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Abstract The sensorimotor rhythm (SMR) is an electro-
encephalographic rhythm associated with motor and cog-
nitive development observed in the central brain regions
during wakefulness in the absence of movement, and it
reacts contralaterally to generalized and hemibody move-
ments. The purpose of this work was to characterize the
SMR of 4-month-old infants, born either healthy at term or
prematurely with periventricular leukomalacia (PVL). Two
groups of infants were formed: healthy and premature with
PVL. Their electroencephalograms (EEGs) were recorded
in four conditions: rest, free movement, right-hand grasp-
ing and left-hand grasping, in order to explore general
reactivity to free movement and contralateral reactivity in
hand-grasping conditions. Associations between SMR,
and cognitive and motor performance were analyzed. The
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healthy infants showed a SMR between 5.47 and 7.03 Hz,
with clear contralateral reactivity to free movement and
right-hand grasping. However, the premature infants with
PVL did not show enough electroencephalographic char-
acteristics to evidence the presence of SMR. Poor perfor-
mance, characteristic of children with PVL, was related to
low-frequency SMR, while good performance was associ-
ated with a higher frequency rhythm in the left hemisphere.
The presence of SMR in the group of healthy infants could
be considered a sign of health at this age. Thus, poor SMR
evidence in the EEG of infants with PVL is probably a
sign of brain immaturity or brain dysfunction. Our results
provide data on infant SMR development that is needed to
design neurofeedback protocols for infants with PVL.

Keywords Sensorimotor rhythm - Healthy infants -
Premature infants - Periventricular leukomalacia - Brain
development - Brain injury

Introduction

Premature birth, low birth weight, asphyxia, infections dur-
ing pregnancy, and birth trauma, are risk factors for neu-
rodevelopmental impairments, such as major cognitive def-
icits and motor disability (Khwaja and Volpe 2008; Mulas
et al. 2000; Volpe 2009). Brain injury in premature infants
consists primarily of periventricular leukomalacia (PVL)
and is frequently accompanied by neuronal and axonal dis-
ease; this constellation has been termed encephalopathy of
prematurity (Volpe 2009). The neuropathological correlates
of this encephalopathy involve lesions in the cerebral white
matter and many cortical and subcortical brain structures,
such as the thalamus (Ligam et al. 2009; Volpe 2009), basal
ganglia, cerebral cortex, brain stem and cerebellum (Volpe
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2009). Many infants with encephalopathy of prematurity
show paroxysmal activity in their electroencephalogram
(EEG), and some of them develop epilepsy (Staudt et al.
1984; Volpe 2001).

In the early 70s, Dr. Sterman discovered that cats trained
with operant conditioning of the sensorimotor rhythm
(SMR), also termed SMR neurofeedback (NFB), were
resistant to hydrazine-induced seizures. This unexpected
finding led to a controlled study which proved that 25%
of the trained animals were completely protected from
crisis induced by hydrazine and in the other 75%, the cri-
sis occurred with a latency twice as long as in the control
group. Therefore, independently of the causes of hypersyn-
chronous discharges, this NFB could reduce the neuronal
excitability of relevant tissues, block the impact of tran-
sient neuronal discharges, and stabilize the characteristics
of the different functional states; the authors concluded that
NFB that positively reinforces SMR could be an effective
therapeutic intervention (Sterman 2000). Sterman and Friar
(1972) published the first scientific article describing the
use of NFB to treat a clinical condition in humans. Subse-
quently, it was found that NFB is a useful tool in the treat-
ment of epilepsy (Sterman and Egner 2006) with level 4
efficacy, according to the Guidelines for the Evaluation of
the Clinical Efficacy of Psychophysiological Interventions
(La Vaque and Hammond 2002).

The SMR, also known as the central or mu rhythm, is
an electroencephalographic rhythm observed in the absence
of movement during wakefulness, and it is present in early
developmental stages of human and other mammalian spe-
cies (Pineda 2005). The SMR has been recorded in central
regions in children and adults (Marshall et al. 2002; Nie-
dermeyer 2004; Pineda 2005; Smith 1939) in dominant
frequencies in the ranges of 8-13 and 15-25 Hz (Pineda
2005); this rhythm has also been observed in frontocentral
regions in infants from 6 months of age in a frequency band
of 6-9 Hz (Marshall et al. 2002; Orekhova and Stroganova
2007; Stroganova et al. 1999). SMR is considered the idling
state of the sensorimotor cortex (Niedermeyer et al. 2004),
is reactive to generalized movement (Pfurtscheller et al.
2000), and presents contralateral reactivity to movement or
somatosensory stimulation of a hemibody (Harii 2006; Nie-
dermeyer 2004; Pineda 2005). The SMR has been strongly
related to motor (Marshall et al. 2002; Pfurtscheller et al.
2000; Smith 1939) and cognitive development (Marshall
et al. 2002; Sterman 2000); it appears to exhibit mirror-
ing properties (Cuevas et al. 2014; Pineda 2005). However,
SMR has never been studied in preterm infants with PVL.

Katona’s treatment has proven to be a useful method
to prevent the progression of motor and cognitive deficits
in infants at risk of brain damage (Harmony et al. 2016;
Katona 1988). The goal of this therapy is the neurohab-
ilitation of infants with risk factors for brain damage, by
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establishing basic motor patterns (Katona 1988). It is based
on the concept of plasticity of the young nervous system
and it consists in the repetition of therapeutic maneuvers
which place the infant in specific corporal positions (Por-
ras and Harmony 2007). These positions activate basic
motor patterns that generate new patterns and conducts.
The objective of using this method is to reduce the expres-
sion of abnormalities in development that could arise as
a consequence of a pre or perinatal risk factors. Harmony
et al. (2016) showed in children at 6-7 years old with peri-
natal brain damage very significantly higher percentage of
children with normal outcome in treated (90%) than in non-
treated (38%) groups.

We propose that NFB treatment that positively rein-
forces SMR increase could enhance the therapeutic effects
of Katona’s treatment when the two are co-administered.
For this reason, the main goals of this work are to test the
presence of SMR and to evaluate whether SMR is related
to cognition at 4 months of age.

Methods

The Ethics Committee of the Instituto de Neurobiologia of
the Universidad Nacional Auténoma de México (UNAM)
approved this study, which also complies with the Ethical
Principles for Medical Research Involving Human Sub-
jects established by the Declaration of Helsinki. Informed
written parental consent for participation in this study was
obtained from the parents of all participants.

Participants

In the Neurodevelopment Research Unit of the Neurobiol-
ogy Institute, from the Universidad Auténoma de México,
newborn infants that have been exposed to brain dam-
age risk factors in the prenatal and perinatal stages are
diagnosed and enter an early neurohabilitation program.
Early diagnosis is a crucial part of the research at this
unit, and newborns are studied with different instruments.
The infants in this study are part of this research unit and
some of them were diagnosed with prematurity and PVL
by magnetic resonance imaging when they first entered the
program.

The EEGs of 27 infants were recorded at 4 months of
age, 13 were healthy subjects and 14 were preterm infants
with PVL. Three of the subjects from the healthy control
group were eliminated because they do not complete all
evaluation. Three healthy subjects and four premature sub-
jects with PVL were eliminated because there were too
few segments free of artifacts after editing the EEG. Two
infants with PVL were eliminated because they presented
other brain alterations besides PVL.
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Two groups of infants were studied: a healthy control
group of seven participants (CTL Group) and a group of
eight preterm infants with PVL (EXP Group); infants
belonging to EXP Group received Katona therapy. Tables 1
and 2 show the main characteristics of these two groups.

In the CTL group, all infants were born at term (37 or
more weeks of gestational age) and all weighed over 2.5 kg
at birth. Infants did not have any antecedent of brain dam-
age and showed normal brain structure in magnetic reso-
nance imaging scans obtained before 2 months of age.
Regarding MDI and PDI of the Bayley scale, only one
infant showed a low score in MDI with the remaining chil-
dren of this group showing normal scores. Infants of the
CTL group also showed normal values for the EEAS.

In contrast, all premature infants (average gestational
age of 32.25 weeks) in the EXP group had antecedents
of risk for brain damage, and weights at birth lower than
2.5 kg. Magnetic resonance images showed abnormal find-
ings in almost all infants of the EXP group. White matter
(PVL) and grey matter lesions were observed and consid-
ered moderate damage. Infants found in the imaging study
to have large cysts were not included. The age of premature
infants was corrected considering 39 weeks as the age they
should born.

Assessment Instruments

Bayley Scale of Infant and Toddler Development, version
II (BSITD II): this scale (Bayley 1993) evaluates neurode-
velopment of young children, ages from 1 to 42 months,
through three indices: mental (MDI), physical (PDI) and
behavioral (BDI). It was applied by the experimented psy-
chologists Milene Roca-Stappung and Minerva Moguel-
Gonzélez, the two first authors of this paper.

Table 1 Characteristics of the control group

Evaluation of Selective Attention Scale (EEAS: Escala
de Evaluacion de la Atencion Selectiva): EEAS, devel-
oped by Gutiérrez-Herndndez and Harmony-Baillet (2007)
and standardized for the Mexican population (Gutiérrez-
Hernandez et al. 2017), is a test that evaluates selective
attention in infants 6 months and younger; this scale con-
tains a total of 46 items grouped by age and distributed into
two subscales, 32 items in the visual subscale and 14 items
in the auditory subscale.

Comparison of the Non-EEG Measures Between
Groups

When statistical comparisons between groups were per-
formed using a multivariate permutation analysis (Galan
et al. 1997), infants of the CTL group showed significantly
greater gestational age (p<0.001), higher weight at birth
(p<0.001) and higher scores in auditory attention from
EEAS (p=0.02) than infants of the EXP group. No signifi-
cant differences were observed in indices from the Bayley
scale or scores of visual attention from EEAS. Apgar at
birth of the EXP group was significantly lower (p=0.03),
and Apgar at 5 min showed a tendency to be lower
(p=0.07) than Apgar measures of the CTL group.

Procedures
EEG Recording

Referential EEG recordings were obtained using the
appropriate cap (ElectroCap™, International Inc.; Eaton,
Ohio)—depending on the size of the infant’s head—
with 19 electrodes distributed according to the 10/20
international system (Fpl, Fp2, F3, F4, C3, C4, P3, P4,
Ol1, 02, F7, F8, T3, T4, TS, T6, Fz, Cz, and Pz) with

Iden Gestational age Weight at birth Apgar Anteced- Clinical MRI Bayley scale EEAS

ents of exam at - -

risk birth MDI PDI BDI  Visual Auditory
CONI1 37 2520 9/9 Twin Normal Normal 75 80 82 48 23
CONI11 38 3525 8/9 None Normal Normal 91 89 80 52 25
CON12 38 2820 9/9 None Normal Normal 91 95 83 51 26
CON14 37 3140 8/9 None Normal Normal 93 115 77 64 28
CONI15 40 3250 8/9 None Normal Normal 91 89 87 55 28
CON18 39 3480 9/9 None Normal Normal 111 89 79 46 28
CON19 40 3120 10/10 None Normal Normal 95 95 86 56 28
Mean 38.43 3079.28 9243 93.14 82.00 53.14 26.57
Standard deviation ~ 1.27 315.26 10.50 10.87 3.65 5.96 1.99

MDI, PDI, and BDI mental, physical and behavioral developmental indices of the BSITD II, EEAS Escala de Evaluacion de la Atencién Selec-

tiva

@ Springer



Appl Psychophysiol Biofeedback

BAI}OQ[OS UOIOUAY

B[ 9p ugroen[eAq 9p B[eISH SVAF ‘II ALISH 2y} Jo sod1pur [ejuawdo[aaap [elolaeyaq pue [ed1sAyd ‘[ejusu ;g pue ‘Iqd ‘[@W ‘wnso[ed sndiod D) ‘SI[OLIIUIA [RIR] A7 ‘OSBaIO9pT ‘asearour |

10L  0S€1899 LLI9T 8I'61 L8¥SY [L'T UONEBIASD pIepuels

STIT 8€'6V 0'SL 8€L8 0588 SLEYIT sTee ULIA]
BIUISUIGNIIIq

Y4 LS T8 SL S8 eruojodAy pozijerouon  -1odAy soruwreIpAyosijo ‘WML, 6/8 00ST (43 LTdXd
eruownaud ‘saueiq

61 09 78 86 L6 93eyrIowoy Ie[noInuaARU]  eruojodAy pazijersusan -wow Jo arydnr arnyewalg 8/L 0SET 8T SzdXH
eruaue ‘eruownaud
‘erwaneuodAy ‘ssansip [e19)

T € 18 06 L6 AT! ‘eroe[ewioNno]  eruojodAy paziferouan amoe ‘eisdwre[oo-oxd arones  g/L SI€l 6T 1zdxd
Q3eyIIOWY JB[NOLIUIA eIaIoue

LT 0S 98 ¥6 €8  -enul‘ooeds prouyoereqng |  eruojodAy paziferousy  ‘stsdog ‘erweurqnuiqradiH /9 0502 €€ 8TdXH
93eYIIOWIY JB[NOLIUIA SSAMSIP 19

al 8¢ 9 %Y IS -enur ‘Ayyedoreydoousoona]  eruojodAy paziferouan anoe ‘ersdwre[oo-a1d 919495 ¢/8 0021 oy 8dXHd
93eyIIOWY Je[NOLY) erwauIqnIIqradAy ‘sson

9T 96 SL  ¥8 €8 -udaenul‘DOTT ‘eroe[ewoNnoT eruonedAy paziferouon  -sIp [e10) Anode ‘eisdwepo-ald  6/8 0cel €€ LdX4
2011 vrUIBUIQ

8 1 LL S6 €6 ‘AT ‘odeds proutpereqng | eruojodAy rerxy -nuiqrodAy ‘ersdwrepe-aid  6/8 SLYT 9¢ vdXd
sisdes ‘soueiq

LT 09 LL 601 6II Qoeds proutpereqng | [eWION -wour jo axmdnr omjewald  6/8 0€61 (43 edxd

Konpny  [ensiA [ad  Iad 1A
Svdd 9[eos A9[Aeg TN YMIq Je wexa [edrur[) YSII Jo sjuapaoouy  Je3dy  yiaiqje 1ySiop 23k [euonRlSID) uapy

dnoi8 gxH 2y} Jo sonsuoerey) g dqelL

pringer

Qs



Appl Psychophysiol Biofeedback

linked earlobes as the reference. EEG recordings were
obtained using a Medicid™ IV system (Neuronic Mexi-
cana, S.A.; Mexico) with differential amplifiers and the
Track Walker TM v5.0 data system. Amplifier charac-
teristics were: gain of 20,000; low-pass filter at 0.5 Hz;
high-pass filter at 100 Hz. Electrode impedance was
below 10 kQ. EEG was sampled every 5 ms and edited
off-line. Recordings took place in a soundproof, dimly lit
room. Infants sat on a baby car seat during all recording
sessions.

The EEG was recorded under four different experi-
mental conditions for each subject: visual attention and
immobility (NM), freely moving activity (M), visual atten-
tion and right-hand grasping (R), and visual attention and
left-hand grasping (L). Under the first condition, the infant
maintained his/her visual attention on a baby mobile; in
the second condition, the infant manipulated different toys
with both hands; during the third and fourth conditions the
infant maintained his/her attention on a baby mobile while
he/she was grasping a toy/or the experimenter’s finger with
the right or the left hand, respectively. Each condition was
registered for at least 6 min in order to get at least 30 s of
artifact-free EEG recording.

EEG Analyses

The EEG was visually analyzed to eliminate segments
that were contaminated with any artifact activity and/or
had alpha activity in the occipital leads (Stroganova et al.
1999). If rhythmic activity was observed in occipital leads
of any EEG segment, the segment was excluded from the
analyses to avoid confusion between alpha rhythm propaga-
tion and mu rhythm. On average, 26 segments of artifact-
free recording under each condition were used for the anal-
yses. Segment length was 1.28 s.

The analyses were performed off-line. The data were
fast Fourier transformed to obtained -cross-spectral

matrices, and absolute power (AP) was calculated for
every 0.78 Hz in the frequency range of 3.90-8.59 Hz
(3.90, 4.68, 5.46, 6.25, 7.03, 7.81 and 8.59 Hz). Only F3,
F4, C3, C4, Fz and Cz leads were considered for the EEG
analysis, because of the topography of the rhythm we
were looking for.

Permutation tests (Good 2005) were used to com-
pare variables obtained by subtracting AP log values
of the M, R or L condition from the AP log value of
the NM condition in each group. The three variables
employed in this study were: APM=AP(NM)—-AP(M),
APR=AP(NM)—-AP(R), and APL=APNM)-AP(L).
Because SMR occurs in the absence of movement and
is suppressed when there is movement of or pressure to
limbs, positive APM differences were classified as SMR
activity. Also, movement of or grasping with one hand
could reduce SMR in the contralateral hemisphere; there-
fore, positive APR or APL was also classified as SMR
activity.

Relationship Between SMR and Cognition

For each lead and frequency included in this analysis, the
correlation coefficients between the estimated power val-
ues and the scores obtained by the behavioral tests (Bay-
ley indices and EEAS subscale scores) were calculated.
Since the sample size was small, and it was not possi-
ble to assume linear relationships between the variables,
the Spearman’s rank correlation method was used in this
step.

Each BSITD index or EEAS subscale score was cor-
related with EEG absolute power in the no-movement
condition (Table 3) or in the difference APM =[NM — M]
(Table 4), considering each frequency (3.90, 4.68, 5.46,
6.25, 7.03, 7.81, and 8.59 Hz) and each lead (F3, F4, C3,
C4, Fz, Cz) separately.

Table 3 Spearman correlation between behavioral tests and AP during NM condition

Test Subscale Frequency F3 F4 C3 C4 Fz Cz
Bayley Mental Raw 3.90 r=-0.59 r=-0.67 r=-0.57
Scales of Infant and Toddler Development ~ Index p=0.0268 p=0.0090 p=0.0337
4.68 r=-0.72 r=-59
p=0.0038 p=0.0259
5.46 r=-0.63 r=-0.57
p=0162 p=0.0328
Physical Raw 3.90 r=-0.69 r=-0.57
Index p=0.0065 p=0339
4.68 r=-0.63 r=-0.67 r=-0.60
p=0.0161 p=0.0084 p=0.0238
5.46 r=-0.56 r=-0.56 r=-0.55
p=0.0369  p=0.0353 p=0.0435
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Table 4 Spearman correlation between behavioral tests and AP during [NM — M] condition

Test subscale frequency F3 F4 C3 C4 Fz Cz
Bayley Mental 6.25 r=0.63 r=0.56
Scales of Normalized p =0.0165 p =0.0392
Infant and Index 7.03 r=0.58
Toddler p = 0.0308
Development | Mental Raw 3.90
Index
4.68
5.46
7.03 r=0.60
p =0.0220
Physical 7.03 r=0.57
Normalized p =0.0316
Index
Physical 3.90
Raw Index
4.68
5.46 r=-0.56
p =0.0387
7.03 r=0.55
p = 0.0406
Behavioral
Raw
Index
Motor Quality
Attention 7.03 r=0.53
p =0.0490
Evaluation of Visual
Selective
Attention Auditory 5.46 r=0.55
Scale p = 0.0356

Results
Presence or absence of SMR

Statistical results are shown in Fig. 1. Healthy, 4-month-
old infants showed significant positive APM differences
(p £0.05) in central regions: in C3 at frequencies between
5.46 and 7.03 Hz, in C4 at 6.25 Hz, and in Cz at 6.25 and
7.03 Hz. Also, healthy infants showed significant positive
APR differences (p <0.05) in Fz at 5.46 Hz and in the
leads of the left hemisphere, F3 at 6.25 Hz and C3 in fre-
quencies between 4.68 and 6.25 Hz. No significant posi-
tive APR values were observed in the right hemisphere,
nor were significant positive differences observed when
APL was analyzed. Interestingly, there were no signifi-
cant negative differences.

Figure 2 shows a characteristic EEG record of a
healthy 4-month-old infant. Rhythmic activity is observed
in central leads when the infant is immobile and attend-
ing the toy. This activity disappeared with free movement
and was attenuated in the right hemisphere (C4) when the
infant grasped with the left hand.

@ Springer

Preterm infants with PVL and 4 months of corrected
age did not show any significant values (p<0.05) in
either APM, APR or APL (see Fig. 1).

Relationship Between SMR and Cognition

In Table 3, significant Spearman correlations between
BSITD-II (and EEAS) and AP during the NM condition
are shown. Significant correlations, all negative, were
only observed in central leads between raw MDI and PDI
from the BSITD and AP calculated for 3.90, 4.68 and
5.46 Hz. On the other hand, significant Spearman corre-
lations between BSITD-II and EEAS and AP using the
difference [NM —M] are shown in Table 4. In general,
significant correlations were mainly concentrated in leads
F3 and C4; correlations that involved F3, C3, and Fz were
positive, while correlations that involved C4 and Cz were
all negative. In addition, negative correlations associated
with lower frequencies, as observed during the NM con-
dition, and positive correlations with the [NM —M] dif-
ference were found in higher frequencies.
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Fig. 1 Comparison of EEG Absolute Power (AP) between no-move-
ment (NM) condition and the remaining conditions in 4-month-old at
term and preterm infants. Leads of EEG recordings are represented
on the X axis, and frequencies are shown in the Y axis. White rec-
tangles show significant positive differences, i.e., EEG activity in the
no-movement condition was greater than that in the other conditions

F4 C3

C4 Fz C2 F3 F4 C3 C4 Fz2 C2

(NM no-movement, M movement, R right-hand grasping, L left-hand
grasping). Observe that in the Control Group AP in NM condition
was significant higher than M (in C3 at 5.46-7.03 Hz, C4 at 6.25 Hz,
and Cz at 6.25-7.03 Hz) and R (in F3 at 6.25 Hz, C3 at 4.68-6.25 Hz,
and Fz at 5.46 Hz). No other significant differences were observed

@ Springer



Appl Psychophysiol Biofeedback

No movement
F3 -A12 ANV O\ AAA AN 68U~

F4 -A12 /\/\]\/‘“‘\/\"’\/\/\/\/\/\/\\M 60pV.

c3 -A12 /\«/\[\/\/\/V\/\N\/\/\/\ 68pU
C4 -A12 /\/\/\/\,\/\/\/\/\\/\/\_/\A/\/ 60pU~r

Fz -A12 ’\/\/\/"\/\_/\f,—va—«.M 68pYU_~
cz A2 WANSAAANASMMNNN soror”

EMG-RH wansrmamvmmvmarmemmn st pempntornr o GBPY-wr

EMG-LH 60pU~s

Left hand grasping
ANAANNANANANANN S 68pU~

F3 -A12

F4 -A12 eI AN ) 6BPUL

W\/\/\/\/\/\/\/\/V\/\/\’\/\/ 60U/

N INAN AN N~ 6BPUS—

C3 -A12
C4 -A12

Fz -A12 /—’“\/\/\/\/\/x\f'\'\*\/\/\/\/\/\/\ 68pU_

MMAMYMA A s

EMG-RH ———r s amvmani—amme G@PU-r

WMWWWWW ot

Cz -A12

EMG-LH

Fig. 2 EEG record of a healthy 4-month-old male at term. Note the
rhythmic activity in the “No movement” condition, mainly in central
leads (upper left), that disappears with “Movement” (upper right).

Discussion
The main purpose of this work was to characterize SMR

in 4-month-old infants, either healthy or premature with
PVL. According to Steriade, an electroencephalographic
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Note also, the contralateral reactivity of this rhythmic activity: C4
reduction with left-hand grasping (bottom left) and C3 reduction with
right-hand grasping

rhythm is defined as regularly recurring waveforms of
similar shape and duration, and associated with a spe-
cific range of frequencies, topography, reactivity and
morphology (Niedermeyer 2004). During wakefulness,
there is a rhythmic activity at a frequency around 7 Hz
in central leads in 4-month-old infants (Smith 1939) and
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an increase of the relative power in these same leads
in a range between 6 and 7 Hz at 5 months of age and
between 7 and 8 Hz at 10 months old, which seems to
be independent of the classical alpha rhythm at posterior
sites (Marshall et al. 2002); these data suggest that the
frequency of SMR increases during development. This
activity was interpreted as SMR in all cases. Stroganova
et al. (1999) observed rhythmic activity in an attention
(and no-movement) condition with a peak around 7 Hz at
pre-central sites in 7- to 12-month-old infants. They sug-
gested that this was the central or mu rhythm, because it
was reduced in a condition of darkness in which alpha
rhythm increased.

In the present work, all EEG activity in central or fron-
tal leads in the frequency range between 3.90 and 8.59 Hz
that was reactive to movement was classified as SMR.
Although previous studies in infants showed that the SMR
was present after 6 Hz, our study explored lower frequen-
cies, because some of the infants studied were affected by
prematurity and PVL.

An important contribution of this experiment is the
attempt to demonstrate the characteristic contralateral reac-
tivity of this rhythm to muscle activity. Healthy 4-month-
old infants showed reactivity to free movement in the range
of frequencies between 5.46 and 7.03 Hz for all the cen-
tral leads considered, while reactivity to right-hand grasp-
ing was observed in leads of left hemisphere and midline
(mainly at C3 in frequencies between 4.68 and 6.25). This
suggests that reactivity to free movement is very strong
over central regions, while contralateral reactivity of SMR
remains unclear. This contralateral reactivity was only
observed as a power reduction in the left hemisphere when
subjects grasped with their right hands, also involving mid-
line leads, and was not observed when participants grasped
with their left hands.

The frequency of the electroencephalographic rhythms
was reported to increase during development (Niedermeyer
2004). In addition, recent evidence supports the hypothesis
that thalamo-cortical connectivity becomes more specific
with maturation due to axonal retraction and elimination of
collaterals throughout development and aging (Fair et al.
2010), which may consequently influence this frequency.

On the other hand, preterm infants with PVL and
4 months of corrected age showed no evidence of SMR,
because the activity observed during the no-movement
condition did not show reactivity to free movement, or
to left or right grasping. When they were compared with
healthy infants of the same age, a very poor response to
manipulation of the SMR was evident. Infants with PVL
are known to present many abnormalities, such as smaller
volume of subcortical areas or/and hypomyelination of dif-
ferent cerebral structures, because of brain injury (Volpe
2009). Injury to cerebral white matter characterizes PVL

(Xydis et al. 2006; Volpe 2009), and it results in neuronal
and axonal disease in many cortical and subcortical regions
(Volpe 2009). The thalamus is widely affected by this
injury; infants with PVL show a 40% volume decrease in
this cerebral area (Volpe 2009). It has been suggested that
the mu rhythm or SMR has a thalamic origin (Egner and
Sterman 2006; Hughes and Crunelli 2005); therefore, dif-
ferences between healthy and preterm infants with PVL in
the SMR characterization were expected. Unexpectedly,
premature infants with PVL did not show evidence of SMR
at 4 months; this dramatic finding might be due to damage
of cortical and subcortical regions as well as white matter
lesions, especially impaired oligodendrocyte maturation
(Volpe et al. 2011).

When we explored whether there was an association
between SMR and mental, motor or behavioral develop-
ment using the BSITD, or between SMR and selective
attention as evaluated by EEAS, negative correlations were
found between BSITD MDI and PDI and AP of SMR at
3.90, 4.68 and 5.46 Hz at C4 and Cz, while positive cor-
relations were observed between MDI or PDI of BSITD
and absolute power of SMR at 6.25 and 7.03 Hz, involv-
ing F3, C3, and Fz. In addition to the association between
SMR and motor behavior, SMR has been related to social
and cognitive processes, such as imitation and language
(Cuevas et al. 2014), and SMR NFB has been used to
reduce signs and symptoms of Attentional Deficit Hyper-
activity Disorder (Kerson 2013; Lubar 1997). Beauregard
and L’evesque (2006) showed that the function of the brain
circuits mediating selective attention and response inhibi-
tion could be normalized in ADHD children by treating
with SMR NFB. In healthy subjects, NFB reinforcing SMR
increase has demonstrated a general attention-enhancing
effect (Egner and Gruzelier 2004).

Preterm infants with PVL obtained the lowest scores in
BSITD and EEAS, suggesting that SMR at higher frequen-
cies in leads of the left hemisphere is related to better per-
formance in behavioral tests. One might then conclude that
the adequate target for SMR feedback should be the high-
frequency SMR in left leads in order to improve motor and/
or cognitive abilities; however, these preliminary results are
not yet conclusive to set NFB protocol recommendations.

Conclusion

We show evidence that SMR is present in healthy infants
at 4 months of age. This is the first time that SMR has been
studied in infants with PVL and at risk of its well-known
motor sequelae. The absence of SMR at 4 months in these
infants is an important finding that reflects the abnormality
of their motor functions. Further investigations are needed
to gain a better understanding of this phenomenon, because
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SMR must be present in order to positively reinforce an
SMR increase, which would be a useful tool to treat brain-
damaged infants who are receiving Katona’s treatment. We
expect that with maturation, healthy infants will also pre-
sent SMR reduction in the left grasping condition. We also
expect that at 6-8 months of corrected age signs of SMR
will be observed in infants born preterm with PVL.
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