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The transition from being fully awake to pre-sleep occurs daily just before falling asleep; thus its disturbance
might be detrimental. Yet, the neuronal correlates of the transition remain unclear, mainly due to the difficulty
in capturing its inherent dynamics. We used an EEG theta/alpha neurofeedback to rapidly induce the transition
into pre-sleep and simultaneous fMRI to reveal state-dependent neural activity. The relaxed mental state was
verified by the corresponding enhancement in the parasympathetic response. Neurofeedback sessions were cat-
egorized as successful or unsuccessful, based on the known EEG signature of theta power increases over alpha,
temporally marked as a distinct “crossover” point. The fMRI activation was considered before and after this
point. During successful transition into pre-sleep the period before the crossover was signified by alphamodula-
tion that corresponded todecreased fMRI activitymainly in sensory gating related regions (e.g.medial thalamus).
In parallel, although not sufficient for the transition, theta modulation corresponded with increased activity in
limbic and autonomic control regions (e.g. hippocampus, cerebellum vermis, respectively). The post-crossover
period was designated by alpha modulation further corresponding to reduced fMRI activity within the anterior
salience network (e.g. anterior cingulate cortex, anterior insula), and in contrast theta modulation corresponded
to the increased variance in the posterior salience network (e.g. posterior insula, posterior cingulate cortex). Our
findings portray multi-level neural dynamics underlying the mental transition from awake to pre-sleep. To initi-
ate the transition, decreased activity was required in external monitoring regions, and to sustain the transition,
opposition between the anterior and posterior parts of the salience network was needed, reflecting shifting
from extra- to intrapersonal based processing, respectively.

© 2014 Elsevier Inc. All rights reserved.
Introduction

State of mind transitions, such as when one shifts their focus from
the external world inward, are a common daily occurrence that mani-
fests most strikingly as one falls asleep. Such transition may also occur
spontaneously during mind wandering or when willfully regulating re-
laxation. Disturbance in sleep onset is prevalent among individuals suf-
fering from depression or anxiety disorders (Hamilton, 1989; Neylan
et al., 1998). However, healthy individuals are also prone to such diffi-
culties, when experiencing daily concerns and tension (Augner, 2011)
or as a result of aging (Foley et al., 1995).

The transition into pre-sleep iswell defined by an EEG-basedmarker
of a decline in the alpha amplitude followed by an increase in theta
power while alpha remains low (De Gennaro et al., 2001; Hori et al.,
v 6997801, Israel. Fax: +972 3
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1994). The time at which theta becomes greater than alpha is referred
to as the theta/alpha (T/A) “crossover”period and is assumed to indicate
reduced vigilance and consciousness during the transition into a deep
relaxation/pre-sleep state (Johnson et al., 2013; Peniston et al., 1993).
This EEG marker of shifts in wakefulness has become a complementary
measure for researchers using metabolic based imaging techniques
such as fMRI and PET to indicate the transition into sleep. The modula-
tion in EEG characteristics allows one to distinguish between arousal
states revealing changes in the activity among large brain areas. Using
this approach, fMRI and PET studies have found increased activity in
the anterior cingulate cortex, the parietal cortices, and the temporal cor-
tices (Olbrich et al., 2009), as well as in the bilateral hippocampus
(Picchioni et al., 2008), while decreased activity was found in the
frontoparietal cortices, the thalamus lobes (Kjaer et al., 2002; Olbrich
et al., 2009), and the cerebellum (Kjaer et al., 2002). Although brain
imaging studies generally indicate that many different brain regions
are involved in the mental transition into pre-sleep, it is not yet clear
which core neural network is necessary for such a transition while
also taking into account on-going modulations of EEG markers.
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The aim of the current study was to unveil the brain dynamics un-
derlying this transition, using awell-established T/A EEG neurofeedback
(EEG-NF) protocol (Peniston andKulkosky, 1991). It has been repeated-
ly demonstrated that people can be trained to modulate their T/A ratio,
yielding both physiological and psychological benefits (Hammond,
2011; Sokhadze et al., 2008). We therefore asserted that the T/A-EEG-
NF training procedure can be used to investigate the trajectory of the
mental transition into pre-sleep in a controlled fashion and within a
short time period of a few minutes. For the validation of the reduced
vigilance statewe used heart rate variability (HRV) analysis. Vagal activ-
ity which acts to lower the heart rate was found to be a major contrib-
utor to the high-frequency (0.15 to 0.4 Hz) component of the power
spectrum of heart rate variability (HR–HF)(Malik, 1996). Elevation of
the HR–HF index (also referred to as parasympathetic HRV) has been
linked to entering a state of relaxation (Malik, 1996, 2007) and early
sleep stages (Calcagnini et al., 1994). Accordingly we assumed that
there would be an increase in HR–HF power as individuals enter the
pre sleep stage.

Simultaneous recording of fMRI provided high spatial resolution for
the identification of the distinct brain network associated with the
mental transition into pre-sleep. On the basis of previous imaging
studies of arousal and attention, we hypothesized that brain areas relat-
ed to external and internal monitoring and awareness would be essen-
tial during the initial stage of transition into sleep, possibly marked by
the crossover time point. The thalamus in particular has been consis-
tently found to be a key structure in relaying sensory signals and regu-
lation of levels of attention and arousal states (Fiset et al., 1999; Ward,
2011). In addition, alpha rhythm has been repeatedly demonstrated as
correlatingwith the thalamus activity as demonstrated in simultaneous
combined imaging studies (Ben-Simon et al., 2008; Schreckenberger
et al., 2004). Taken together we therefore expect that reduced EEG
alpha power will be manifested in reduced thalamus fMRI activity. On
the other hand, limbic/paralimbic medial and lateral temporal regions
are suspected to be involved in the occipital theta modulation post
crossover point. This is based on EEG studies showing that occipital
theta is modulated specifically during the transition into pre-sleep
(Peniston and Kulkosky, 1991) as well as sensitive to the processing of
emotional stimuli (Aftanas et al., 2001; Uusberg et al., 2014).

Our findings show that T/A EEG-NF induces a state of pre-sleep
that corresponds with an increased high-frequency heart rate variabili-
ty (i.e. parasympathetic). In addition, successful training sessions
portrayed distinct changes in fMRI activation related to pre- and post-
crossover point, induced by either EEG alpha or theta modulations.

Materials and methods

Subjects

45 healthy subjects aged 24–37 years (22 males) signed an in-
formed consent form approved by the ethical committees of the Tel
Aviv SouraskyMedical Center and participated in a two-stage NF exper-
iment; T/A EEG-NF training outside theMRI scanner and two sessions of
T/A EEG-NF inside the MRI scanner.

Experiment

EEG-NF practice outside the scanner
This experimental stage was designed to enable the subjects to be-

come familiar with the neurofeedback procedure and setup. Partici-
pants were given a set of headphones (Trust International, Dordrecht,
The Netherlands) to wear and an electrode cap was placed on their
scalp. The NF electrodes (Oz, O1, O2) were chosen based on prior re-
search using occipital electrodes (O1, O2) for theta/alpha NF relaxation
sessions (Peniston and Kulkosky, 1991; Peniston et al., 1993). The OZ

electrode was added to reduce signal artifacts. Participants were then
asked to sit comfortably with their eyes closed in a quiet dark room
for the duration of the closed-loop feedback training (~15 min); T/A
ratio modulation via EEG-NF. The closed-loop feedback procedure
consisted of a continuous tune (a relaxing piano tune), that changed
in volume every 3 s based on the real-time calculation of their T/A
ratio (theta 4–7.5 Hz, alpha 8–12 Hz). The interval for calculating the
feedback probe was chosen to fit the fMRI acquisition parameter of
the TR (see below). Audio feedback values were determined in a pilot
study (10 subjects), which resulted in 97% of the T/A values fallingwith-
in the range of 0.2–2. This rangewas divided into 10 equal value ranges.
The initial volume was adjusted individually according to the partici-
pants' request (about 60 dB SPL as measured by the headphone manu-
facturer equipment) and sound intensity feedbackwas calculated based
on a criterion of 6 dB (the commonly accepted auditory dB distinction)
inversely increasing or decreasing in proportion to the 10 possible
values of the T/A power. T/A power values above 2 and below 0.2
were rounded to the closest feedback value. Subjects were instructed
to close their eyes and try to relax as much as possible, while following
themusical tune and using the shifts in volume as feedback for success-
ful relaxation. Successful relaxation feedback was associated with a de-
crease in volume intensity. Real time EEG analysis for both practice and
training stages was calculated using in-house software implemented in
Matlab (Mathworks Inc, Natick, MA) and BrainProducts (Brain Products
Inc, GmbH, Munich, Germany) software. Theta and alpha power were
calculated every second, with the averaged value over time (3 s) and
electrode signals (the three occipital electrodes) providing the basis
for feedback.

EEG-NF training inside the scanner
A similar protocol to that used for training outside the scanner was

applied twice, each time for 15 min, while participants were scanned
in the MRI. The range of the T/A values was found to be similar inside
and outside of the scanner and led to similar feedback calculation.
Sound production and delivery were provided via MRI compatible
headphones with active noise cancellation (Optoacoustics Ltd, Moshav
Mazor, Israel). To improve NF efficacy, three individualized electrodes
with the highest T/A amplitude during training were selected out of
a total of eight occipital electrodes (OZ, O1, O2, P3, PZ, P4, CP1, CP2)
(for set-up illustration see Kinreich et al., 2012).

Data acquisition

EEG
Electrical brain signals were recorded using an MR compatible EEG

system with a 32 electrode cap (including one electrocardiogram elec-
trode) (BrainAmp MR and BrainCap MR, Brain Products Inc). Electrode
locations followed the international 10–20 system, a reference elec-
trode was located between Fz and Cz, and the sampling rate was 5 kHz.

fMRI
MRI scans were performed on a 3.0 Tesla MRI scanner (GE Signa

EXCITE, Milwaukee, WI, USA) with an eight channel head coil. fMRI
was performed with the gradient echo-planar imaging (EPI) sequence
of functional T2*-weighted images (TR/TE/flip angle: 3000/35/90; FOV:
20 × 20 cm; matrix size: 128 × 128) divided into 39 axial slices (thick-
ness: 3 mm; gap: 0 mm) covering the whole cerebrum. Anatomical 3D
spoiled gradient echo (SPGR) sequences were obtained with high-
resolution 1-mm slice thickness (FOV: 250 mm; matrix: 256 × 256;
TR/TE: 6.7/1.9 ms).

Data analyses

EEG

Preprocessing
Matlab (Mathworks Inc, Natick, MA) and EEGLAB ((Delorme and

Makeig, 2004)) were used for all calculations. Removal of MR gradients
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and cardio ballistic artifacts included a FASTR algorithm (Niazy et al.,
2005) implemented in the FMRIB plug-in for EEGLAB. To reduce
computational complexity the EEG signal was subsequently down-
sampled to 250 Hz. Time frequency representation of the EEG was cal-
culated using the Stockwell transform (Stockwell et al., 1996) with a
time resolution of 1/250 s and a frequency resolution of 0.3 Hz. The
alpha and theta instantaneous power was then extracted from the
time-frequency transform as the average power across the relevant
bands. Finally, the theta/alpha instantaneous power ratio was derived
as a sample-wise division of the relevant powers.

Successful/unsuccessful session categorization
To determine success in NF training we computed the envelope

(implemented by Matlab using the Hilbert Transform) of the T/A
power ratio and calculated the proportion of time inwhich the envelope
was above 1. A session was defined as successful when the envelope
was above 1 between 20% and 80% of the time, including at least 80 con-
secutive TRs. This indicatedwhich subject sessions beganwithwakeful-
ness and entered a state of pre-sleep for at least 4 min (Johnson et al.,
2013). A sessionwas defined as unsuccessfulwhen the T/A power enve-
lopewas below1 for at least 80% of the timewith at least 80 consecutive
TRs (see individual examples in Fig. 1). 40 sessions that did not match
these criteria were excluded from the study. Fifteen additional sessions
were excluded due to various technical problems during scanning (see
fMRI preprocessing & analysis) and another five sessionswere excluded
due to group criteria requiring that each participant may be part of only
one group (i.e. successful or unsuccessful). In total the two experimental
groups included 15 successful and 15 unsuccessful sessions.

The crossover time point
The crossover point was defined as the time in which the envelope

function of the T/A power signal changed from below one to above
one. This value was calculated using a 60 second running window on
the envelope function of the T/A power. The size of the runningwindow
was chosen to reduce phasic activity artifacts. The signal within each
window was then averaged and the window with a value closest to 1
was recorded as the transitional “crossover timeperiod”with itsmidpoint
Fig. 1.Grouped sessions by T/A EEG-NFmodulation time courses. Each sessionwas categorized
ratio above 1 (red dotted line). Three signal time courses are depicted for sessions in the succe
sessions illustrate the variability found in T/A power modulation throughout the training with
as the transitional “crossover time point”. Naturally, both theta and
alpha underwent a signal power change around the T/A crossover
time. In order to calculate the theta and alpha transitional time point
we applied smoothing algorithms (5-point moving average) followed
by a calculation of the global minimum. The individual data points
were visually inspected and corrected for outlying artifacts. The EEG
power modulation per band during pre- and post-crossover points
was used for further fMRI regression analysis. For the purpose of the
theta and alpha modulation analysis a full spectrum of the frequencies
(FFT) was calculated for the pre- and post T/A crossover time point.
Heart rate

For the purpose of HR variability (HRV) analysis, electrocardiogram
(ECG) signal preprocessing included removal of MR gradient artifacts
and detection of ECG R peaks using a FMRIB plug-in for EEGLAB (Raz
et al., 2012). Further irregular beats due to motion artifacts were
corrected via visual inspection (see (Raz et al., 2012). The inter-beat
intervalswere obtained as differences between successive R-wave occur-
rence times. A linear interpolation was used to obtain an equidistantly-
sampled time series of RR intervals. Due to motion artifacts, only 10
successful and 10 unsuccessful sessions were included in the final HR
analysis, for which a reliable R peak signal could be detected in all ses-
sions. Fourier transformwas applied to the RR interval time series to ob-
tain the HRV power spectrum. The parasympathetic HRV index was
calculated as the power of thehigh frequencybandof theHRV spectrum
(0.15–0.4 Hz) (Fig. 2A for one subject example).

To validate the relaxation state we correlated the modulation
over time of the T/A power ratio and themodulation of the parasympa-
thetic peak power. For 10 subject sessions in the successful group and
10 subject sessions in the unsuccessful group, both signal time courses
(the powermodulation over the time of the scan of T/A and the high fre-
quency band of the HRV spectrum) were divided into seven equal time
intervals and averaged over each interval creating a seven-point vector.
For each individual we correlated the seven point HRV & T/A vectors.
Using Fisher's transform, the individual correlation was converted to
as successful or unsuccessful according to the predefined criterion of an increase in the T/A
ssful group (A), and the unsuccessful group (B). The signal time courses of the successful
a crossover point indicated by an increase in the T/A ratio above 1.



Fig. 2. Heart rate variability (parasympathetic) analysis. A. The Fourier transform of the heart rate measurement for subject #1 shows the common high- and low-frequency peaks of
the power spectrum. B. Correlations of the 7 averaged values of the T/A EEG-NF progression throughout training for subject #1 and the corresponding averaged HR–HF spectrum changes
(R= 0.8810, P= 0.0088). This successful session shows high correspondence between HR parasympathetic power and T/A powermodulation. C. Comparison of the correlation between
T/A EEG-NF and HR–HF values for successful (diamonds) and unsuccessful (squares) sessions (n=20). A direct comparison shows higher correlation values for successful sessions. Mean
value of the correlation for each group (black dotted lines) (two-tailed t-test, p b 0.00005).
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z-scores. The z-scores from each participant were then entered into the
group-level analysis for t-test assessment.

fMRI

Preprocessing
Preprocessing included slice timing correction, motion correction

(head motion exclusion criteria included gross translational motion
that exceeded 3 mm on any axis—15 sessions were excluded), normal-
ization into Talairach space, and spatial smoothing using a 8-mm
FWHM Gaussian kernel (Brainvoyager, Brain Innovation, Maastricht,
The Netherlands).

Successful/unsuccessful GLM regressors
Regressionmaps were obtained for each successful session based on

four regressors including 80 time points each (i.e. 4 min). Two regres-
sors were defined as the alpha power modulation and two as the
theta power modulation immediately before and after the crossover
time point. For both bands, the pre-crossover period was determined
as 4 min up to the crossover time point and the post-crossover period
was determined as 4 min from the crossover time point onward
(for one subject example see Fig. 3). The length of 80 time points was
chosen to limit the regressor to the time of the change (see example
in Fig. 3). The four individualized regressors were first z-scored and
then convolved with the hemodynamic response function (shift in
time Δt = 6 s) for the GLM fMRI analysis; theta decreased, theta in-
creased, alpha decreased, and alpha flattened.

For each unsuccessful session we defined a regressor of the same
length (80 TRs each) based on either alpha or theta power modulation.
Since the unsuccessful signal did not show the unique modulation of
theta and alpha crossover time point accompanied by achieving a pre-
sleep state, we defined the regressor as the time window in which the
signal showed the least amount of modulation. For that we calculated
the signal change using a sliding window of 80 time points, in which
we searched for the time period with the smallest standard deviation.
Thus two regressors were created, one for the alpha signal and one for
the theta signal, convolved with the HRF function. Note that regressor
onset time, as well as its temporal shape, was different for each partici-
pant and session. GLM whole brain regression analysis included four
random effect group comparisons between successful and unsuccessful
sessions.

Region of interest analysis was performed for the four regression
contrast maps (pre-post crossover periods, for alpha and theta). The
subjects' averaged spatial t-value maps obtained for each period and
band were calculated by identifying the peak activation voxel for each
of the three most significant regional activations in each specific map.
The averaged signal of each ROI was calculated using the peak of activa-
tion as a seed coordinates for a Gaussian smoothing filter with a radius
of 6 mm (thus creating the same volumes for all the ROIs). The signals
were then averaged across ROIs (Table 1 shows the region locations
per map). Next, we calculated the averaged percent signal change and

image of Fig.�2


Fig. 3. Pre- and post-crossover EEG modulation. Upper trace: The T/A ratio signal time course for one subject's session, with the “crossover” at ratio = 1 (perpendicular red dotted line).
Lower traces show the alpha and theta powermodulation that correspond to this ratio calculation. It is clear that their powermodulation shows different patterns over the two sides of the
crossover (pre- and post-crossover). While alpha shows pre-crossover decrease and then stays flattened, theta shows pre-crossover decrease and post-crossover increase. We used these
robust EEG characteristics to formulate four different fMRI regressors as presented in the boxes: Pre-crossover alpha and theta modulation (B1 & C1; light and dark green rectangles, re-
spectively), and Post-crossover alpha and theta modulation (B2 & C2; light and dark blue rectangles, respectively). Regressor length is 4 min bordered by the crossover time point (black
arrow below the signal).

23S. Kinreich et al. / NeuroImage 97 (2014) 19–28
its variability for each crossover period and band: maximal percentage
increase, maximal percentage decrease, and maximal variance. These
measureswere calculated using a 30 s runningwindow on the averaged
signal relative to a 30 s period at the beginning of each NF session. The
size of the running window was chosen to reduce phasic activity arti-
facts. A t-test was then performed to compare successful from unsuc-
cessful sessions on the averaged signal change and on the variance.

Results

Simultaneous fMRI and EEG-neurofeedback were used to initiate
and explore the mental state transition from wakefulness to pre-sleep.
The purpose of this study was to unfold the core networks involved in
the transition and, specifically, to pinpoint the essential neural dynam-
ics for the change. Thus, we chose to contrast successful vs. unsuccessful
transitions into pre-sleep sessions identified by the theta/alpha (T/A)
ratio crossover time point.

General overview of the results

1) Successful and unsuccessful NF sessions were identified based on
the temporal EEGmarker of theta increased over alpha and validated by
the increase in the parasympathetic response. 2) Whole brain fMRI
analysis revealed four distinguishable patterns of correlation with the
pre- or post crossover EEG changes, representing the neural dynamics
during the transition into pre-sleep. 3) Activation analysis of the unfold-
ed four patterns included a comparison between successful and
unsuccessful NF sessions suggesting brain region dynamics during the
transition into pre-sleep.

Categorization of NF sessions by EEG and HR

EEG analysis revealed two T/A ratio modulation patterns for each
session type: gradual increase or no increase, indicating successful or
unsuccessful transition into pre-sleep (n=15 each). Fig. 1A and B dem-
onstrates themodulation of the individual EEG T/A ratio for 3 successful
and 3 unsuccessful sessions. HRV measures served as validation for
relaxation/pre-sleep training success. Fig. 2B shows a significant corre-
lation [R = 0.8810, P = 0.0088] between the HR parasympathetic
index and the calculated T/A ratio for one successful session. More-
over, Fig. 2C shows that the correlation scores for the T/A ratios and
HRV were higher for successful than unsuccessful sessions (two-tailed
t-test, p b 0.00005).

fMRI regression maps per EEG-T/A crossover period and band

Within the framework of successful training, crossover time points
were calculated from the time courses of the alpha and theta power
and T/A ratio for each NF session. As expected theta and alpha crossover
time points were found to largely overlap with the T/A ratio 60 second
time window across sessions and individuals (supplementary Fig. S1),
creating two different time periods (i.e. pre- and post crossover) for
each of the relevant EEG bands; alpha and theta (see Methods and
Fig. 3). Full spectrum analysis demonstrates different modulations of

image of Fig.�3


Table 1
Selected peak of activation for each of the four networks.
ROI peak of activation per EEG crossover period and band.

Side x y z Voxel no. t-value

Pre-crossover alpha
Medial thalamus L −7 −19 14 932 6.19

R 5 −18 12 352 5.71
Putamen R 27 −3 11 417 5.7
Caudate R 13 14 15 605 5.66

Pre-crossover theta
Cerebellum vermis L −4 −58 −30 969 6.73
Ventral tegmental area L −1 −16 −8 273 5.89
Superior colliculus R 5 −32 −6 210 5.7
Cerebellum anterior vermis L −1 −48 −15 668 5.65
Parahippocampal R 23 −38 −9 706 5.18
Hippocampus L −32 −17 −13 389 4.872
BA 19 L −16 −57 −5 300 4.7
ACC BA24 L −3 31 2 427 4.6

Post-crossover alpha
Medial thalamus L −7 −21 13 688 8.09

R 7 −17 12 748 7.7
PCC BA23 L −3 −31 26 409 6.13
Putamen R 23 −3 14 128 6.3
Caudate R 15 11 16 591 6.042
Dorsal ACC BA32 R 3 15 41 334 5.7
Rostral ACC R 3 37 23 489 5.69
Anterior insula R 33 15 12 346 5.5

L −27 18 3 258 4.55

Post-crossover theta
Posterior insula L −33 −21 11 366 6.39

R 29 −19 15 107 5.014
PCC BA31 R 14 −26 38 117 4.57

p b 0.05 FDR corrected.
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theta and alpha across the crossover time point (i.e. high alpha ampli-
tude before the crossover time point changes to increase in theta after,
supplementary Fig S2).

To probe the fMRI activity that underlies EEG modulation per band,
the pre–post crossover periods from successful sessions were con-
trasted with unsuccessful periods (see Methods). GLM analysis with
pre-crossover alpha powermodulations as a regressor revealed fMRI ac-
tivation in the bilateral medial thalamus, putamen, and caudate nuclei
(Fig. 4B1); theta power modulations as a regressor revealed fMRI activ-
ity in the cerebellum vermis, superior colliculus, ventral tegmental area
(VTA), hippocampus, and parahippocampal area (Fig. 4C1). The post-
crossover alpha power modulations correlated with fMRI activity in
the medial thalamus as well as within the posterior cingulate cortex
(PCC) (BA 23) and in dorsal and rostral ACC (Fig. 4B2). Note that chang-
es in pre and post crossover alpha related fMRI activation largely over-
lap within the medial thalamus and striatum areas (i.e. right caudate
and right putamen) (supplementary Fig. S3). Lastly, the theta power
modulations correlated with fMRI activity in the posterior insula and
mid PCC (BA31, Fig. 4C2). ROI coordinates of the four networks are
shown in Table 1.

fMRI regional analysis per crossover period and band
To further characterize the fMRI activity modulation that underlies

each correlationmap, regional signal activity changes and their variance
were evaluated (see Methods). Fig. 5 presents the average percent
signal change and variance for each period and band related network,
separately for successful and unsuccessful sessions. During the pre-
crossover period, the alpha network exhibited a decrease in fMRI activ-
ity for successful sessions only, while the theta network showed an
increase in activation for both successful and unsuccessful sessions
(Fig. 5B1 and C1). During the post-crossover period a decrease in activ-
ity in the alpha network and an increase in variance in the theta net-
work were found for successful sessions only (Fig. 5B2 and C2). These
findings are summarized in Fig. 6. Interestingly, alpha and theta post
crossover networks include two cingulate cortex ROIs in close proximi-
ty; i.e. the posterior cingulate cortex (−3, −31, 26) and the more mid
cingulate cortex (14, −26, 38), respectively. Their opposing activation
(see Fig. 5) suggests different roles during transition into pre-sleep.

Discussion

Using fMRI simultaneouslywith EEG-NFprovided a unique opportu-
nity to explore and unfold the various neural dynamics that underlie
successful transition from wakefulness to pre-sleep. T/A crossover was
used to categorize sessions as successful or unsuccessful while an
increased HR parasympathetic index verified the relaxed state of the
successful ones. The fMRI activity suggests that the mental transition
into pre-sleep requires two-staged interleaved processes. The initiation
of transitionwas driven by reduced activitywithin the brain systems in-
volved in externally driven sensations and monitoring (e.g. thalamus),
while the continued transition into pre-sleep called for increased activ-
ity among areas involved in interception and internal homeostasis
(e.g. the posterior insula).

Pre-crossover EEG related fMRI activity modulation

Alpha modulation during the pre-crossover period corresponded
with a decrease in activity among regions involved in sensory gating
such as the medial thalamus, caudate and putamen nuclei. These
regions have previously been associated with changes in neural activa-
tion when transitioning into sleep or while resting with eyes closed
(Larson-Prior et al., 2011;Olbrich et al., 2009). Importantly, deactivation
in these areas clearly differentiated between successful and unsuccess-
ful EEG-NF sessions (Fig. 5B1), thus indicating conditions that are likely
necessary to induce a transition into pre-sleep as well as to fall asleep.

Specifically, the observed deactivation of the medial thalamus may
reflect its hypothesized role as a key component in the regulation of
levels of awareness towards external stimuli (Ward, 2011). In a recent
single unit recording study on monkeys, the central thalamus was
found to regulate task performance through brief changes in firing
rates and spectral power, correlated with increases in attentional effort
(Schiff et al., 2013). Human studies found that as individuals under an-
esthesia entered an unconscious state a decrease in cerebral blood flow
within the bilateral medial thalamus occurred (Fiset et al., 1999). Schiff
et al. (2013) recently suggested that medial thalamic activationmay re-
flect a limbic gating mechanism involved in modifying interactions be-
tween input and output of different brain substrates, leading to the
regulation of arousal and allocation of attentional resources. Regarding
the transition into pre-sleep, decreased activity in this network may re-
duce the externally-driven allocation of attention and awareness thus
enabling an internal shift of directing attention.

The theta modulation during successful pre-crossover NF sessions
corresponded with an increase in fMRI activity amongmajor regulatory
nodes in distributed subcortical regions within the midbrain (e.g. ven-
tral tegmental area, VTA), cerebellum and the hippocampal areas (see
Fig. 5 and Table 1). Although this modulation in activity was found to
be more pronounced during successful sessions, regional activation
analysis indicated increased activation during unsuccessful sessions as
well, suggesting that the change in activity within these systems was
necessary, but not sufficient, for successful transition into pre-sleep.

Specifically, the VTA; a central dopaminergic relay nucleus in the
midbrain, receives visual input from the superior colliculus which has
been associated with controlling automatic saccadic eye movements
and eye–head movement coordination (Coizet et al., 2003; Wang
et al., 2002). The anterior cerebellum vermis, on the other hand, has
been shown to be involved in modulating autonomic responses related
to cardiovascular and respiratory functions (Ghelarducci and Sebastiani,
1996) and inmonkeys it was also found to be involved in the regulation
of whole-body posture and locomotion (Coffman et al., 2011). Thus, the



Fig. 4. GLMwhole brain group analysis. Comparing successful (n=15) vs. unsuccessful (n=15) sessions revealed the network associated with the progression into pre-sleep as related
to pre- and post-crossover theta and alpha modulation, respectively. B1. BOLD activation obtained by the pre-crossover alpha modulation: 1. bilateral medial thalamus, 2. right putamen,
3. right caudate. C1. BOLD activation obtained by the pre-crossover theta modulation: 4. bilateral hippocampus, 5. ventral tegmental area (VTA), 6. right superior colliculus, 7. vermis cer-
ebellum, 8. ventral ACC. B2. BOLD activation obtained by the post-crossover alphamodulation: 9. bilateralmedial thalamus, 10. anterior insula, 11. rostral ACC, 12. dorsal ACC, 13. posterior
CC. C2. BOLD activation obtained by the post-crossover theta modulation: 14. bilateral posterior insula, 15. BA 31. The threemost significant ROIs for each networkwere used to create the
time course of the averaged BOLD signal (e.g. one subject—BOLD signal acquired from the peak of activation voxel after z-transform denoted under each network map). Green and blue
rectangles for the pre- and post crossover periods respectively, mark the regressor time frame for the corresponding network.
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functions of these deep brain areas are closely related to the well-
documented physiological and behavioral effects that accompany re-
duced arousal such as: reduction in muscle tonus (Kleitman, 1963),
decrease in heart rate and changes in respiration (Trinder et al., 2001;
Worsnop et al., 1998), aswell as the appearance of slow eyemovements
(Hiroshige and Miyata, 1990; Marzano et al., 2007). Lastly, the involve-
ment of the hippocampus and parahippocampus in this initial stage of
mental transition is particularly intriguing, as these brain regions have
not traditionally been linked to arousal modulation and relaxation.
However, recent intracranial studies on epileptic patients have shown
a continuous increase in activity within the parahippocampal area
during thewake–sleep transition suggesting that the parahippocampus
mediates the onset of hypnogogic hallucinations, just prior to falling
asleep (Bodizs et al., 2005), with the hippocampus enabling sleep-
related memory consolidation (Moroni et al., 2008).

Post-crossover EEG related fMRI activity modulation

Alpha modulation during the post-crossover period corresponded
with a continued deactivation of the medial thalamus–striatum net-
work indicating the importance ofmaintaining externally-tuned aware-
ness at a low level in order to remain in the transition of falling asleep.
Deactivation was also found within the PCC, a key hub of the default
mode network. Recent hypotheses regarding the default mode network
suggest that it plays a role in monitoring external stimuli during task-
free periods (Gilbert et al., 2007; Shulman et al., 1997), thus supporting
a broad low-level focus of attention to unexpected external events dur-
ing rest times (Buckner et al., 2008). Of particular interest is the addi-
tional deactivation found in the ACC and anterior insula, major nodes
of the salience network (Menon andUddin, 2010). Thisfinding supports
previous evidence that the ACC–AI connection is uniquely responsible
for externally-oriented attention for the detection of prominent stimuli
in order to guide other networks accordingly (Menon andUddin, 2010).
In the context of mental transition from rest to pre-sleep, the deactiva-
tion of these networks indicates the importance of reducing activity
among on-going external awareness/monitoring systems in order to
make the shift inward.

The theta-related fMRI networkmodulation among individuals who
successfully entered the pre-sleep stage showed an increase in variance.
Specifically, there was an increased variance in the bilateral posterior
insula (PI) and mid PCC (see Table 1 and Fig. 5). In fact, an increase in
variance was also evident during the post-crossover period for the
alpha-related fMRI activation. The finding of increased variance while
entering sleep is consistent with previous fMRI studies showing it in
largely distributed networks (Horovitz et al., 2008; Larson-Prior et al.,
2009).

The inclusion of PI andmid PCC in the theta related fMRImodulation
fits a recently suggested model of the “posterior salience network” un-
folded in a functional connectivity analysis during rest (Shirer et al.,
2012). PI, specifically, was implicated as an important interoceptive
node, regulating central somatic awareness, physiological reactivity
and internal homeostatic states (Menon and Uddin, 2010; Xue et al.,

image of Fig.�4


Fig. 5. Percent signal change and standard deviation group analysis. Data obtained from individual BOLD signals (average over the threemost active regions in each networks, see Fig. 4).
The averaged values per time period relative to crossover and responsiveness were compared via t-test analysis. Bars indicate B1 & C1: comparisons of pre-crossover alpha and thetamod-
ulation networks, respectively. B2 & C2: comparisons of post-crossover alpha and theta modulation networks, respectively. Stars mark significant comparisons between successful and
unsuccessful sessions per period. The results demonstrate the critical factors for entering the crossover phase for pre-sleep; reduction in alpha-related pre-crossover network activity.

Fig. 6. Brain model of the transition into pre-sleep. Themodel describes the brain dynamics involved in the progression into a pre-sleep state. It suggests the necessary and sufficient con-
ditions for transitioning into such a state. During the first phase upon closing one's eyes a sufficient condition is an increase in activity of autonomic-control and affective/cognitive homeo-
stasis networks (successful & unsuccessful phase 1, right dark green squares). Simultaneously reduced activity in the system associated with external awareness was revealed. This
modulation is an essential condition, as unsuccessful sessions did not showdecreased activity in this network (successful & unsuccessful left light green squarefirst phase). Only successful
phase 1 sessions show relaxation-related brain activities at phase 2 of the model, which requires a maintained reduction in the activity of external awareness and an increase in the var-
iance of both external awareness and the interoceptive homeostasis network (successful, phase 2 left light/dark blue squares).
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2010) suggesting that the hypothesized temporal lobe related theta
modulation refers to an internally generated emotional state (e.g. relax-
ation). In accordance with the PI role in interoception, the mid PCC was
found to be involved in processes related to self integrity such as antic-
ipation of pain (Lyons and Zelazo, 2011) and self judgment reflecting
inward self-referral dynamics (Han et al., 2010). In the context of pre-
sleep this connection might play a role in inward homeostasis and self
related processing.

An integrative account

This research provides experimental evidence of the relationship
between brain activity, mental state and EEGmodulation. Fig. 6 outlines
a possible neural model for the transition into pre-sleep. Alpha and
theta distinctive modulation during transitional processes revealed op-
posite involvement of the two parts of the salience network; the AI and
ACC underwent deactivation together with the sensory gating system,
while the PI and PCC were activated simultaneously.

We present here a novel attempt to delineate functional parts of
the salience network, which are possibly related to intrapersonal/
extrapersonal aspects of awareness. As previously suggested, the
salience network may play a role in switching between brain states;
e.g. default versus executive (Sridharan et al., 2008). In the present
study, the deactivation of the AI and ACC along with deactivation in
the sensory gating system may reflect a refocusing from external to
internal attention (Menon and Uddin, 2010), while the activation of
the PI and PCC following enhanced activation in the VTA, cerebellum,
and hippocampus reflects increased engagement in interoceptive, intra-
personal processes (Menon and Uddin, 2010). The importance of this
suggested neural model is that it directs diagnostics or intervention to
specific brain areas. For example, the alleviation of social anxiety could
involve modulating the externally-oriented salience network, while al-
leviation of depressive ruminations would involve focusing on the
internally-driven salience network.

Conclusions

Using EEG Theta/Alpha NeuroFeedback (T/A-NF) along with simul-
taneous fMRI, we identified four different periods that designated
the neural dynamics of the transition into pre-sleep. We found that
pre-sleep initiation depends on reduced activation in sub cortical re-
gions involved in sensory gating (e.g. medial thalamus). In contrast,
for sustainment of the pre-sleep state, opposite activation of anterior
versus posterior salience network was necessary. This opposition possi-
bly stands for shifting fromextra- to intrapersonal neural processing, re-
spectively. Revealing the underlying systems' dynamics of the transition
from full awake towards falling asleepmight serve brain-targeted diag-
nostic and therapeutic of sleep disorders.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.04.044.
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