HUMAN SENSORIMOTOR RHYTHM, SLEEP AND LEARNING

Instrumental Conditioning of Human Sensorimotor Rhythm (12-15 Hz) and Its
Impact on Sleep as Well as Declarative Learning
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Study Objectives: To test whether instrumental conditioning of senso-
rimotor rhythm (SMR; 12-15 Hz) has an impact on sleep parameters as
well as declarative memory performance in humans.

Design: Randomized, parallel group design

Setting: 10 instrumental conditioning sessions, pre- and posttreatment
investigation including sleep evaluations

Participants: 27 healthy subjects (13 male)

Interventions: SMR-conditioning (experimental group) or randomized-
frequency conditioning (control group); declarative memory task before
and after a 90-min nap

Measurement and Results: The experimental group was trained to
enhance the amplitude of their SMR-frequency range, whereas the
control group participated in a randomized-frequency conditioning pro-
gram (i.e., every session a different 3-Hz frequency bin between 7 and
20 Hz). During pre- and posttreatment the subjects had to attend the
sleep laboratory to take a 90-min nap (2:00-3:30 pm) and to perform
a declarative memory task before and after sleep. The experimental
design was successful in conditioning an increase in relative 12-15 Hz

amplitude within 10 sessions (d = 0.7). Increased SMR activity was also
expressed during subsequent sleep by eliciting positive changes in dif-
ferent sleep parameters (sleep spindle number [d = 0.6], sleep onset
latency [d = 0.7]); additionally, this increased 12-15 Hz amplitude was
associated with enhancement in retrieval score computed at immediate
cued recall (d = 0.9).

Conclusion: Relative SMR amplitude increased over 10 instrumental
conditioning sessions (in the experimental group only) and this “shap-
ing of one’s own brain activity” improved subsequent declarative learn-
ing and facilitated the expression of 12-15 Hz spindle oscillations dur-
ing sleep. Most interestingly, these electrophysiological changes were
accompanied by a shortened sleep onset latency.
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ELECTROENCEPHALOGRAPHIC (EEG) RECORDINGS
OVER THE SENSORIMOTOR CORTEX SHOW A VERY
DISTINCTIVE OSCILLATORY PATTERN IN A FREQUEN-
CY range between 12 and 15 Hz termed sensorimotor rhythm
(SMR)."* These brain activities—also known as “rolandic
mu” or “wicket rhythms”*> —appear to be dominant during
quiet but alert wakefulness® and desynchronize during plan-
ning, execution, and imagination of body movements.”® Ac-
tive inhibition of motor behavior, conversely, results in SMR
synchronization.® Activity in this frequency range is known
to be abundant during light NREM sleep and represents the
classical sleep spindle band. Spindles emerge at sleep onset,
have a waxing-and-waning appearance, and are known to be
generated in thalamocortical circuits.” Interestingly, recent
data indicate that fast spindles (>13 Hz) also recruit a set of
cortical regions usually involved in sensorimotor as well as
memory processing.'”

The present study tried to enhance this frequency range by
using classical instrumental conditioning, a learning paradigm
based on the long known “law of effect,”!"'* which postulates
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that rewarding certain behavior increases the likelihood of its
reoccurrence. Pulling a lever or pressing a button are overt be-
havioral actions traditionally increased by that kind of learning
paradigm in animals.'*'* Our investigation follows this logic by
trying to directly modify neural activity by instrumental condi-
tioning of certain EEG activities.

Instrumental conditioning of different EEG parameters has
long been used as therapeutic tool to treat different types of dis-
orders, all above epilepsy' and attention deficit hyperactivity
disorder (ADHD).'¢ Since the pioneering work of Nicolelis'” in
the field of brain-computer interface also “locked-in” and partly
paralyzed patients benefit of this specific method by voluntarily
learning to control neuronal activity and thereby machines.'®

Early findings by Sterman et al.’” could already demonstrate
that facilitation of SMR-rhythm by conditioning of EEG activity
during wakefulness in cats (i) selectively enhances spindle ac-
tivity during subsequent sleep and (ii) produces even longer ep-
ochs of undisturbed sleep. Sterman and colleagues were thereby
the first to show that SMR conditioning (in cats) can actually be
transferred into sleep, inducing a facilitation of spindle bursts as
well as decreasing sleep fragmentation (i.e., reduced waking and
movements during NREM sleep).

In a more recent study Amzica et al.?* successfully condi-
tioned cats to generate fast (20-50 Hz) oscillation bursts within
the motor (area 4) as well as the visual cortex (area 17). Ad-
ditionally the increased burst-generation was associated with
an enhanced synchrony of fast oscillations at different levels of
the thalamocortical network. Most interestingly, the increased

Instrumental Conditioning of Sensorimotor Rhythm—HoedImoser et al



J days

PRETREATMENT POSTTREATMENT

Entr.ancg- 10 x Instrumental
examaulllallon Conditioning

Figure 1—Study design. Subjects had to attend the laboratory 13 times. The first visit (3 days prior to pretreatment) served as entrance ex-
amination. Pretreatment included a declarative memory task (encoding [ENC_ ], retrieval before nap [RET1 ], retrieval after nap [RET2 )
as well as a 90-min nap (NAPp,e) and was followed by 10 instrumental conditioning sessions on 10 consecutive days (except weekends).
Posttreatment (same procedure like pretreatment: ENC ., RET1 ., NAP and RETZW) —one day after the last conditioning session—

completed the study protocol.

thalamocortical synchrony acquired during the conditioning
sessions was also expressed during subsequent quiet waking,
NREM as well as REM sleep. This again indicates that the fa-
cilitation of specific oscillations during wakefulness selectively
enhances similar brain patterns during subsequent sleep peri-
ods.

Sterman and Shouse* further applied instrumental SMR
conditioning (ISC) to epileptic patients and succeeded in in-
creasing SMR activity during sleep, accompanied by a reduc-
tion in seizure rate. It has also been shown that ISC can be ef-
fective in treating psychophysiologic insomnia.”** Hauri and
coworkers?* revealed that tense and anxious insomnia patients
respond more to EMG-theta than ISC, while those who were
more relaxed at study intake preferentially responded to ISC.
These authors were the first to show that appropriate instrumen-
tal conditioning can have long-lasting effects on insomnia and
that instrumental conditioning tailored to specific patient needs
appears to be most efficacious.

Recent research on EEG conditioning focused more on
healthy individuals with the purpose of increasing cognitive per-
formance.?* Reports have indicated that conditioning protocols
can be successfully used to improve attentional processing,>*
increase accuracy in working memory tasks,?” or enhance per-
formance in mental rotation.?

In a pilot study done in our laboratory,” we showed that
ISC can have a direct influence on subsequent sleep spindle
frequency band power in a healthy human population. We also
examined whether increased spindle activity has an impact on
memory consolidation during sleep, as indicated by recent find-
ings demonstrating a significant positive correlation between
overnight change in declarative memory performance and spin-
dle intensity change from control to learning nights.** However,
no effects on memory performance were evident in that study,
probably reflecting the fact that the amount of training was lim-
ited to 4 x 10 min immediately preceding sleep. Therefore, the
study was not comparable to the much more intense training
protocols used in other conditioning paradigms.

There is a growing body of evidence suggesting the feasibil-
ity of learning to regulate specific brain oscillations to counter-
act maladaptive brain activity associated with various disorders
such as epilepsy, ADHD, or insomnia. Unfortunately, much of
previous ISC research (often termed “SMR neurofeedback™)
has suffered from missing standardized measures of target
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symptoms, neglected the assessment of EEG changes after
training, and often lacked appropriate control groups. There-
fore well-controlled investigations are needed before ISC can
be considered a reliable nonpharmacological treatment for vari-
ous disorders such as epilepsy, ADHD, or insomnia.

In the present investigation we explore whether ISC as com-
pared to a randomized-frequency conditioning protocol can sig-
nificantly increase SMR amplitude over the course of 10 ses-
sions. Furthermore, we were interested in whether ISC might
transfer into sleep and change classical sleep parameters such
as sleep onset latency in a positive manner. Finally, we wanted
to see if these changes would lead to positive impact on declara-
tive memory performance.

EXPERIMENTAL DESIGN AND METHODOLOGY

Twenty-seven healthy subjects (13 male, 14 female; mean
= 23.63 years, SD = 2.69) were randomly assigned (parallel
group design) to either (i) an SMR-conditioning (ISC) protocol
(experimental group; N = 16) or to (ii) a randomized-frequency
conditioning protocol (control group; N = 11).

Subjects attended the laboratory on 13 occasions (Figure
1). First subjects had to pass an entrance examination consist-
ing of several parts: clinical evaluation of sleep quality (Pitts-
burgh Sleep Quality Index?"); depression (self-rated depression
scale®?); anxiety (self-rated anxiety scale®*); memory (Wechsler
Memory Scale—Revised*), and intelligence (Advanced Pro-
gressive Matrices™).

Throughout participation, subjects had to complete a sleep
diary every day in the evening and in the morning (Self-rat-
ing scale for Sleep and Awakening quality*) to control sleep-
wake-cycle and to prevent sleep deprivation prior to laboratory
examination. During the pre- and posttreatment session and
preceding a 90-min nap the subjects performed a declarative
word-pair association task.’” Subjects had to learn a first list of
80 word-pairs during pretreatment (ENCPW), and a second dif-
ferent list during posttreatment (ENCpost). Word-pairs in each
encoding session were presented twice in randomized order
on a computer screen. Both presentations were separated by a
short break of approximately 2 min. In the encoding sessions
each word-pair was presented for 1500 ms, immediately fol-
lowed by a (white) centered fixation cross flipping to grey (after
5 sec), resulting in a total learning time of 2 x 13.5 min. To bet-
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Figure 2—Schematic representation of one block within an in-
strumental conditioning session. A 3-sec “Baseline” before visual
feedback onset was used to calculate the mean amplitude within
the frequency of interest which served as reference during “Feed-
back interval.” An audiovisual “Feedback quote” was triggered by
an EEG signal containing > 250 ms of the frequency of interest at
an amplitude exceeding a certain reward threshold measured dur-
ing the 3-sec baseline.

ter control for the mnemonic strategies used, subjects were in-
structed to visually imagine a relation between the 2 otherwise
unrelated words of each pair. After presentation of all pairs and
following a 10-min break, subjects performed a (cued) recall
task (RETIpre post)” Cued recall was repeated after the nap (RET2
lDre/lm). The correct response score consisted of (i) the number
of correct responses and (ii) the number of (unambiguous) se-
mantically correct answers (e.g., “flow” or “stream” instead of
“river””) which were weighted by 0.5 to account for the weaker
but still present memory trace. The obtained values were ex-
pressed as percentages ([correct response score/80]1*100) and
are subsequently referred to as “retrieval score.”

Polygraphic sleep recordings using Synamps EEG amplifi-
ers (NeuroScan Inc. Singen, Germany) started at 2:00 pm and
ended at 3:30 pm. All signals were filtered (0.10 Hz high-pass
filter; 70 Hz low-pass filter; 50-Hz notch filter) and digitized
online with 500-Hz sampling rate. Fifteen gold-plated silver
electrodes were attached according to the international 10/20
system (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, O1, Oz, 02, as well
as Al and A2 for later re-referencing) and were referenced to
FCz. In addition, 4 electrooculogram (EOG) channels, one sub-
mental electromyogram channel, one electrocardiogram chan-
nel (ECG), and one respiratory channel (chest wall movements)
were recorded.

Instrumental Conditioning Procedure

Between pre- and posttreatment, the subjects were trained to
enhance band amplitude within specific frequency bins during
10 conditioning sessions on 10 consecutive days. Visual online
feedback was provided using the eldith THERA PRAX (neu-
roConn GmbH, Llmenau, Germany) system. Each session was
conducted in a standardized procedure and lasted for 1 hour. Af-
ter electrode adjustment subjects were instructed to relax dur-
ing a 2-min eyes-closed resting condition followed by a 2-min
eyes open resting condition in which a fixation cross was pre-
sented on the computer screen. Immediately afterwards, sub-
jects had to perform eight 3-min blocks of instrumental condi-
tioning. Another 2 resting conditions (eyes-open, eyes-closed)
completed each session. EEG was recorded using a sampling
rate of 500 Hz from C3 with reference on the right earlobe and
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ground electrode placed on the left earlobe. For offline artifact
rejection, a bipolar vertical EOG channel was recorded. The
ongoing EEG at site C3 was band-pass filtered to continuously
extract amplitude values (LV) within the frequency of interest.
Band amplitude of interest was calculated online and used as
relevant conditioning parameter.

The instrumental conditioning design of the experimental
group was performed as follows (Figure 2): One trial consisted
of a 3-sec baseline interval followed by a continuous feedback
interval lasting until the EEG signal exceeded the predefined
reward threshold measured during the baseline for > 250 ms.
The aim was to move the needle as far to the left as possible
reaching the previously fixed threshold represented by a green
dot. Any time this SMR amplitude threshold was exceeded for
> 250 ms, subjects got an audiovisual reward (appearance of a
sun for 2 sec accompanied by a 200 ms lasting sound of 800
Hz). Subjects were encouraged to look themselves for appropri-
ate strategies like physiological relaxation combined with posi-
tive mental activity. After the appearance of the reward and a
randomized interval lasting for 1-3 sec the baseline value was
refreshed followed by a new continuous feedback interval until
the next reward. After a 3-min block, including a varying num-
ber of rewards, instrumental conditioning was paused for about
1 min and thereafter continued. To prevent rewards elicited by
movements, eye or muscle artifacts, trials with amplitudes ex-
ceeding + 200 uV were abandoned by starting a new trial (with-
out rewarding the prior trial).

The instrumental conditioning design of the control group
was identical and differed only in frequency adjustments.
Whereas the experimental group had to enhance SMR ampli-
tude throughout all 10 instrumental conditioning sessions, the
controls were dedicated to a randomized frequency paradigm.
Therefore the band amplitude of randomized 3-Hz frequency
bins between 7 and 20 Hz (except 12-15 Hz) was used as rel-
evant conditioning parameter. At each of the 10 sessions the
subjects of the control group had to enhance the amplitude of
a different frequency range to avoid enhancement within any
specific frequency bin. All participants remained blind to their
group assignment and were not debriefed until the end of the
investigation.

EEG Data Analyses

EEG Data Analyses during Instrumental Conditioning

For offline processing of EEG the Brain Vision Analyzer
software (Version 1.05.0002; Brain Products GmbH) was
employed. In a first step, ocular artifacts were automatically
minimized and visually controlled. To obtain amplitude values
in the frequency domain fast Fourier transformation was ap-
plied. By averaging in the frequency domain, amplitude spectra
were calculated in steps of 1 Hz for each of the feedback in-
tervals (“Feedback onset” to “Feedback quote”; Figure 2) dur-
ing a 3-min trial. In order to reduce the huge and nonspecific
effects of intersubject variation in absolute amplitude values,
we obtained normalized amplitude values by dividing the mean
amplitude during the feedback interval by the mean amplitude
during rest with eyes open preceding the instrumental condi-
tioning sessions. These derived relative amplitude values were
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then averaged across all blocks within one session. In order to
compare EEG during early vs. late instrumental conditioning,
EEG data were further averaged across session 2 to 4 (early
conditioning) and session 8 to 10 (late conditioning) for each
subject. The first instrumental conditioning session served as
training session and was excluded from analyses.

EEG Data Analyses during Nap

Sleep was scored and staged automatically by The Siesta
Group (Somnolyzer 24 x 7) according to classical criteria from
Rechtschaffen and Kales.*® Spindle detection was based on a
new automatic algorithm, which is a further development of the
bandpass filtering method developed by Schimicek et al.** In a
first step, the EEG signal was filtered with a phase linear fourth
order Butterworth band-pass filter in the frequency range of 10-
18 Hz and the envelope of the filtered signal was determined
by Hilbert transformation. In a second step, sleep spindles were
automatically identified based on the following criteria: (i) min-
imal amplitude of 12 puV, (ii) spindle duration 0.3-2.0 sec, and
(iii) a frequency range of 11-16 Hz. These thresholds were de-
termined from the distribution of these variables in a polysom-
nographic pattern database including several thousand visually
identified spindles from 189 healthy controls and 90 patients
(see Anderer*’). The algorithm identifies first “possible” spin-
dles and then determines “real” spindle episodes by means of a
linear discrimination analysis using 5 log-transformed features
(spindle duration and mean amplitudes in 4 frequency bands:
spindle, theta, alpha, and fast beta) of the “possible” spindles.
Rather than measuring the mean number of sleep spindles per
time (spindle density), the applied algorithm provides sleep
spindle features such as the duration, amplitude, and frequency,
and therefore reflects the activity or intensity of the spindle pro-
cess. The measure “spindle intensity” is composed of the mean
amplitude and mean duration of sleep spindle events. Addition-
ally, the overall number of spindle detections and traditional
spindle density were computed. In order to detect all possible
spindle events, the spindle algorithm was set to a high sensitiv-
ity level (discrimination value = 0.8).

Statistical Analyses

Statistical analyses were performed using SPSS 15.0.0 soft-
ware (SPSS Inc., Chicago, Illinois). Kolmogorov-Smirnov tests
were applied to test for the normality of the distribution of the
data, which was given in all cases. The significance level was
set to P < 0.05 and for post hoc comparisons paired-sample #-
tests were performed. Within-group effect sizes (pooled SD)
were calculated using the Cohen d formula*' (Cohen 0.2 is in-
dicative of a small effect size, 0.5 a medium effect size, and 0.8
a large effect size).

Only data of good signal quality were included in statistical
analyses. Outliers (values >3 SD) were excluded from analyses.
Therefore number of valid subjects varies throughout the differ-
ent ANOVASs between 25 and 27. Because of technical problems
regarding the declarative memory performance task, retrieval
scores of only 20 subjects (7 missing) could be analyzed.

To estimate relative amplitude changes after instrumental
conditioning, a 2-way-analysis of variance (ANOVA) for re-
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peated measures was performed with the within-subject factor
CONDITIONING (early conditioning [session 2-4] vs. late
conditioning [session 8-10]) and the between-subject factor
GROUP (experimental group vs. control group). Relative SMR
amplitude was the dependent measure. For sake of clarity and
ruling out the possibility that these changes might be caused by
baseline modifications, the same ANOVA was also calculated
with relative SMR amplitude during baseline (mean amplitude
values during the baseline divided by mean amplitude values
during rest with eyes open preceding the instrumental condi-
tioning). Additionally, to control absolute amplitude changes,
this ANOVA was computed with the dependent measures abso-
lute SMR amplitude during (i) baseline, (ii) feedback interval,
and (iii) rest with eyes open.

In order to determine instrumental conditioning effects on
sleep parameters (during NAPpre VS. NAPpost) as well as on
memory retrieval (RETlpre/post’ RETZ2 /post), 2-way-ANOVAs
(PREPOST x GROUP) were performed. With respect to sleep
parameters we analyzed spindle intensity, spindle number, total
sleep period, wake after sleep onset, sleep onset latency, dura-
tion of stage 1, stage 2, SWS, and REM sleep.

RESULTS
Instrumental Conditioning of SMR

On average (N = 25) relative SMR amplitude was 0.97 (SD =
0.10) during early conditioning (training session 2-4) and 1.01
(SD = 1.39) during late conditioning (training session 8-10).
Results of the 2-way ANOVA (Table 1) showed a significant in-
teraction between CONDITIONING x GROUP (£ ,, = 7.814;
P=0.010). Pairwise comparisons revealed a significant increase
of relative SMR amplitude between early and late instrumental
conditioning only in the experimental group (¢, = —2.832; P =
0.014; d = 0.7; Figure 3a). There were no systematic changes
over the course of training concerning neither relative SMR
amplitude during baseline nor absolute SMR amplitude (mea-
sured during baseline, feedback, and rest with eyes open).

Sleep Parameters

Sleep parameters for the experimental (N = 16) and control
group (N = 11) are depicted in Table 1. On average time in bed (N
= 27) was 88.54 min (SD = 4.53) during midday naps before in-
strumental conditioning (NAP__and 89.09 min (SD = 3.69) after
the 10 conditioning sessions (NAPW). No group (experimental
vs. control) showed significant increase in duration of stage 1, 2,
SWS or REM sleep after instrumental conditioning. However,
there is a trend (P < 0.10) towards longer SWS duration (¢ =
—1.902; P=0.077) and increase in total sleep period (¢,,=—2.143;
P =0.049) after ISC in the experimental group (Table 1).

Sleep Onset Latency

Results of the 2-way ANOVA showed a significant PRE-
POST »x GROUP interaction (F,,; = 5.845; P = 0.023). Pair-
wise comparisons revealed a significant decrease of sleep onset
latency from NAP to NAP_ in the experimental group only
(t,;=3.169; P=0.006; d = 0.7; Figure 3b).
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Table 1. Relative SMR amplitude values during early (training session 2-4) and late (training session 8-10) conditioning measured during
baseline and feedback interval; absolute SMR amplitude values (uV) during early (training session 2-4) and late (training session 8-10) con-
ditioning measured during baseline, feedback interval as well as rest with eyes open. Time in bed, time spent in sleep stage 1, sleep stage 2,
SWS, REM, sleep spindle number, sleep spindle intensity, sleep onset latency, total sleep period, and wake after sleep onset for NAPPre and
NAP_ . Retrieval scores before (RET1) and after (RET2) NAP in experimental and control group.
post pre/post
Early Conditioning Late Conditioning Paired-samples 7 test ANOVA
Experimental Control Experimental Control Experimental Control CON]Z}gz)%I\;ING*
Mean SD Mean SD Mean SD Mean SD t P T P F P
relative SMR 0.98 0.10 0.96 0.11 1.06 0.14 0.93 0.09 -2.83 0.01 111 030  7.81 0.01
amplitude
feedback
relative SMR 1.09 0.16 0.98 0.13 1.07 0.13 0.94 0.13 0.36 0.73 1.03 033 007 0.80
amplitude
baseline
absolute SMR 0.59 0.19 0.60 0.28 0.66 0.20 0.62 0.31 -2.75 0.02 -1.22 025 245 0.13
amplitude
feedback
absolute SMR 0.64 0.20 0.62 0.29 0.67 0.26 0.64 0.35 ~0.99 034 —0.90 039 005 0.82
amplitude
baseline
absolute SMR 0.60 0.20 0.63 0.26 0.63 0.21 0.67 0.31 -1.28 022 175 0.11 0.11 0.74
amplitude rest
Pretreatment Posttreatment Paired-samples 7 test ANOVA
Experimental Control Experimental Control Experimental Control PREPOST*
GROUP
Mean SD Mean SD Mean SD Mean SD t P T P F P
Time in bed, 87.72 5.81 89.73 0.34 88.34 4.66 90.18 0.72 -0.52 0.61  -1.84 0.10 001 0.91
min
Stage 1, min 29.46 28.60 8.85 5.76 18.07 17.86 10.90 5.61 1.48 0.16  —1.16 027  2.03 0.17
Stage 2, min 56.21 26.56 45.38 13.20 55.81 16.55 44.58 18.44 0.06 0.95 0.15 0.88  <0.01 0.96
SWS, min 9.06 15.54 38.99 19.01 19.74 18.70 38.62 20.25 —-1.90 0.08 0.07 0.95 1.80 0.19
REM, min 5.28 8.90 6.80 8.28 6.41 7.70 5.92 6.87 -0.52 0.61 0.41 0.70  0.40 0.53
Sleep Spindle 44443 32518 42255 13546  650.86 33091 43400  162.05 —3.49 0.00  —0.38 071 729 0.01
Number
Sleep Spindle 18.30 4.94 15.88 2.42 19.07 434 15.94 2.99 —0.56 059  —0.13 0.90  0.19 0.67
Intensity
Sleep Onset 14.75 11.51 16.55 11.56 8.09 5.93 18.05 13.25 3.17 0.01  —0.56 059 585 0.02
Latency, min
Total Sleep 68.31 20.64 73.32 11.81 78.66 8.99 72.82 14.80 —2.14 0.05 0.12 091 256 0.12
Period, min
Wake After 20.30 16.58 6.27 7.64 16.28 17.33 7.91 9.79 0.59 057  —0.53 0.61 049 0.49
Sleep Onset,
min
RETL, % 54.83 16.30 61.09 9.12 66.61 10.06 63.14 8.57 -3.28 0.01  —0.86 041 546 0.03
RET2, % 54.83 17.34 60.68 9.34 66.28 9.88 63.82 8.77 -2.96 0.02  -1.18 027 332 0.09
Note the significant alterations (marked bold) in relative as well as absolute SMR amplitude during feedback interval, sleep spindle number,
sleep onset latency and retrieval score (RET1, RET2). Statistical trends (P < 0.10) are underlined. Paired-samples ¢ tests (dark grey) depict
changes in SMR amplitude over the course of training (top panel) as well as sleep architecture and retrieval score changes pre- to posttreat-
ment (bottom panel) within the respective groups (all 2-tailed). The light grey shaded box depicts the ANOVA interactions of interest: CON-
DITIONING (early vs. late) x GROUP (experimental vs. control) at the top as well as PREPOST (pre-treatment vs. posttreatment) x GROUP
(experimental vs. control) at the bottom.

Sleep Spindle Number

A significant main effect for PREPOST (F,, = 9.098;
P = 0.006) and a significant interaction between PREPOST x
GROUP (F,,=7.285; P=0.013) could be demonstrated. Pair-
wise comparisons revealed a significant increase of sleep spin-
dle number from NAPlDre to NAPpost for the experimental group
only (¢, =—3.488; P=0.004; d = 0.6; Figure 3c).

The PREPOST x GROUP interaction for the dependent mea-
sures sleep spindle intensity, time in bed, wake after sleep onset
(WASO), total sleep period (TSP; time from the first to the last
epoch in any sleep stage), duration of stage 1, stage 2, SWS,
and REM were not significant (Table 1; light grey).
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Declarative Memory Performance

Retrieval scores (RET1_ . RET2 /pm) for the experimen-
tal (N = 16) and control group (N = 11) are depicted in Table 1.
On average (N = 20) “overnap” change in retrieval score was
unchanged during pretreatment (before NAP M = 58.28%;
SD = 12.88% vs. after NAPpre: M = 58.05%; SD = 13.47%) as
well as during posttreatment (before NAPpost: M = 64.70%; SD
=9.19% vs. after NAP M =64.93%; SD=9. 12%). This was
also true when both study groups were analyzed separately. To
test whether retrieval scores changed according to the training
protocol, we calculated a 2-way ANOVA, with the within-sub-
ject factor PREPOST (retrieval score during pretreatment vs.
retrieval score during posttreatment) and the between-subject
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Figure 3—2-way ANOVAs depicting differences between experi-
mental (¢) and control ([7) group.

a. Significant increase of relative SMR amplitude after ISC (ex-
perimental group) vs. randomized-frequency-conditioning (con-
trol group). b. Significant reduction of sleep onset latency during
NAP compared to NAP_ . c. Significant increase of sleep spin-
dle number from NAP toNAP_  .d. Significant enhancement of
retrieval score computed at immediate cued recall (RET1) after
ISC (experimental group) compared to randomized-frequency-
conditioning (control group). Note that only 12-15 Hz condition-
ing (experimental group) could increase relative SMR amplitude,
sleep spindle number, and retrieval score as well as decrease sleep
onset latency. Error bars indicate standard errors of mean.

factor GROUP (experimental group vs. control group). Results
demonstrated an increase in retrieval score after conditioning
(F, ;s= 11.02, P=0.004) but no overall group difference (F, ;=
0.09, P=0.764). A significant interaction PREPOST x GROUP
(F, ;s =5.461, P=0.031) revealed that only subjects of the ex-
perimental group had higher retrieval scores (RET1) after 10
ISC sessions (£, = —3.281; P=0.011; d = 0.9; Figure 3d).
Running the same analysis for memory retrieval after nap
(RET2) did show similar effects. For the interaction PREPOST
x GROUP a trend towards significance was found (F, = 3.32,
P = 0.085) with the pairwise comparisons again indicating an
increase in retrieval score (RET2) after conditioning only in the
experimental group (£, = —2.956; P=0.018; d = 0.8).

DISCUSSION

The present study examined the effects of instrumen-
tal SMR-conditioning (experimental group) as compared to
randomized-frequency conditioning (control group) on sleep
as well as declarative memory performance. Robust and
significant SMR amplitude changes from early to late con-
ditioning sessions confirmed the success of the ISC (Figure
3a). Furthermore, and most interestingly, these EEG changes
transferred into sleep (Figure 3b, 3c) and even improved im-
mediate memory retrieval after learning (Figure 3d). Memory
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consolidation (i.e., “overnap” change in memory performance
after ISC) on the other hand was unchanged, indicating a more
nonspecific effect of ISC. Possibly heightened attention or re-
laxation levels (during learning and/or retrieval) after 10 ISC
sessions thus account for the observed improvement in word-
pair recall. Frequencies in the 12-15 Hz range are associated
with inhibition of motor activity***?and constitute the domi-
nant “standby” frequency of the integrated thalamocortical,
somatosensory, and somatomotor pathways."> Similarly, syn-
chronization of the related mu frequency has been suggested
to be a correlate of an idling* or “nil-working” state.* Fur-
thermore Hummel et al.* presented direct evidence for the
association of mu frequencies over sensorimotor areas and
effective inhibition of acquired motor programs. In our theo-
retical perspective, the utility of SMR relates to the numer-
ous findings that define this EEG rhythm as a thalamocortical
consequence of decreased motor excitability,'**® arising most
likely both intentionally (waking SMR) and passively (sleep
spindle) from the imposition of motor inhibition from func-
tional reorganization within striatal (basal ganglia) circuits.'
Through a process of ISC (during waking), we intended to
facilitate those circuits during the subsequent sleep periods.
Results support our general rationale that an increase in re-
laxation and a decrease in muscle tension might lead to less
movement during sleep and thereby augment the restorative
and learning enhancing benefits of sleep. The present data
widely replicate findings from Sterman and coworkers!® and
demonstrate to our best knowledge for the first time success-
ful ISC in a healthy human population (Figure 3a) leading
to enhancement of sleep spindles (Figure 3c). Further, sleep
onset latency (Figure 3b) was significantly shortened during
the nap after only 10 ISC sessions as compared to a nap before
instrumental conditioning. Importantly, we here used a much
more rigorous control group than usually adopted. The control
group underwent the exactly same study protocol and amount
of treatment, with only the type of feedback being altered (i.e.,
different frequency bands to be trained at each session). Inter-
estingly and in line with results by Sterman'® we found an in-
crease in the number of sleep spindles, indicating that specific
neural mechanism trained during wakefulness can be trans-
lated into sleep. As no change in the duration of stage 2 sleep
was evident (Table 1), it can be ruled out that the spindle in-
crease is reflecting an increase of stage 2 sleep. Furthermore,
our results support Hauri’s approach?** of using ISC as an
alternative treatment for primary insomnia, since significant
improvement in sleep onset latency (Figure 3b) was achieved
after only 10 instrumental conditioning sessions. Future stud-
ies have to address whether this kind of training might be suc-
cessfully applied to insomnia patients and whether observed
changes are stable in the long term. The crucial point about
this kind of “brain training” is that it directly acts on those
brain oscillations which are altered in various types of disor-
ders (for review see Cortoos *).

As it has been proposed that sleep spindles are linked to de-
clarative memory consolidation,>*#7485% we hypothesized that
increasing spindle band power might also enhance declarative
memory performance in a word-pair association task. Although
our previous findings* suggested an association between in-
creased sleep spindle intensity during experimental nights and
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overnight improvement in declarative memory, we could not
demonstrate that kind of change in our “overnap” protocol. How-
ever, comparisons of the retrieval score during pre- and posttreat-
ment revealed significantly better learning performance after ISC
but not randomized-frequency conditioning (Figure 3d). As ISC-
protocols are also readily used to enhance attention in ADHD
patients,'¢ it is possible that observed changes in retrieval scores
are a result of changes in attention rather than direct influences on
memory. Future studies should continue to focus on the effects
of ISC on various cognitive tasks and also address the potential
clinical significance of this kind of training.

In summary, we were able to demonstrate that intentional fa-
cilitation of SMR activity throughout wakefulness can directly
enhance related brain oscillations during sleep (e.g., sleep spin-
dles). Astonishingly, the successful enhancement of SMR am-
plitude by ISC, improved sleep quality (indicated by decreased
sleep onset latency) as well as declarative learning. ISC might
thus be considered a promising nonpharmacological treatment
for primary insomnia and other disorders.

ABBREVIATIONS

ADHD attention deficit hyperactivity disorder
ANOVA analysis of variance

d Cohen’s d

EEG Electroencephalography
EMG Electromyogram

ENC Encoding

Hz hertz

ISC instrumental SMR conditioning
min minute

ms millisecond

NREM non-rapid eye movement
Pre pretreatment

Post posttreatment

REM rapid eye movement
RETI Retrieval 1 (before nap)
RET2 Retrieval 2 (after nap)
SD Standard deviation

sec second

SMR Sensorimotor rhythm
SWS Slow wave sleep

TSP Total sleep period
WASO Wake after sleep onset
uv microvolt
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