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a  b  s  t  r  a  c  t

EEG  recordings  over  the  sensorimotor  cortex  show  a prominent  oscillatory  pattern  in a  frequency  range
between  12  and  15  Hz  (sensorimotor  rhythm,  SMR)  under  quiet  but  alert  wakefulness.  This  frequency
range  is  also  abundant  during  sleep,  and  overlaps  with  the  sleep  spindle  frequency  band.  In the  present
pilot  study  we  tested  whether  instrumental  conditioning  of  SMR  during  wakefulness  can  enhance  sleep
and  cognitive  performance  in  insomnia.

Twenty-four  subjects  with  clinical  symptoms  of  primary  insomnia  were  tested  in  a  counterbalanced
within-subjects-design.  Each  patient  participated  in  a SMR-  as well  as  a sham-conditioning  training  block.
Polysomnographic  sleep  recordings  were  scheduled  before  and  after  the  training  blocks.

Results indicate  a significant  increase  of 12–15  Hz  activity  over  the  course  of ten  SMR  training  ses-
sions.  Concomitantly,  the  number  of  awakenings  decreased  and  slow-wave  sleep  as well  as  subjective
sleep quality  increased.  Interestingly,  SMR-training  enhancement  was  also  found  to  be associated  with
overnight  memory  consolidation  and  sleep  spindle  changes  indicating  a  beneficial  cognitive  effect  of  the
SMR training  protocol  for SMR “responders”  (16 out  of 24  participants).  Although  results  are  promising  it
has  to  be  concluded  that  current  results  are  of a preliminary  nature  and  await  further  proof  before  SMR-
training  can  be  promoted  as  a non-pharmacological  approach  for improving  sleep  quality  and  memory
performance.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Insomnia is characterized by a complaint of difficulty initi-
ating sleep, maintaining sleep, and/or non-restorative sleep that
causes clinically significant distress or impairment in social, occu-
pational or other important areas of functioning (Littner et al., 2003;
Riemann et al., 2010). From a psychological perspective insomnia
patients typically complain of being unable to stop their reverber-
ating thoughts and “rest their mind” which prevents them from
sleeping. Insomnia is considered a significant complaint and is
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ness Research, Hellbrunnerstr. 34, 5020 Salzburg, Austria. Tel.: +43 662 8044 5113;
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E-mail address: Manuel.Schabus@sbg.ac.at (M.  Schabus).

associated with decreased quality of life, absenteeism, increased
work and car accidents, as well as increased general health care
utilization. Epidemiological research shows the high prevalence
of insomnia with about 30% of the general population complain-
ing about some insomnia symptoms and 10% of the population
fulfilling criteria for an insomnia syndrome with classical symp-
toms such as negative daytime consequences (Morin, LeBlanc,
Daley, Gregoire, & Merette, 2006). According to DSM-IV criteria
the proportion of primary insomnia is estimated to be around
3% (Gallup-Organization, 1995) to 6% (Ohayon, 2002). Empirical
data demonstrate that insomnia is most often a chronic con-
dition, defined as an inability to consistently sleep well for a
period of at least 1 month. The consequences of chronic insom-
nia are severe and include adverse effects such as deficits in
cognitive efficiency (Nissen et al., 2011), social discomfort and non-
specific physical complaints (Gallup-Organization, 1995; Morin,
Bootzin, et al., 2006; Stepanski et al., 1989). In addition to the high
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rates of past or present psychopathology, insomnia patients also
have an increased risk for the development of further psychiatric
illnesses (Buysse, 2004; Morawetz, 2003; Weissman, Greenwald,
NinoMurcia, & Dement, 1997).

In summary, insomnia is a prevalent and clinically important
problem. In fact it is the most commonly reported sleep problem
in industrialized nations worldwide (Sateia, Doghramji, Hauri, &
Morin, 2000).

Reports from patients with insomnia suggest that the disor-
der often starts as a stress-related phenomenon (Hauri & Fisher,
1986) with the individual’s emotional and behavioral response to
the condition playing an important role in the final outcome of
the situation. These maladaptive cognitive, behavioral and emo-
tional responses – precipitating and perpetuating insomnia –
may  be well dealt with non-pharmacological treatments. Indeed,
there is promising evidence that non-pharmacological interven-
tions besides hypnotics can be (i) efficient in treating insomnia
symptoms (i.e., improving objective sleep measures such as sleep
onset latency [SOL], wake after sleep onset [WASO], or total sleep
time [TST]) and can also (ii) lead to subjective alleviation of patient
complaints, with higher measurable quality of life after treat-
ment (Ebben & Spielman, 2009; Morin, Bootzin, et al., 2006; Perlis,
Smith, Cacialli, Nowakowski, & Orff, 2003; Van Houdenhove, Buyse,
Gabriels, & Van den Bergh, 2011).

According to Freedman (1986) and more recently Perlis, Giles,
Mendelson, Bootzin, and Wyatt (1997); Perlis, Kehr, et al. (2001);
Perlis, Merica, Smith, and Giles (2001); Perlis, Smith, Andrews, Orff,
and Giles (2001) the cognitive hyperarousal associated with insom-
nia (for review also see Riemann et al., 2010) is reflected in fast brain
oscillations (including beta and gamma  activity) which are elevated
at sleep onset and during shallow NREM sleep stages (e.g., Buysse
et al., 2008). The “Neurocognitive Model of Insomnia” (Perlis et al.,
1997) proposes that the increase in central nervous system tone
results in increased and persistent sensory and cognitive processing
also during sleep where under normal circumstances such pro-
cesses would be vastly attenuated or inhibited. According to the
model increased sensory processing and perception thus account
for difficulties in sleep initiation and sleep maintenance. This view
is also in accordance with positron emission tomography (PET)
data from Nofzinger and colleagues (Nofzinger et al., 2006) which
show greater brain metabolism in arousal systems during the night
in these patients. It is assumed that this cognitive hyperarousal
and concomitantly elevated beta and gamma  frequencies can be
influenced and diminished using instrumental EEG conditioning of
slower frequencies.

In the present study we therefore specifically focus on the
instrumental conditioning of 12–15 Hz oscillations for improv-
ing sleep quality and memory performance in a population of
young primary insomnia patients. These 12–15 Hz oscillations are
prominent over the sensorimotor cortex – therefore termed sensor-
imotor rhythm (SMR) – and show a very distinctive pattern. They
are (i) dominant during quiet but alert wakefulness and (ii) syn-
chronize when motor behavior is inhibited (Sterman, Howe, &
Macdonald, 1970). Interestingly, oscillations in the same frequency
range are also abundant during light non-rapid eye movement
(NREM) sleep, and overlap with the sleep spindle frequency band.
Sterman et al. (1970) were the first to demonstrate that instru-
mental SMR  conditioning (ISC) during wakefulness can improve
subsequent sleep in cats. Hauri then used instrumental condition-
ing of various EEG parameters to treat disordered human sleep
(Hauri, 1981; Hauri, Percy, Hellekson, Hartmann, & Russ, 1982)
and demonstrated that patients suffering from primary insomnia
specifically benefited from the SMR  training protocol if they did not
also suffer from physiological hyperarousal (i.e., enhanced muscle
tension) at study intake. Given these findings (Hauri, 1981; Hauri
et al., 1982; Sterman et al., 1970) as well as a meta-analysis on the

efficacy of SMR  biofeedback for epilepsy (Tan et al., 2009) we  fol-
lowed the rationale that ISC is in good place to directly counteract
cognitive hyperarousal by attenuating associated high-frequency
EEG oscillations.

In addition we recently found that instrumental SMR  con-
ditioning (as compared to a “placebo” randomized-frequency-
conditioning protocol) can exert positive effects on sleep quality
and even on declarative memory performance in healthy individ-
uals (Hoedlmoser et al., 2008). Interestingly, and in accordance
with previous literature, sleep spindles were found to be ele-
vated after waking SMR  conditioning (Sterman et al., 1970). This
is in so far important, as a vast amount of literature points to
the direct significance of sleep spindles for “offline” memory con-
solidation (e.g., Griessenberger et al., 2012; Gais, Mölle, Helms,
& Born, 2002; Schabus et al., 2004; Tamaki, Matsuoka, Nittono,
& Hori, 2008). With respect to insomnia a recent, exploratory
study using “tele-neurofeedback” (i.e., done at home but connected
with the therapist via an internet connection) (Cortoos, De Valck,
Arns, Breteler, & Cluydts, 2010) indicates that TST improves after
SMR  tele-neurofeedback (but not after electromyography tele-
biofeedback) whereas SOL decreases. Unfortunately, most of these
– often termed “neurofeedback” (NFT) – studies lack important
controls such as (i) real (sham) conditions or (ii) a convincing
demonstration of proposed EEG changes after training.

Therefore, we aim to clarify in a counterbalanced cross-over
design the efficacy of instrumental SMR  conditioning for insom-
nia (termed ISC in the following) and start by testing whether
patients actually succeed in (waking) SMR  enhancement over ISC
training sessions and whether such enhancement transfers to spin-
dles during sleep. Last but not least we  then assess whether ISC
may  influence (i) sleep quality and/or (ii) cognitive performance
(as evidenced by declarative overnight memory consolidation).

Please note that the present study is best seen as a compre-
hensive pilot test for upcoming studies addressing the efficacy
of ISC training on sleep and memory in an even more controlled
manner.

2. Methods and materials

2.1. Participants

Twenty-four subjects (17 female, 7 male) aged between 19 and 50 years
(M  = 34.83, SD = 10.60) were included in the study. Subjects were recruited from the
public by radio, newspaper and online advertisements as well as announcements
on notice boards at the University of Salzburg and the Christian-Doppler hospital
(Salzburg, Austria). Subjects gave written informed consent on study entrance and
were refunded D 200 – on study completion. Furthermore, participants had to refrain
from  any drug/medication and limit caffeine use (no caffeine intake for at least 5–6 h
prior to sleep laboratory visits) as well as smoking (to a maximum of 4 cigarettes a
day) during the complete study period. Subjects were preselected based on ques-
tionnaires concerning sleep quality (Pittsburgh Sleep Quality Index, PSQI; Buysse,
Reynolds, Monk, Berman, & Kupfer, 1989), anxiety (BAI; Beck, Epstein, Brown, &
Steer, 1988) and depression (BDI-II; Beck, Steer, & Brown, 1996). On entrance sub-
jects were required to (i) have a global score > 5 on the PSQI to ensure a minimum
level of insomnia severity, (ii) have a daytime impairment related to the nighttime
sleep difficulty, and show (iii) no signs of a current or past mental or psychiatric
disorder (concurrent with insomnia). The latter two criteria are in accordance with
the  research diagnostic criteria for “primary insomnia” of the American Academy of
Sleep Medicine (AASM; Edinger et al., 2004). Furthermore, subjects needed to have
a  problem in initiating or maintaining sleep, in waking up too early or reporting
chronically non-restorative sleep (despite adequate opportunity and circumstances
for  sleep). Subjects complying with these pre-screening criteria were further eval-
uated by sleep diaries and a structured clinical interview for sleep disorders (SIS-D;
Schramm et al., 1993). Finally, only patients with a primary insomnia complaint
(at  least 3 times a week over the course of a month) according to SIS-D criteria
were included in the study. The mean duration of the current insomnia episode was
reported to be about 4 years (M = 4.08, SD = 2.33). Lastly, we set a minimum crite-
rion for subjectively impaired sleep quality (SOL or WASO greater than 20 min as
derived from sleep diaries). At the subsequent entrance examination patients were
asked to fill out the Freiburger Personality Inventory (FPI; Fahrenberg, Hampel, &
Selg, 1984), the Wechsler Memory Scale – Revised (WMS-R; Wechsler, 1987), the
Brief Symptom Inventory (BSI; Derogatis & Melisaratos, 1983) as well as the WHO
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Fig. 1. Study design. Pre-screening was conducted via email and phone consultation. After a screening and adaptation night three more “learning nights” (LPSG) followed.
Note  that LPSG 2 thereby served as post-treatment (e.g., for ISC treatment in ISC-first condition) and pre-treatment (e.g., for PFT) night at the same time. In addition sleep was
continuously monitored by sleep diaries and actigraphy. Eighty word-pairs had to be learned prior to each “learning” night (LPSG 1–3) and were tested by cued recall before
and  after sleep. Each subject reported to the laboratory 21 times (VISITS). ISC, instrumental SMR  conditioning; PFT, pseudo-feedback (placebo); PSG, polysomnography.

Quality of Life Index-Bref (The-WHOQOL-Group, 1998) and were given actigraphs
for  monitoring sleep-wake cycles throughout the study period.

2.2. PSG and sleep analysis

Polygraphic sleep recordings were conducted using Synamps EEG amplifiers
(NeuroScan Inc.). All signals were filtered (0.10 Hz high-pass filter; 70 Hz low-pass
filter; 50 Hz notch filter) and digitized online with a 500 Hz sampling rate. Twenty-
three Ag–AgCl electrodes were attached according to the international 10–20 system
(Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, Oz, O2, as well
as  A1 and A2 for later re-referencing) and were referenced to Fcz. In addition, four
electrooculogram (EOG) channels, one bipolar submental electromyogram channel,
one bipolar electrocardiogram channel (ECG) and one bipolar respiratory channel
(chest wall movements) were recorded. In the screening/adaptation night a setup
with 8 EEG channels, 4 EOG channels, bipolar ECG, 3 bipolar EMG  (musculus mentalis
and musculus tibialis on both sides) as well as three respiratory channels (chest and
abdomen movements, air flow) and pulsoximetry was utilized.

Sleep was  visually checked and scored by The Siesta Group© (Somnolyzer 24 × 7;
cf., Anderer et al., 2004; Anderer et al., 2005) according to standard Rechtschaffen
and  Kales (1968) criteria. Spindle detection was  based on an automatic algorithm,
which is a further development of the bandpass filtering method developed by
Schimicek, Zeitlhofer, Anderer and Saletu (1994) and is based on linear discrimi-
nation analyses (for further details see Anderer et al., 2004; Anderer et al., 2005).
Rather than measuring the mean number of sleep spindles per time (spindle den-
sity), the applied algorithm also provides detailed sleep spindle features such as the
duration, amplitude and frequency besides the overall number of detections. For
the  present study we focused on the number of slow (11–13 Hz) and fast (13–15 Hz)
sleep spindles on central electrode C3 (cf. Hoedlmoser et al., 2008).

2.3. Instrumental EEG conditioning

Patients were trained to enhance the EEG amplitude within the 12–15 Hz range
during 10 ISC sessions. Visual online feedback of the amplitude was provided using
the  system THERA PRAX® (neuroConn GmbH). Each session was  conducted in a
standardized procedure and lasted for about 1 h; therein subjects performed eight
3  min  blocks of ISC (i.e., 24 min  net training time per session).

EEG was recorded using a sampling rate of 512 Hz from C3 and C4 with ref-
erence placed on the right earlobe and ground electrode 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 SMR  (12–15 Hz) com-
ponents during conditioning. Absolute band amplitude values (�V) were calculated
online and used as relevant conditioning parameters. One trial consisted of a 3-s
baseline interval followed by a continuous feedback interval lasting until the SMR
band amplitude exceeded (for more than 250 ms)  the predefined reward thresh-
old  measured during the baseline. The instruction given to the subject was  simply
to try to move the “compass needle” as much as possible to the left to exceed the
threshold represented by a green dot on the compass. Subjects were told only that
they could find out (by “trial and error”) which strategy would help to enhance the
SMR amplitude. Once successful, (usually after 2–3 sessions) participants usually
maintained their previously found strategy (e.g., trying some kind of relaxation) for
the  remaining sessions. After the appearance of the reward and a randomized inter-
val  lasting for 1–3 s the baseline value was refreshed followed by a new continuous
feedback interval until the next reward.

Instrumental conditioning during the control condition (pseudofeedback, PFT)
differed only concerning the rewarded frequency band. Whereas the aim during the

experimental condition was to enhance SMR-amplitude throughout all 10 instru-
mental conditioning sessions, randomized 3 Hz frequency bins between 7 and
20 Hz (except 12–15 Hz) were used as relevant PFT conditioning parameters. Conse-
quently, during every PFT session (5 sessions) subjects had to enhance the amplitude
of  a new frequency range to avoid enhancement within a specific frequency bin. In
order to keep motivation balanced over conditions and training blocks we adjusted
the threshold in such a way that within a 3 min block similar amounts of rewards
(around 10–15) were always given. If less than 5 rewards were received in a 3 min
block we  lowered the threshold to-be-exceeded, if more than 15 rewards were
achieved we raised the to-be-exceeded threshold. Participants remained blind to
the conditioning protocols (ISC or PFT) until being fully debriefed at the end of the
investigation.

For  offline analysis of SMR  activity the Brain Vision Analyzer software (Brain
Products GmbH) was used. In a first step, ocular artifacts were automatically mini-
mized and visually controlled. To obtain amplitude values in the frequency domain
fast Fourier transformation was  applied. By averaging in the frequency domain,
amplitude spectra were calculated in steps of 1 Hz for each of the feedback intervals
(“Feedback onset” to “Feedback quote”) during 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 conditioning sessions. These derived relative amplitude
values were then averaged across all blocks within one session. In order to compare
EEG during early vs. late ISC, EEG data were further averaged across session 2–3
(early conditioning) and session 9–10 (late conditioning) for each subject. The first
instrumental conditioning session served as training session and was excluded from
analyses. For a complete description of procedures please refer to Hoedlmoser and
colleagues (2008).

2.4. Experimental design

We  adopted a counterbalanced within-subjects design (21 lab visits over the
course of 3–6 weeks; cf. Fig. 1) with 4 polysomnographic recordings (PSG) (starting
between 11 pm and midnight) and set the time in bed to 8 h.

After pre-screening (for anamnesis, PSQI, BDI-II and BAI questionnaires) subjects
reported to the laboratory for the entrance examination and completed a structured
clinical interview (SIS-D) as well as the BSI and FPI-R questionnaire. After at least a
week of sleep diary self-assessment participants’ reported again to the laboratory
for a first adaptation and screening night. After that night (and exclusion of sleep
disorders besides insomnia), a pre-treatment PSG (LPSG-1) was conducted in order
to  objectively assess sleep before treatment start. The LPSG-1 night was  conducted
within 4 days after screening PSG whenever possible (M = 3.75, SD = 4.16). After these
nights patients started with 10 h of ISC (within 10–35 days; termed “duration ISC”
in the following) or 5 h PFT which were followed by another experimental (i.e.,
post-treatment 1 or pre-treatment 2) night (LPSG-2). Thereafter, the second block
with either ISC or PFT followed which was concluded with a final post-treatment
PSG night (LPSG-3). ISC was  always composed of 10 blocks of 12–15 Hz training
(over C3), whereas PFT included training of 5 randomized frequency bands: 7–9 Hz,
8–10  Hz, 9–11 Hz, 17–19 Hz, and 18–20 Hz  (for more details see Hoedlmoser et al.,
2008). That is, subjects came 15 times (for 1 h each) to the laboratory for ISC/PFT
training (10 times for ISC and 5 times for PFT); no more than one training session
per day was permitted.

In order to evaluate stability or recurrence of insomnia symptoms a behavioral
follow-up with questionnaires (WHOQOL, PSQI), actigraphy and sleep diaries was
conducted after 2–4 weeks. ISC and PFT were counterbalanced with subjects being
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Table 1
Overview of the objective and subjective sleep data.

Learning night 1 (LPSG-1) Learning night 2 (LPSG-2) Learning night 3 (LPSG-3) TIME × ISC/PFT-first

ISC first PFT first ISC first PFT first ISC first PFT first F (p)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Age 34.5 11.8 35.2 9.8
Time in bed 475.6 19.2 473.2 23.8 475.2 20.4 470.4 21.9 471.2 21.4 473.2 17.1 0.45 (n.s.)
Total  sleep time 439.7 31.6 413.8 58.5 424.8 37.0 400.0 54.8 424.1 33.6 411.8 58.1 .87 (n.s.)
Number of awakenings 12.8 4.3 14.8 13.1 9.8* 3.5 14.3* 5.8 16.1 7.5 12.2 10.4 4.03 (<.05)
Sleep  onset latency 17.6 23.4 18.3 11.7 13.7 11.9 25.6 30.3 13.3 6.9 19.5 13.6 2.28 (0.11)
Sleep  efficiency 92.4 5.2 87.4 11.4 89.4 6.7 85.1 11.7 90.1 7.4 86.9 11.0 0.42 (n.s.)
N1  (min) 42.6* 18.4 27.8* 13.1 33.9 7.9 29.0 10.3 41.2* 19.5 26.7* 7.6 1.91 (n.s.)
N2  (min) 210.3 35.3 220.2 53.8 207.8 42.8 204.1 30.2 210.7 41.8 202.4 39.6 0.62 (n.s.)
N3  (min) 101.4 35.1 89.7 47.3 98.7 39.7 84.8 29.5 90.8 33.7 100.7 42.3 4.24 (<.05)
R  (min) 85.6 18.6 76.5 21.8 84.8 37.0 82.3 25.0 81.6 22.6 82.2 30.9 0.72 (n.s.)
WASO  (min) 19.3 14.5 41.9 47.4 37.3 32.5 45.7 48.2 34.6 34.8 43.3 44.3 0.91 (n.s.)
Awakening Index 1.8 .6 2.4 2.9 1.4* .5 2.2* 1.0 2.3 1.2 1.9 1.7 1.69 (n.s.)
Shift  Index 17.0 4.6 16.3 6.5 16.4 3.9 16.1 2.6 18.3 5.1 15.5 3.7 1.01 (n.s.)
TST  subj 389.3 56.0 336.6 72.0 385.2 62.7 345.8 56.0 390.1 50.0 358.3 74.4 0.01 (n.s.)
SOL subj 26.8 15.5 35.2 14.2 19.1* 12.6 35.6* 18.8 20.8 9.9 29.5 17.0 0.11 (n.s.)
SEff  subj 84.2 4.7 82.7 8.6 85.5 6.6 81.2 8.0 86.9 6.3 81.5 12.8 1.28 (n.s.)

Please note that the objective sleep data are directly derived from the PSG in the sleep laboratory, whereas subjective sleep quality (shaded gray) is the mean of the last 5
days  preceding LPSG 1–3 including the respective laboratory night. Between group differences (ISC first vs. PFT first) are marked within each experimental night (LPSG 1–3):
TST subj, subjective total sleep time; SOL subj, subjective sleep onset latency; SEff subj, subjective sleep efficiency.

* p < .05 (2-tailed).

randomly assigned to receive either ISC or PFT first. In addition all 3 experimental
PSG  (LPSG 1–3) nights were preceded by a declarative word pair association task (3
different lists of 80 word pairs each, presented twice during encoding; for details
see  Hoedlmoser et al., 2008; Schabus, Hödlmoser, Pecherstorfer, & Klösch, 2005) in
the  evening (as well as a cued recall before and after sleep) in order to evaluate
overnight memory consolidation.

3. Statistics

Please note that the nature of our study design precluded ana-
lyzing our within-subject design as such, as the LPSG-2 night
served as post-treatment for the first feedback condition as well
as pre-treatment for the second feedback condition. We  there-
fore chose to analyze our within-subject design (TIME: [LPSG
1, LPSG 2, LPSG 3]) in a more conservative way  using an addi-
tional between group-factor “ISC/PFT-first” (participants starting
with the ISC or PFT condition first). Consequently, we  calculated
TIME × ISC/PFT-first ANOVAs (with 12 subjects per group) which
compromises statistical power. We  adopted (1-tailed) t-tests for
post hoc evaluation of significant ANOVA effects where a priori
hypotheses were present (sleep quality changes following SMR
conditioning (Cortoos et al., 2010; Hauri, 1981; Hauri et al., 1982;
Sterman et al., 1970); SMR  training enhancement and spindle
(frequency) change (Berner, Schabus, Wienerroither, & Klimesch,
2006; Hoedlmoser et al., 2008); SMR  learning and change in mem-
ory (Gruzelier, Egner, & Vernon, 2006; Hoedlmoser et al., 2008);
(fast) spindles and change in overnight memory consolidation
(Nishida & Walker, 2007; Schabus et al., 2004; Schabus et al.,
2008; Tamaki et al., 2008). As dependent variables for assess-
ing objective sleep data we used SOL, wake after sleep onset
(WASO), N2, N3, REM (all in min), as well as sleep efficiency (in
%) and number of awakenings (NOA). In addition we  calculated
overnight memory change by a 3-way ANOVA with the within-
subject factors TIME and EVENING/MORNING (evening or morning
recall) as well as the between-subject factor ISC/PFT-first. Pearson
correlations (1-tailed) were used where not otherwise specified
when previous data indicated the direction of effects of inter-
est (see above). For not normally distributed data we  utilized
non-parametric Spearman–Rank correlations. ISC or PFT train-
ing success was estimated as the difference of ISC sessions 2–3
(pre) to sessions 9–10 (post), or PFT sessions 1–2 to 4–5, respec-
tively.

One of the nights (LPSG-3) was  lost in one of the participants
(ISC-first group) due to technical problems. Subjective sleep quality
was  estimated from the last 5 sleep diary days preceding the LPSG
nights (i.e., including the respective laboratory night value).

4. Results

4.1. Polysomnography data

Sleep data of the 3 learning nights (LPSGs) are shown for both
subjects starting with ISC (ISC-first, n = 12) and pseudofeedback
(PFT-first, n = 12) training (cf. Table 1).

4.2. Behavioral results

Behavioral data revealed significant overnight forgetting
(F1,23 = 10.20, p < .01) in two of the three learning nights in
insomnia patients (cf. Table 2). Overnight memory change was
however unrelated to ISC or PFT preceding the learning night
(TIME × EVENING/MORNING × ISC/PFT-first). The order of ISC/PFT
neither affected absolute memory performance (F2,44 = 0.88,
p > .05) nor overnight (evening to morning) memory change
(F2,44 = 0.71, p > .05). An ANOVA TIME × EVENING/MORNING addi-
tionally revealed a general trend indicating better overall memory
performance with time (“order effect”) (F2,46 = 2.76, p = .097).

4.3. Instrumental conditioning

ISC data indicate a linear increase of 12–15 Hz activity over the
course of the ten training sessions with significant pre (session
2–3) to post- (session 9–10) treatment changes at C3 (t23 = −2.50,
p = .02; Cohen’s d = 0.511). From the 24 subjects 16 responded
with an increase in SMR  activity (M = 12.30%, SD = 7.70%). Interest-
ingly, also the higher beta band (16–25 Hz) showed a similar effect
(t23 = −3.00, p < .01; Cohen’s d = 0.620) (cf. Fig. 2). The contralateral
(untrained) C4 electrode showed similar yet non-significant effects
in the same direction (SMR: t23 = −1.70, p = .10; Cohen’s d = 0.348
and Beta: t23 = −1.90, p = .070; Cohen’s d = 0.388, respectively). Pre
to post PFT sessions neither revealed significant enhancement in
SMR  (C3: t23 = −1.62, p = .12; Cohen’s d = 0.341; C4: t23 = −1.38,
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Table 2
Declarative overnight memory change in insomnia patients.

Memory HITS% Mean SD N Cohen’s d t-test p-value

LPSG 1 Evening 59.77 26.85 24 0.472 1.82 .082
Morning 58.21 29.42 24

LPSG 2 Evening 65.91 27.62 24 0.966 3.89 .001*

Morning 63.44 29.32 24
LPSG  3 Evening 66.62 29.49 24 0.446 2.19 .039*

Morning 65.03 30.41 24

HITS% refer to the number of correctly retrieved word-pairs plus 0.5 of semantically correct (e.g., “river” instead of “stream”) words. Note that in addition to overnight
forgetting a trend toward higher general memory performance with repeated learning is evident (order effect). The declarative material consisted of 3 different word-pair
lists  with randomized order of (cued) recall at each occasion.

* p < .05.

p = .18; Cohen’s d = 0.281) nor BETA power (C3: t23 = −1.09, p = .29;
Cohen’s d = 0.224; C4: t23 = −1.07 p = .30; Cohen’s d = 0.226).

Furthermore, it becomes evident that the longer subjects needed
to complete the 10 SMR  training sessions, the higher their overall
gain in SMR  amplitude (r22 = .66, p < .001, 2-tailed; cf. Fig. 3) was.
The variation in the time to complete the 10 ISC sessions was deter-
mined by the patients’ availability over the course of the study
period and could not be imposed experimentally.

4.4. ISC effects on sleep quality

Significant 2-way interactions TIME × ISC/PFT-first and post
hoc tests revealed a decrease in the number of awakenings
(NOA; F2,40 = 4.03, p = .025) and enhancements of N3min (F2,40 = 4.24,
p = .021) following the ISC blocks (cf. Fig. 4). Please refer to the sup-
plementary material for a further trend in SOL. The other sleep

Fig. 2. EEG changes across instrumental SMR  conditioning (ISC) sessions. SMR  (top)
and  BETA (bottom) amplitude changes from baseline (100% value) are depicted over
the course of the 10 training sessions. Training was  done on recording site C3. Note
that also the contralateral side shows a trend to increase over time.

stages (N1, N2, REM) as well as total sleep time, waking after sleep
onset, and sleep efficiency remained unchanged (cf. Table 1).

4.5. ISC effects on sleep spindles and memory

Most importantly, we  also observed a transfer of SMR  train-
ing success to fast NREM sleep spindles in the way  that SMR
training enhancement (pre to post) correlated positively with
fast spindle number change (pre to post ISC block) (C3: r22 = .38,
p = .033; cf. Fig. 5, left) but not slow spindle change (C3: r22 = .−21,
p = .16). This correlation also does not change when controlling for
changes in N2 and N3 duration (min) (C3: r18 = .39, p = .038). Yet,
there is no evidence for an overall enhancement of sleep spindles
after the ISC as compared to the PFT condition as revealed in a
TIME × ISC/PFT-first-ANOVA. Only spindle number (in N3) showed
an overall trend for more spindles after the ISC block (F2,42 = 2.45,

Fig. 3. ISC training time and SMR  amplitude enhancement. Note that ISC train-
ing duration is strongly related to higher SMR  enhancement (in %) suggesting a
beneficial effect of an extended ISC training period. ISC training duration was not
experimentally controlled but determined by the patients’ availability for the 10
ISC  sessions (10–35 days). The order of ISC/PFT conditions (ISC-first, black; ISC-first,
gray) is not related to ISC training success.
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Fig. 4. Objective sleep quality changes following ISC and PFT training. Note significant changes (**, p < .05) in the number of awakenings (left) and slow-wave sleep (right)
following ISC but also PFT training.

p = .10), yet this effect is also mediated by higher N3 amounts after
ISC.

Although there is no overall effect of ISC vs. PFT on
overnight memory change or absolute memory performance, linear
correlations reveal an interesting association of individual ISC train-
ing success and consolidation changes (evening to morning changes
in performance). Specifically, data indicate that the amount of
12–15 Hz enhancement over the ISC sessions correlates with the
change in overnight memory consolidation pre to post ISC block
(r22 = .40, p = .027, cf. Fig. 5, right). Last but not least, a significant
correlation between these changes in memory consolidation (pre
to post ISC block) and the change in fast (NREM) spindle numbers

reveals that memory consolidation changes are associated with
the fast spindle enhancement (r22 = .35, p = .049) but not with slow
spindle changes (r22 = −.25, p = .12).

4.6. ISC effect on subjective well being

The PSQI score from entrance (M = 10.83, SD = 1.99) to follow-up
examination (M = 7.00, SD = 2.67) revealed a reduction in subjective
sleep complaints (t23 = 7.74, p < .001) in all but one subject. Seven of
the participants scored at or below a value of 5 indicating clinically
significant improvement after the completion of both ISC and PFT.
Yet note that we  do not have separate evaluations of subjective

Fig. 5. Association of SMR  enhancement, memory consolidation and spindle change. Note the association of SMR training success in the ISC condition, which is significantly
related to (i) concomitant enhancement of fast sleep spindles (left) as well as (ii) improvement of declarative memory consolidation overnight (right). Note that the effect
appears specific to the fast spindle type on recording (and ISC feedback) site C3. Changes in absolute spindle numbers across (N2 and N3) NREM sleep are depicted.
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Fig. 6. Subjective quality of life changes following ISC and PFT treatment. Note that
physical quality of life changes as a function of time irrespective of ISC or PFT train-
ings. **, significant (p < .05) difference between entrance examination and follow-up
irrespective of the treatment condition.

sleep quality after the ISC and PFT condition and can thereby only
state that there appears to be a beneficial NFT effect non-specific
to the training type (cf. Suppl. Fig. 2).

Interestingly, WHOQOL physical quality of life (assessing
domains such as energy and fatigue, sleep and rest, or work capac-
ity) was also enhanced over time (F3,63 = 5.56, p = .002). Absent
interactions with the factor ISC/PFT-first however indicate that the
subjective change is unrelated to ISC or PFT training (F3,63 = .015,
p = .99). Post hoc t-tests revealed that there is a significant increase
from entrance examination to follow-up irrespective of the treat-
ment condition (t22 = −3.20, p < .01; Cohen’s d = −0.667) suggesting
a placebo effect (cf. Fig. 6).

5. Discussion

In healthy individuals we reported earlier that SMR during
wakefulness and subsequent spindle activity can be increased
using ISC and that this training elicits positive changes in vari-
ous sleep parameters as well as declarative memory performance
(Hoedlmoser et al., 2008). In the current study we  now applied
ISC to people suffering from insomnia based on the assump-
tion that these individuals would specifically benefit from such
a non-pharmacological treatment alternative (Hoedlmoser, Dang-
Vu, Desseilles, & Schabus, 2011).

Results reveal that – beside healthy subjects – people also suffer-
ing from primary insomnia increase their SMR  amplitude over the
ISC training period but do not show such changes in a randomized-
frequency conditioning protocol (PFT) (cf. Fig. 2).

Previous studies using an identical word-pair task in healthy
individuals reported overnight consolidation without forgetting
(Berner et al., 2006; Hoedlmoser et al., 2008) or even (tenden-
cies toward) overnight memory improvement (Schabus et al.,
2004; Schabus et al., 2005). In contrast, we report here signifi-
cant overnight forgetting in young insomnia patients (cf. Table 2).
This latter finding is of importance as results regarding cog-
nitive functioning in primary insomnia are highly inconsistent
with subjective complaints often being more pronounced than
neuropsychological test outcomes would suggest (for reviews

see Fortier-Brochu, Beaulieu-Bonneau, Ivers, & Morin, 2012; Orff,
Drummond, Nowakowski, & Perils, 2007).

Although ISC training in our insomnia patients did not gen-
erally enhance declarative memory performance as previously
found in healthy individuals (Hoedlmoser et al., 2008), we do
find correlative associations between ISC and memory consolida-
tion. Specifically, we found linear relationships between individual
SMR-enhancement, (i) overnight memory consolidation and (ii)
fast NREM sleep spindle changes (cf. Fig. 5). Yet note that over-
all, found associations are moderate and overnight forgetting could
not be stopped using 10 ISC sessions. In addition the change in
(fast) sleep spindles appears to be related to changes in memory
performance overnight as reported earlier in healthy individuals
(Morin et al., 2008; Schabus et al., 2004; Schabus et al., 2008;
Tamaki et al., 2008). Interestingly we  found that this effect is
most pronounced for fast (N2 and N3) NREM spindles on record-
ing site C3 which is in agreement with the place where (and the
frequency in which) SMR  feedback was  provided. Given this we
speculate that ISC might be beneficial for sleep-dependent mem-
ory consolidation by increasing (fast) sleep spindles in the first
instance.

Most importantly, and in addition to this beneficial cognitive
effect, results reveal a significant effect of ISC on objective sleep
quality. Specifically, data indicate a decrease in the number of
awakenings, a trend toward decreased sleep onset latency as well as
an increase in slow wave sleep (N3) after ISC but not PFT training (cf.
Fig. 4 and suppl. material). Last but not least subjective sleep quality
(cf. Suppl. Fig. 2) as well as life quality (cf. Fig. 6) appear to change
in the course of the study. In this context it is critical to note that
placebo effects might have significantly mediated some of these
subjective changes as indicated by physical quality of life improve-
ments which are identical after ISC as well as PFT training blocks (cf.
Fig. 6) and which remain at follow-up testing. One therefore can-
not stress sufficiently the importance of accurately controlling for
placebo effects in biofeedback studies as the time and instrument
intensive approach itself may  likely result in unspecific (placebo)
effects (e.g., Lansbergen, van Dongen-Boomsma, Buitelaar, & Slaats-
Willemse, 2011). Also note that among the few well-controlled
double-blind “neurofeedback” studies beneficial effects (Keizer,
Verschoor, Verment, & Hommel, 2010) are found as often as pure
null results (for review see Hoedlmoser et al., 2011; Logemann,
Lansbergen, Van Os, Bocker, & Kenemans, 2010).

In the present experimental approach we intended to apply an
as much as possible unbiased ISC training, checking for ISC effi-
cacy by purely training 12–15 Hz over sensorimotor regions and
in the absence of any pre-selection of patients. Given the evident
concomitant beta change (cf. Fig. 2, lower panel) and its reported
association with (hyper-) arousal during sleep (Perlis, Merica, et al.,
2001; Wuyts et al., 2012) it is possible that some of the patients
may  have trained a maladaptive beta EEG change compromising
the overall beneficial ISC effect in our study.

Remarkably, results also indicate that randomized frequency
PFT did not only have no effect on some variables but even
led to considerable negative sleep quality changes (cf. Fig. 4).
We hypothesize that PFT probably led to a subjective loss of
self-efficacy. In general it is already quite difficult for partic-
ipants to come up with an efficient training strategy for a
given EEG frequency band. If this (unconscious) strategy then
becomes ineffective from session to session it may  inevitably
lead to subjective loss of control and consequently decreases
in sleep quality as well as well-being. An alternative would
be to just train one specific other frequency band systemat-
ically but then the protocol faces the problem that another
frequency band might itself trigger distinct (yet unspecified)
changes in sleep quality or cognition. However note that in
order to keep motivation balanced as much as possible we did
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control for equal amounts of rewards within each ISC and PFT
session.

It should also be mentioned that for economic reasons we  had to
somewhat limit the complexity of our study protocol which even in
the current form was rather extensive. Already this “preliminary”
protocol required a minimum number of 21 laboratory visits (15
ISC/PFT sessions, 4 PSG nights, entrance and follow-up examina-
tion) per subject spanning over 4–8 weeks. The main limitations of
the current study are certainly the 5 PFT vs. 10 ISC sessions with the
LPSG-2 night having to serve as post-treatment night for treatment
1 and at the same time as pre-treatment night for treatment 2. As a
consequence we also were not able to statistically take advantage
of the built-in within-subject design and had to adopt a statistically
less sensitive between-group analysis.

With respect to the transfer of SMR  training to sleep spindles it is
evident that our previous study using an identical ISC protocol with
healthy individuals (Hoedlmoser et al., 2008) was more successful
which likely is related to the slower ISC learning curve of insomnia
patients and the relatively low ISC dosage (10 blocks á 24 min  net
training time) for patient populations. It also important to note that
we did not find an overall beneficial effect of ISC training on sleep
spindle enhancement or memory consolidation but rather linear
relationships indicating that some patients may  benefit from ISC
(“responders”) whereas others may  not be responding in desired
directions.

Future studies will have to meet these shortcomings, enhance
the training amount and consider scattering training over time as
present data suggest benefits for an extended ISC training schedule
(cf. Fig. 3). Furthermore, upcoming studies should consider adding
multiple nights before and after ISC training blocks as well as to add
a delayed follow-up (6–9 months) using objective PSG recordings
throughout. Last but not least studies are awaited which address
in which way ISC training exerts its effects on sleep and mem-
ory, that is which specific mechanisms or brain regions are altered
over the course of ISC training which then mediate sleep quality
changes (such as NOA decreases or N3 enhancements). An interest-
ing observation in this respect is that some patients tended to even
decrease SMR  amplitude in the baseline interval which set a lower
“to-be-exceeded” threshold for the following “reward period.” In
this sense patients may  not necessarily learn to up-regulate SMR
amplitude but rather to control at will SMR  activity and related
mental relaxation.

In general we believe that biofeedback studies have to
ensure that they accurately disentangle real from placebo effects
if they intend to promote this promising method as a real
non-pharmacological treatment alternative for various disorders.
Demonstrating that after a given ISC protocol related EEG data actu-
ally changes is as important as comparing the treatment group to
a serious sham-condition of identical duration and instrumental
setup. Unfortunately this latter approach is adopted very rarely (for
review see Hoedlmoser et al., 2011) in the field. It is therefore to
date also practically impossible to tailor ISC or “neurofeedback”
protocols to individual patients’ needs as reliable scientific evi-
dence in this respect is basically absent.

6. Conclusion

In summarizing, current results indicate that people suffer-
ing from primary insomnia can experience subjective as well
as objective benefits from SMR  conditioning. Yet more than 10
SMR  training sessions are recommended in order to find robust
and widespread effects in EEG and well-being even in patient
populations. If it can be confirmed that ISC effects are indeed
durable in treating primary insomnia ISC might qualify as a cost-
effective, non-pharmacological treatment alternative also suited

for patients non-compliant to psychotherapeutic intervention or
pharmacotherapy.
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