits.59 In fact, the output nuclei of the basal ganglia (SNr/

internal Globus Pallidus, GPi), which send projections to the 

thalamocortical system, are modulated by three pathways: a “di-

rect pathway” (cortico-striatal-SNr/GPi), an “indirect pathway” 

(cortico-striatal-external GP-STN-SNr/GPi) and a “hyperdirect 

pathway” (cortico-STN-SNr/GPi).23 In wakefulness, these path-

ways are thought to be functionally involved in the execution 

and inhibition of movement, respectively.24,30,47 Although little is 

known about how these anatomo-functional pathways operate 

during REM sleep,25,60 some studies have reported that the basal 

ganglia output nuclei may play a role in the modulation of REM 

sleep phenomena; the precise role depends on their interconnec-

tions with the PPN.23,26,27 Since previous authors have proposed 

that the PPN-STN projection is a key interface linking the basal 

ganglia pathways with brainstem systems involved in motor con-

trol, sleep, and arousal,22-25,61 it is therefore plausible that, during 

REM sleep, the PPN drives the pattern of subthalamic PGO-like 

waves recorded in the present study.

PGO waves have been traditionally regarded as a physiologi-

cal correlate of dreaming29,62,63 and, recently, of sleep-dependent 

learning.64 Moreover, changes in subthalamic β oscillations have 
been shown to be strongly associated with overt and imaginary 

movement.42,43 Future studies should therefore examine how 

the pattern of subthalamic PGO-like waves and fast oscillations 

during REM sleep relate to these cognitive phenomena.

Admittedly, our observations are limited by several factors. 

First, we studied individuals with PD, a disease known to in-

volve sleep pathology,44 such as decreased REM sleep periods, 

REM density, and muscle atonia, as well as the presence of 

REM sleep behavior disorder (RBD). Nevertheless, none of 

the 12 PD individuals showed complex overt behaviors during 

cally associated with the bursts of REMs during REM sleep (type 

II). Vanni-Mercier and Debilly45 provided evidence for a parallel 

anatomical organization of the oculomotor and PGO systems in 

cats; these authors suggested that an interconnection between the 

PPN and the caudoventral pontine reticular formation (PRF) may 

operate as a common generator of REMs and PGO waves during 

REM sleep.45 Indeed, a network involving the superior colliculus 

(SC), PPN, SNr, and STN, among other nuclei, has been suggest-

ed to generate waking saccades46-48; thus, an association between 

the subthalamic PGO-like clusters and the bursts of REMs dur-

ing REM sleep is reasonable. It is possible that we failed to de-

tect subthalamic PGO-like waves during periods of WASO with 

REMs either because different neurophysiological mechanisms 

subserve the generation of waking saccades and REM sleep sac-

cades, or because the oculomotor system is in a different state of 

excitation during these different types of saccades.49 This issue 

deserves further investigation in humans.

We also found that subthalamic PGO-like waves were asso-

ciated with drops in the submental EMG and/or with the onset 

of muscle atonia. Previous studies in cats showed that naturally 

occurring and externally induced PGO waves are associated 

with the suppression of EMG during pre-REM and REM sleep 

periods.4,5,50 Since PGO waves have been proposed to reflect 
central activation of alerting mechanisms,51-53 a functional 

link has been suggested between the mechanisms involved in 

the generation of PGO waves and the inhibitory motoneuron 

system, which may serve to preserve atonia from potentially 

disruptive PGO-related influences.5 Thus, it is possible that the 

same mechanism that in cats induces PGO waves, REMs, and 

the inhibition of motoneurons during REM sleep, drives the 

subthalamic PGO-like waves recorded in the present study.

Furthermore, cortical PGO waves have been shown to un-

derlie the synchronization of cortical fast oscillations during 

REM sleep in cats.6,7 During REM sleep in humans, cortical 

and subcortical fast oscillations are enhanced54-56 and strong 

subthalamo-cortical coherence is observed in the β range.30,56 

Since PGO waves can not be clearly identified with scalp EEG 
in humans, studies have corroborated the synchronization of 

scalp fast oscillations as associated with the bursts of REMs.57 

In the present study, clusters of subthalamic PGO-like waves 

related to the time occurrence of the bursts of REMs were asso-

ciated with an enhancement of the power of fast subthalamic os-

cillatory activity in the β (15–35 Hz) range. The linear increase 
in the power of subthalamic β oscillations provides evidence 

Table 1—Enhancement of β (15–35 Hz) Power Associated with Clusters of Subthalamic PGO-like Waves

 Beta Power1 0. 1. 2. 3. 4. 5. 6.

0. Before the cluster 1.44 ± 0.26 — 0.9904 0.3910 0.0210 0.0432 0.0002 0.0001

1. After wave 1 2.82 ± 0.42 — — 0.8362 0.1325 0.2276 0.0016 0.0001

2. After wave 2 5.36 ± 0.96 — — — 0.8468 0.9420 0.0771 0.0014

3. After wave 3 7.84 ± 1.77 — — — — 0.9999 0.7060 0.0637

4. After wave 4 7.34 ± 1.21 — — — — — 0.5356 0.0320

5. After wave 5 10.82 ± 1.91 — — — — — — 0.8086

6. After the cluster 13.46 ± 2.34 — — — — — — —

1Values are means ± SEM μV2; 0. = β power 1 s before the first wave of the cluster (i.e., 1.); 1. to 5. = β power 1s after each wave of the 
cluster in consecutive order; 6. = β power 1 s after the cluster (i.e., the 6th wave in 3 subjects and the 7th, 8th and 9th in 1, 2, and 6 subjects, 
respectively). Bold P-values are significant at the P < 0.05 level (corrected for multiple comparisons)
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towards higher neuronal synchrony in 

PD. However, the fact that we recorded 

non–polarity-reversed PGO-like waves 

in the vicinity of the STN of CH patients 

suggests that our results are valid. Future 

studies should use other pathological 

models of the STN and/or multi-target 

recordings (i.e., PPN+STN; PPN+GPi) 

in humans and other mammals. Third, 

the surgical implantation, the acute post-

surgical state and/or drug therapy itself 

may have altered the normal dynam-

ics of the activity within the STN. The 

neuronal shock and/or the edema may 

have altered the amplitude of the activi-

ties recorded. In fact, changes in l-dopa 

treatment have been shown to modify 

the frequencies recorded in the STN; 

however, these changes attenuate oscil-

lations in the β band and enhance those 
in higher frequency bands.30,41

Notwithstanding these limitations, 

we conclude that subthalamic PGO-like 

waves can be recorded during pre-REM 

and REM sleep in humans. These sharp 

field potentials are associated with mus-
cular atonia, with the bursts of REMs, and 

with an enhancement of subthalamic fast 

oscillatory activity. Our findings give fur-
ther support to animal sleep research ex-

ploring the functional significance of PGO 
waves and its translation to humans.
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Figure 4—Subthalamic PGO-like clusters and fast (15–35Hz) oscillations. (A) A 15-s REM 

epoch of simultaneous PSG and STN traces from the period marked in light blue of the hyp-

nogram (top). Subthalamic traces are displayed as raw (1–100 Hz), low-β (15–25 Hz; red) and 
high-β (25–35 Hz; pink) filtered derivations. Sawtooth waves in C3-A2 are temporally linked 
to subthalamic PGO-like waves. (B) Display of the fast Fourier transform (FFT) of 1-2R STN 

traces for different relative powers (μV2) for each second of the epoch: blue = δ (0.5–4 Hz), 
green = θ (4–8 Hz), yellow = α (8–12 Hz), orange = σ (12–15 Hz), red = low-β (15–25 Hz), 
pink = high-β (25–35 Hz). (C) Enlarged sections (1 s) of raw subthalamic traces revealing 

reduced β (15–35 Hz) activity before the clusters (C1), and polarity-reversed β activity (C2) 
with a higher amplitude after the cluster (C3). (D) Histogram showing the significant increase 
in beta power after the clusters of subthalamic PGO-like waves. (E) Histogram showing the 

linear increase in β power during the clusters (see Table 1).
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