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Abstract

Previous studies suggest that autism spectrum disorders are characterized by alterations in the microbiota—gut—brain
axis. Probiotics may modify the composition and the functionality of the gut microbiota of autism spectrum disorder
individuals, with possible cascading effects on brain function. In this study, we analyzed possible brain modifications
induced by the administration of probiotics in 46 children with autism spectrum disorder using electroencephalography.
A randomized 6-month controlled trial was performed. In subjects treated with probiotics, we observed a decrease
of power in frontopolar regions in beta and gamma bands, and increased coherence in the same bands together with
a shift in frontal asymmetry, which suggests a modification toward a typical brain activity. Electroencephalography
measures were significantly correlated with clinical and biochemical measures. These findings support the importance of
further investigations on probiotics’ benefits in autism spectrum disorder to better elucidate mechanistic links between
probiotics supplementation and changes in brain activity.

Lay abstract

This study investigates the effects of a probiotic on preschoolers’ brain electrical activity with autism spectrum disorder.
Autism is a disorder with an increasing prevalence characterized by an enormous individual, family, and social cost.
Although the etiology of autism spectrum disorder is unknown, an interaction between genetic and environmental
factors is implicated, converging in altered brain synaptogenesis and, therefore, connectivity. Besides deepening the
knowledge on the resting brain electrical activity that characterizes this disorder, this study allows analyzing the positive
central effects of a 6-month therapy with a probiotic through a randomized, double-blind placebo-controlled study and
the correlations between electroencephalography activity and biochemical and clinical parameters. In subjects treated
with probiotics, we observed a decrease of power in frontopolar regions in beta and gamma bands, and increased
coherence in the same bands together with a shift in frontal asymmetry, which suggests a modification toward a typical
brain activity. Electroencephalography measures were significantly correlated with clinical and biochemical measures.
These findings support the importance of further investigations on probiotics’ benefits in autism spectrum disorder to
better elucidate mechanistic links between probiotics supplementation and changes in brain activity.
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Introduction

Autism spectrum disorders (ASD) affect about 1% of the
population worldwide (Elsabbagh et al., 2012; Narzisi et al.,
2018). Although the exact etiopathogenesis of idiopathic
ASD is not fully elucidated, compelling evidence suggests
an interaction between genetic liability and environmental
factors in producing early alterations in brain development,
which in turn underlie atypical neuropsychological func-
tioning and core ASD symptoms (Bai et al., 2019).

In recent decades, several studies have highlighted an
association between physiological and metabolic abnor-
malities in ASD and immune dysregulation/inflammation
(Ashwood et al., 2011; Wei et al., 2012). Interleukin (IL)-
6, tumor necrosis factor-alpha (TNF-a), and macrophage
chemoattractant protein-1 (CCL2) have been proposed as
potentially involved in brain inflammation at least in a
subgroup of subjects with ASD (Burnette et al., 2011).
Evidence from other studies had highlighted the role of
pro-inflammatory cytokines, such as IL-1, IL-6, and TNF-
o, as main factors in the generation of atypical behavioral
and electroencephalography (EEG) patterns occurring in
ASD (Meltzer & Van de Water, 2017).

Besides, an increasing body of preclinical and clinical
evidence has revealed that alterations in the microbiota—
gut-brain (MGB) axis (i.e. the bidirectional communication
between the intestinal microbiota and the brain) may con-
tribute to the development and/or maintenance of ASD
(Iannone et al., 2019). In this framework, recent studies
reported a different gut microbiota composition (which nor-
mally consists mostly of bacteria, and also other microor-
ganisms, suchasarchaea, fungi, parasites, and bacteriophages
resident in the gastrointestinal (GI) tract) in individuals with
ASD compared with age-matched typically developing
(TD) controls (Kelly, Minuto, et al., 2017), and a positive
correlation between the reduced diversity of gut microbiota
and the severity of autistic symptoms (Kang et al., 2013).
The gut dysbiosis of ASD subjects may, in turn, be related to
the high prevalence of co-morbid GI symptoms in these
subjects (Holingue et al., 2018).

Based on this knowledge, there has been an increasing
rationale and interest in using probiotics, that is, “live micro-
organisms which, when administered in adequate amounts
confer a health benefit on the host” (Hotel & Cordoba,
2001), to modify the composition and the functionality of
the gut microbiota of ASD individuals, with the final aim of
improving both GI and ASD features. A mixture of
Bifidobacteria, Streptococci, and Lactobacilli is thought to
be the most promising treatment for GI problems and behav-
ioral symptoms in ASD subjects (Fattorusso et al., 2019).
Previous research conducted on children with ASD showed
that probiotic supplementation (PS) with the strains men-
tioned above: (a) improves GI dysfunction (West et al.,
2013), (b) positively influences the gut microbiota composi-
tion through the normalization of Bacteroides/Firmicutes
ratio and the decrease of Desulfovibrio spp. (Tomova et al.,

2015), and (c) reduces ASD severity (Shaaban et al., 2018).
However, the studies conducted so far in humans investigat-
ing the impact of PS on GI dysfunction and ASD symptoms
are generally affected by several methodological limita-
tions, including the limited sample size, the absence of rig-
orous assessment criteria for ASD diagnosis, the short
duration of treatments (usually less than 1 month) and the
low-quality design, being mostly open-label trials or case-
control studies (Patusco & Ziegler, 2018). In the last few
years, some PS randomized controlled trials (RCTs), the
design that best protects against bias, have been conducted
in ASD subjects (Grimaldi et al., 2018; Liu et al., 2019;
Parracho, 2010; Santocchi et al., 2020).

In particular, Santocchi et al. (2020) recently showed
that preschoolers with a confirmed diagnosis of ASD could
benefit from a multistrain probiotic mixture (Vivomixx®).
In more detail, the supplementation with the PS Vivomixx®
resulted in no statistically significant differences in autism
severity of the whole sample over 6 months as compared
with placebo. An exploratory secondary analysis on sub-
groups of children with or without GI symptoms revealed
a significantly greater improvement in autism severity in
the group without GI symptoms treated with probiotics,
and greater improvements in some GI symptoms, adaptive
functioning, and sensory profiles in the group with GI
symptoms treated with probiotics. To provide an objective
evaluation of PS response on brain function (Willyard,
2016), we examined EEG power spectra during resting
before and after PS compared to placebo in ASD children
enrolled in that RCT.

Previous data provided evidence that rehabilitative
intervention for subjects with ASD could enhance neuro-
plasticity, that is, the cerebral neurons and neural circuits’
capacity to structurally and functionally change in response
to external stimuli or environmental modifications
(Pascual-Leone et al., 2005). In this framework, thanks to
longitudinal studies that include pre- and post-treatment
acquisition, advanced neuroimaging techniques, such as
magnetic resonance imaging (MRI), have been recently
used to investigate brain plasticity by monitoring the
effects of therapy in ASD subjects (Calderoni et al., 2016).

Other studies have used EEG to evaluate brain changes
during interventions. EEG is a non-invasive, flexible tech-
nique that can provide a precise millisecond-timescale to
examine physiologic and pathologic temporal dynamics.
Some studies have applied different EEG analysis meth-
ods, showing altered neural networks in ASD during rest
and specific task conditions (Billeci et al., 2013; Schwartz
et al., 2017). However, there is a lack of studies analyzing
brain function connectivity changes before and after spe-
cific interventions for people with ASD. Only a few stud-
ies have been performed in this direction showing that
EEG is a powerful tool to detect brain modifications
induced by a rehabilitative (Billeci et al., 2017; Portnova
et al., 2020; Van Hecke et al., 2015) or pharmacological
(Larsson et al., 2012; Raz et al., 1987) intervention.
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Although up to now, there are no studies evaluating the
effects of PS on the autistic brain using EEG, previous
investigations have shown that the administration of probi-
otics can induce changes at the brain level in healthy
humans. The administration of Bifidobacterium Longum
1714 in healthy volunteers determined an enhanced frontal
midline electroencephalographic mobility together with an
improvement in hippocampus-dependent visuospatial
memory performance (Allen et al., 2016). Conversely, no
statistically significant changes in memory and sustained
attention and associated EEG measures (brain activity in
frontal, parietal, and central regions) emerged after the
administration of the Lactobacillus rhamnosus (JB-1) for
4weeks in healthy male subjects (Kelly, Allen, et al.,
2017). Moreover, in a study (Takada et al., 2017) evaluat-
ing the effects of Lactobacillus casei strain Shirota on aca-
demic stress-induced sleep disturbance in healthy adults,
the authors showed the beneficial effects of probiotics on
sleep through EEG measures (decreased sleep latency,
maintenance of the percentage of stage 3 non-rapid eye
movement (REM) sleep, increased delta power).

In the field of ASD, some animal studies showed brain
modifications using probiotics. For instance, a study
showed that Lactobacillus Reuteri (L. Reuteri), a species
relatively scarce in the animal model of ASD Shank3 KO
mice, positively correlated with the expression of
y-aminobutyric acid (GABA) receptor subunits in the
brain (Tabouy et al., 2018). In particular, Shank3 KO
mice’s treatment with L. Reuteri induced attenuation of
unsocial behavior, limited to male Shank3 mice, and a
decrease in repetitive behaviors in both male and female
Shank3 KO mice. Besides, L. Reuteri treatment affected
GABA receptor gene expression and protein levels in mul-
tiple brain regions. Thus, a possible relationship between
Lactobacillus, autism-related behaviors, and GABAergic
function emerges.

Since the few encouraging proof-of-principle studies
on healthy volunteers and animal models suggested that
multistrain probiotics can alter resting brain activity, the
central hypothesis of this study examined whether neuro-
physiological changes would be evident in children with
ASD treated with probiotics. Given the paucity of studies
in this sense and the absence of studies specifically in
ASD, we did not make a priori hypothesis on the brain
regions or frequency bands involved. Thus, the first and
primary aim of this study was to examine whether neuro-
physiological characteristics (power, coherence and asym-
metry) changed specifically in children treated with
probiotics. The second aim of this study was to examine
relations between these neurophysiological modifications
and clinical and inflammatory measures after PS. To date,
immune and gut alterations in ASD have mostly been stud-
ied separately, considering the immune system as one of
the routes for gut-brain communication. In this work, we
hypothesized possible common mechanisms of action for

the gut microbiota and inflammation on the neural basis of
ASD evaluable by EEG. In particular, looking for a mech-
anism that underlies the possible brain modifications
induced by the administration of probiotics measured, we
hypothesized that intestinal dysbiosis could, altering intes-
tinal permeability, increase systemic inflammation and
therefore induce neuroinflammation. In turn, neuroinflam-
mation could induce an alteration of brain function that
could be affected through the use of the PS improving sys-
temic and central inflammation.

Materials and methods

Experimental protocol

The experimental study protocol is already published
(Santocchi et al., 2016). The study is a 6-month double-
blind, randomized parallel, factorial, efficacy-controlled
trial with probiotics, and an allocation ratio of 1:1. The
patients’ parents/guardians provided their written informed
consent to participate in the study in accordance with the
declaration of Helsinki.

Subjects were examined before treatment (T0) and after
6 months of probiotic/placebo treatment (T1). The probiotic
supplement was the De Simone Formulation (marked as
Vivomixx® in the EU and Visbiome® in the United States).
The bacterial strains included in the De Simone Formulation
are: Streptococcus thermophilus, Bifidobacterium breve, Bi-
fidobacterium longum, Bifidobacterium infantis, Lacto-
bacillus acidophilus, Lactobacillus plantarum, Lactobacillus
para-casei, and Lactobacillus delbrueckii subsp. Bulgaricus.

The two groups were randomly assigned 1:1 to supple-
mentation with probiotics or placebo for 6 months, the ran-
domization was made independently in children with and
without GI problems (GI and non-gastrointestinal (NGI)
groups, respectively, based on the gastrointestinal severity
index (GSI) score, see Santocchi et al., 2016) to obtain
four parallel arms. At both TO and T1, clinical/behavioral
measures and blood samples were collected, and electro-
encephalographic recordings were performed. For each
measure of interest (power, coherence, and asymmetry),
we analyzed longitudinal differences and correlations with
clinical and biochemical measures.

Participants

Sixty-three children aged 18-72months diagnosed with
ASD completed the RCT. Forty-six of these subjects (35
males and 11 females; mean age 46.56 months = 13.92,
range 26.64—73.32 months) had good quality EEG signal
at TO and T1, and were included in the present study.

The diagnosis of ASD was based on the Diagnostic and
Statistical Manual of Mental Disorders—>5th edition (DSM-
5) diagnostic criteria (American Psychiatric Association
(APA), 2013), and confirmed with the Autism Diagnostic
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Observation Schedule—second version (ADOS-2) (Lord
etal., 2012) and the Autism Diagnostic Interview—Revised
(ADI-R) (Rutter, Le Couteur, et al., 2003). ASD subjects
were enrolled in a tertiary care university hospital. We
excluded subjects with neurological syndromes, focal neu-
rological signs, history of asphyxia at birth, severe prema-
ture birth, perinatal injuries, epilepsy, significant sensory
impairment, diagnosis of not functional GI disorder or coe-
liac disease, special diets already underway, known brain
anomalies.

Table 1 shows the main clinical characteristics of the sam-
ple at TO and T1 (see Table S1 in Supplementary Materials
for all the clinical features).

Clinical and biochemical data

Clinical evaluation included neurological and psychiatric
examination along with a standardized assessment of GI
symptoms investigated through the GSI (Schneider et al.,
20006); autism severity through ADOS-2 (Lord et al., 2012),
Childhood Autism Rating Scale (CARS) (Schopler et al.,
1980), and Social Communication Questionnaire (SCQ)
(Rutter, Bailey, et al., 2003); restricted and repetitive behav-
iors through the Repetitive Behavior Scale—Revised (RBS-
R; Bodfish et al., 1999); emotional, behavioral, and social
problems screening through the Child Behavior Checklist
(CBCL; Frigerio et al., 2006); cognitive development through
the Griffiths Mental Development Scales—Extended Revised
(GMDS-R; Griffiths, 2006); adaptive functioning through the
Vineland Adaptive Behavior Scales-II (VABS-II) (Balboni
et al., 2016; Sparrow et al., 2005); language abilities through
the  McArthur-Bates ~ Communicative  Development
Inventories (CDI) (Fenson, 2007).

We also collected demographics (i.e. age, sex, parental
education and employment, family, and residential infor-
mation), physical parameters (i.e. weight, height, and
head circumference), medical history, and detailed treat-
ment data.

For biochemical analysis, blood samples were collected
at TO and at T1 by venipuncture in the morning after over-
night fasting, rapidly separated by centrifugation for 15 min
at 4°C, and plasma samples were stored frozen at —80°C
until assay.

Plasma levels of leptin, TNF-a, IL-6, PAI-1, CCL2
were measured by a specific assay (MILLIPLEX MAP
Millipore corporation, Billerica, MA, USA), using an inte-
grated multi-analyte detection platform (high-throughput
technology MagPix system, Luminex xXMAP technology)
with combined Analyst software (MILLIPLEX®) for the
biomarker quantification developing new curve fitting
algorithms and optimizing mathematical methods to mini-
mize fitting errors. Biochemical data of the sample are
reported in Table S1 in Supplementary Materials.

EEG acquisition set-up

The EEG signal was recorded with a 128-channel
HydroCel Sensor Net (HCGSN 128, Electrical Geodesics
Inc., USA) system. Data were acquired at a sampling rate
(SR) of 500Hz, setting impedances below 50kQ, and
using a band-pass filter between 0.1 and 100Hz, and a
notch filter at SOHz for a visualization purpose. The sig-
nals were acquired during 8 min long passive attention
resting-states, where children were looking at a video
without audio. Recordings were performed in an isolated,
quiet room. All the children watched the same video.

The use of a high-density system for signals recording
allows to have a clearer distinction between signal and
noise components, such as those deriving from eye move-
ments (Klug & Gramann, 2021) using appropriate process-
ing methods like independent component analysis (ICA;
Pion-Tonachini et al., 2019).

EEG data processing

The EEG signal was processed with EEGLAB (Delorme
et al., 2011) and custom MATLAB functions (MATLAB
2019a, The MathWorks, Natick, 2019). First, the signal
was high-pass filtered above 1 Hz with a zero-phase fil-
ter. Then, our preprocessing pipeline relied on two com-
plementary techniques for EEG cleaning (Loo et al.,
2019): the artifact subspace reconstruction (Mullen et al.,
2015) and ICA. The former removes high-amplitude
time-varying artifacts (e.g. sensor motion, muscle) with a
sliding-window optimized principal component analysis
(PCA)-based spatial filter (Mullen et al., 2015). The lat-
ter allows to decompose the signal into stationary brain
and nonbrain sources of activity. Here, we used the arti-
fact subspace reconstruction (ASR) with optimal values
according to the results presented in the work of Chang
et al. (2020), to avoid data overcleaning. In Figure 1,
we report an example of the raw and corrected data.
Afterward, the preprocessed data signal was visually
inspected, and those parts of the signal that were not
properly cleaned by the ASR were removed (Uriglien &
Garcia-Zapirain, 2015). Specifically, we excluded those
time windows in which artifactual activity was clearly
evident from the EEG tracing (e.g. high-amplitude dis-
tortions of the signal).

Then, the preprocessed EEG signals were average-ref-
erenced and decomposed into sets of temporal-maximally
independent components (ICs) with the AMICA algo-
rithm (Palmer et al., 2012). These components represented
both brain sources and different types of artifacts (muscu-
lar, ocular, and other sources of noise). Artifactual compo-
nents were removed using the ADJUST EEGLAB plugin
(Mognon et al., 2011) and by visual inspection and then
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Table I. The main clinical characteristics of the sample at TO and T|. Ordinal variables were compared using independent sample
t-tests, while categorical variables were compared using chi-square tests.

Characteristics Groups (n, %)

Placebo TO Probiotics TO p-value  Placebo TI Probiotics T1
(20, 43) (26, 57) (20, 43) (26, 57)
Age, mean (SD), y 3.78 (0.86) 4.40 (1.29) 0.06 4.33 (0.88) 4.95 (1.32)
[range] [2.57-5.58] [2.20-6.10] [3.08-6.10] [2.72-6.70]
Boys, No. (%) 15 (75.0) 20 (76.9) 0.57
ADOS CSS?, No. 20 26 20 26
Score, mean (SD)
Total 6.8 (2.0) 7.0 (1.1) 0.54 6.9 (1.9) 6.3 (1.6)
DQ?®, standardized test, No. 15 22 18 23
Mean (SD)
General quotient, mean (SD) 66.9 (21.4) 66.1 (17.8) 091 63.8 (19.6) 62.3 (21.9)
13 out of 15 19 out of 22 16 out of 18 22 out of 23
VABS-II¢, No. 20 26 20 26
Composite score, mean (SD) 58.1 (17.0) 65.1 (21.0) 0.23 61.9 (16.3) 67.5(21.4)
GSI Severity Index?, No. 20 26 20 26
Score, mean (SD)
Total 6-GSlI 1.7 (1.6) 2.1 (2.2) 0.46 1.5 (1.1) 1.2 (2.5)

Abbreviations: ADI-R: Autism Diagnostic Interview—Revised; ADOS: Autism Diagnostic Observation Schedule; CARS: Childhood Autism Rating
Scale; CBCL 1.5-5: Child Behavior Checklist 1.5-5; CSS: Calibrated Severity Score; DQ: Developmental Quotient; Gl: gastrointestinal; GSI:
gastrointestinal severity index; No.: number; NGI: non-gastrointestinal; PSI: parental stress index; RBS-R: Repetitive Behaviors Scale—Revised; SCQ:
Social Communication Questionnaire; SD: standard deviation; VABS-II: Vineland Adaptive Behavior Scales-II; y: years.

2Higher scores indicate greater severity (range of possible scores for total, social affect and restricted and repetitive behavior is 1-10).

®Higher scores indicate greater cognitive ability. Scores around 100 indicate normal intelligence; scores below 70 indicate a developmental delay.
‘Higher scores indicate greater adaptive competences. Scores around 100 indicate normal adaptive capacities; scores below 70 indicate a delay with

respect to age.

dHigher scores indicate greater severity of gastrointestinal symptoms; Total 6-GSI has a range of 0 to 12, Total GSI has a range of 0 to 17.

the EEG signal was reconstructed without these compo-
nents’ contribution. Specifically, we took special care of
identifying and removing eye-movement related compo-
nents as children were watching a video during the acqui-
sition. Finally, a 5-min long artifact-free window was
extracted for each participant centered at half of the
recording for which we performed the subsequent power,
asymmetry, and coherence analyses (Billeci et al., 2017).
Each measure was evaluated within the following fre-
quency bands: delta (1-3) Hz, theta (4-7) Hz, alpha (8—
12) Hz, beta (13-24) Hz, and low-gamma (30-45) Hz.
Details about the number of electrodes included in each
region can be found in the Supplementary Material
(Figure 1S).

EEG power analysis. We evaluated the EEG power spectral
density (PSD) for each participant using the Welch’s
method. Specifically, we applied a sliding Hamming win-
dow with a length of 125 sampling points (250 ms) and an
overlap of 50%. For each participant, we estimated the
regional power according to the following subdivision of
the scalp: left frontopolar (LFP), right frontopolar (RFP),

left frontal (LF), right frontal (RF), left parietal (LP), right
parietal (RP), left temporal (LT), right temporal (RT), left
occipital (LO), and right occipital (RO). Relative powers
were used since they are more reliable than absolute pow-
ers in terms of less variability among different subjects, as
well as they are less affected by artifacts (Sheikhani et al.,
2012). To compute relative powers, the PSD results of
each frequency band were normalized to the whole fre-
quency band

P(f1,12)
RE(IL2) =0 T (1)
where P(-) indicates the power, RP(-) indicates the relative
power, f, f, indicate the low and high frequency of the
band, and L, H indicate the low and high frequencies of the
signal (i.e. 1 and 45Hz). The RP for each frequency band
was averaged in each region.

EEG coherence analysis. The coherence of two discrete-
time signals x[m] and y[m] is defined as follows (Piersol
& Bendat, 2000)
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Figure |. Example of signal cleaning for a subset of channels applying the preprocessing procedure. Blue: raw signal, red: clean
signal. On the right side, the scalp map of the selected electrodes is reported.
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where P.(f) is the PSD of the x[m] time-series,
P.(f) is the PSD of the »[m] time-series and
P, (fH=1/ nz; X, (f)Y",(f) is the cross-power spec-
tral density (CSPD) between x[m] and y[m].

We evaluated the coherence between regions of the left
and right hemispheres: frontopolar coherence, frontal
coherence, parietal coherence, temporal coherence, and
occipital coherence. Furthermore, we calculated intrahem-
ispheric coherence: frontopolar—occipital, fronto—occipi-
tal, fronto—temporal, and occipital-temporal. Coherence
values were estimated for the delta, theta, alpha, beta, and
low-gamma frequency bands.

EEG asymmetry andlysis. Interhemispheric asymmetry
value represents the balance between left and right brain
activities. The asymmetry index (Al) was calculated as
follows (Pivik et al., 1993)

3)

where P, and P, were the power obtained from left and
right regions of a homologous region pair (frontopolar,
frontal, parietal, temporal, and occipital).

Community Involvement: there is no community
involved in this study.

Statistical analysis

Statistical analysis was performed using SPSS 20.0. First,
EEG measures computed at TO were analyzed #-test to
evaluate whether between-groups (placebo/probiotic) dif-
ferences exist at TO.

For the first aim of this study, that is, evaluate longitudi-
nal changes (T1-T0) in neurophysiological measures, we
considered three outcome measures: power, coherence, and
asymmetry. These measures were analyzed through a
repeated-measures analysis of variance (ANOVA) with
treatment (placebo/probiotic) as between-subject factors
and time (TO and T1) and frequency bands (delta, theta,
alpha, beta, and gamma) as within-subject factors. A sepa-
rate repeated-measure ANOVA was performed for each
measure. Greenhouse—Geisser corrections were applied
when necessary to correct violations of the sphericity
assumption. Post hoc tests were performed using paired
t-test. As an exploratory investigation, the above analysis is
presented without multiple comparison correction. The false
discovery rate (FDR) function in the post hoc test was
briefly explored. For the second aim of the study, correlation
analysis between neurophysiological and clinical or bio-
chemical measures was performed using bivariate correla-
tions (Pearson) for the EEG and behavioral or biochemical
measures calculated at T1. The level of significance for all
tests was set at p <0.05.

Results

As a preliminary analysis we examined the EEG parame-
ters between TO and T1 in GI and NGI groups. We did not
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find significant differences between groups, for this rea-
son, we considered two parallel arms (probiotic and pla-
cebo groups) instead of the four arms planned in the study
protocol.

Changes in EEG measures dafter probiotics
administration

Power analysis. Power analysis showed a significant
time X bands X treatment effect for RFP (F=3.62180,
p=0.03814, n?=0.0761) and LFP (F=.3.75, p=0.04,
n?=0.079). Notably, the effect time X bands was not sig-
nificant (F=0.536, p=0.710, n*=0.012 and F=0.526,
p=0.545,1?=0.012), meaning that changes in EEG meas-
ures are not influenced by age difference from TO to T1.
No significant effect of treatment. We further performed
post hoc analysis by means of paired #-test. We observed
that in the subjects treated with probiotic RFP and LFP
power decreased from TO to TI1 both in beta (TO:
13.09 =3.46, T1: 11.43*+2.76, t=2.629, p=0.014; TO:
11.97+3.11,T1: 10.75 =2.42,t=2.132, p=0.043, respec-
tively) and gamma (TO: 5.80+2.42, Tl: 4.89*1.82,
t=2.097, p=0.046; TO: 5.50*=2.30, T1: 4.63 £1.39,
t=2.525, p=0.033, respectively) bands (Figure 2). The
modification in RFP power in beta band approaches sig-
nificance after FDR correction (p-corrected=0.05). No
significant change in RFP power was observed in subjects
treated with placebo. No other significant effects were
found.

Coherence analysis. Repeated measures ANOVA showed a
significant time X bands X treatment effect for frontopolar
coherence (F=2.481, p=0.04, n?=0.56). Also in this case,
the time X bands effect was not significant (F'=0.677,
p=0.415, n?=0.065). Paired t-test post hoc comparison
showed that in the subjects treated with probiotic frontopo-
lar coherence increased from TO to T1 both in beta (TO:
0.099 £0.046, T1: 0.130 £0.046, t=-2.396, p=0.024)
and gamma (TO: 0.094=*=0.059, T1: 0.139=*=0.089,
t=—2.563, p=0.017) bands (Figure 3). The modification in
frontopolar coherence in gamma band approaches signifi-
cance after FDR correction (p-corrected=0.06). On the
contrary, no significant change in frontopolar coherence
was observed in subjects treated with placebo. No signifi-
cant effect of treatment or group was found for the other
coherence measures.

Asymmetry analysis. As far as asymmetry, there was a sig-
nificant time X bands X treatment effect on frontopolar
asymmetry (F=2.695, p=0.045,1?>=0.217) and on frontal
asymmetry (F=3.119, p=0.026, 1?>=0.242) while the
effect time X bands was not significant (F'=0.208,
p=0.934, n?=0.005 and F=0.840, p=0.502, n*=0.019,
respectively). Post hoc analysis showed that frontal asym-
metry in ASD subjects treated with probiotic decreased in

delta band (TO: 0.029*=0.053, T1: —0.024 £0.047,
t=2.791, p=0.032) while frontopolar asymmetry increased
in alpha band in ASD subjects treated with placebo (TO:
0.022 =0.043, T1: 0.077 = 0.043, t=-2.991, p=0.03).

Correlation between EEG, clinical, and
biochemical measures

We performed a correlation analysis between neurophysi-
ological and clinical or biochemical measures using bivar-
iate correlations (Pearson) for the EEG and behavioral or
biochemical measures calculated at T1. In particular, EEG
measures were selected for inclusion in correlational anal-
yses based on outcomes from the longitudinal analysis, to
preserve power. Since we did not have a priori hypothesis
on which clinical or biochemical variables could be related
to EEG modifications after probiotics administration, EEG
measures were correlated with all the collected clinical and
biochemical data. For a purpose of brevity, only significant
results are reported.

There was a significant positive correlation between
RFP power in gamma band and RBS-R total number
endorsed (r=0.28, p=0.04), meaning that children with
ASD who showed lower RBS-R total number endorsed
score at post-test also showed lower frontopolar power in
gamma band (Figure 4(a)).

There was a significant positive association between
frontopolar coherence in the beta and gamma band and the
item “Writing skills” of the VABS-II (»=0.37, p=0.012
and »=0.40, p=0.007, respectively), meaning that chil-
dren with ASD who showed higher “writing skills” at post-
test also showed higher frontopolar coherence in beta and
gamma bands (Figure 4(b) and (c)).

No significant correlations between asymmetry and
clinical measures were found.

Correlation between EEG and biochemical
measures

A significant negative correlation was found between fron-
topolar coherence in the gamma band and TNF-a
(r=-0.30, p=0.04), meaning that children with ASD with
lower levels of TNF-a at post-test showed higher fron-
topolar coherence in gamma band (Figure 5).

No significant correlations between power or asymme-
try and biochemical measures were found.

Discussion

To our knowledge, this is the first exploratory study that
analyzes the effects of multiple probiotic strains in combi-
nation on neurophysiological characteristics in children
with ASD using EEG measures. Results showed that chil-
dren who received probiotics showed decreased frontopo-
lar power, with a concurrent increase in frontopolar
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coherence in beta and gamma bands compared to ASD
children who received placebo. In addition, changes in the
frontal and frontopolar asymmetry in delta and alpha were
observed.

The modifications in brain power and coherence after
probiotic administration mainly occur in the beta and
gamma band. Beta waves occur in subjects with open eyes
and are associated with physiological activation, attention,

concentration, analytical thinking, and in states of particu-
lar mental commitment or motor tasks (Tallon-Baudry,
2003). Gamma waves are associated with working-mem-
ory tasks and with a variety of early sensory responses
(Tallon-Baudry, 2003).

Literature reports that the resting EEG of ASD subjects
commonly shows increased activity of delta, theta, beta,
and gamma spectral bands, with reduced medium alpha
frequencies compared to TD individuals (Nicotera et al.,
2019). This atypical power pattern describes a U-shaped
profile in which the activity of the extreme frequencies
(low and high) is significantly increased compared with
TD subjects, while that of medium frequencies appears
reduced.

According to a recent review (Gurau et al., 2017),
gamma power increase in ASD compared to non-ASD
controls is one of the most consistent findings across stud-
ies. Indeed, several investigations performing EEG in
ASD during a resting-state condition reported gamma
power increase in ASD, particularly in the frontal regions
(Chan et al., 2007, 2011; Lushchekina et al., 2010, 2012;
Sheikhani et al., 2009; Stroganova et al., 2007; van Diessen
etal.,, 2015).

Although the results are less consistent, some studies
also showed an increase in beta band power of ASD
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subjects compared to controls (Chan et al., 2007, 2011;
Chan & Leung, 2006; Coben et al., 2008; Murias et al.,
2007; Pop-Jordanova et al., 2010). Interestingly, the beta
power was one of the best index for differentiating autistic
from TD children, with an accuracy rate of 95.2% (Chan &
Leung, 2006).

The atypical increase in high-frequency bands in ASD
could be partly attributed to atypical functioning of the
GABAergic tone in the inhibitory circuit, which influences
the development of plasticity and brain function and is
thought to impact on the modulation of EEG frequency
bands (Baumgarten et al., 2016). GABA is the main inhibi-
tory neurotransmitter in the brain. It has been observed
that an altered GABA pattern is a key characteristic of the
neurophysiology of ASD. Specifically, the impairment in
inhibitory GABAergic that characterizes ASD subjects
may result in an atypical balance of brain excitation/inhibi-
tion, alteration of neural signaling, processing of informa-
tion and responding behavior (Foss-Feig et al., 2017).

Taken into consideration, the above-mentioned differ-
ences in frontal gamma and beta activity in ASD subjects
compared to controls, as well as the decrease in beta and
gamma power after PS, we can suggest that probiotics pro-
mote a change in brain activity in ASD children toward a
pattern that resemble that of typical controls. Such a modi-
fication in brain activity in the children who received pro-
biotics may reflect an improvement of the imbalance
between excitatory and inhibitory neurons. Indeed, studies
on animal models of ASD indicated that treatment with
probiotics affects GABA receptor gene expression and
protein levels in multiple brain regions (Kouser et al.,
2013; Lee et al., 2015).

As regards coherence, an opposite pattern has been sug-
gested in the literature: that is, decreased coherence in the
higher frequency bands (alpha, beta, and gamma) com-
pared with controls (Mehdizadefar et al., 2019; Schwartz
etal., 2017). In particular, researchers detected a reduction
in alpha, beta, and gamma in short- and medium-range
connections in children with ASD relative to TD peers.
Several studies reported reduced coherence in gamma and
beta bands in ASD (Coben et al., 2008; Duffy & Als, 2012;
Lazarev et al., 2010; Léveillé et al., 2010; Sheikhani et al.,
2012). In particular, gamma bands reflect long-range neu-
ral synchronization and connectivity (Engel et al., 2001;
Varela et al., 2001), which have been described to be
impaired in ASD (Just et al., 2012). The increase in fron-
topolar gamma and beta coherence after probiotics admin-
istration suggests that this treatment fosters a change in
brain connectivity toward a typical pattern.

As regards asymmetry, we found a shift from LF to RF
asymmetry in delta band in subjects treated with probiot-
ics, while children treated with placebo showed increased
LFP asymmetry in the alpha band. Previous investigations
on resting EEG showed greater activity in all frequency
bands in the left compared to the right hemisphere in ASD

(Burnette et al., 2011; Cantor et al., 1986; Stroganova
et al., 2007; Sutton et al., 2005). In particular, Cantor et al.
(1986) reported that subjects with ASD had enhanced
power in the delta band of the posterior-temporal, midline,
and occipital regions of the left hemisphere. Similarly,
Stroganova et al. (2007) found enhanced delta power in
the frontal, temporal, and parietal regions of the left hemi-
sphere in individuals with ASD. Left-hemisphere domi-
nance in the alpha band of mid-frontal regions has been
repeatedly reported in ASD individuals (Burnette et al.,
2011; Sutton et al., 2005). Considering these results, we
can suppose a strong interconnection between the GI sys-
tem and brain activity: the treatment with probiotics
directly affects the central nervous system (CNS) contrast-
ing the natural tendency to the atypical lateralization to the
left observed in ASD.

The correlation analysis showed some interesting rela-
tionships between neurophysiological and clinical or bio-
chemical measures. In particular, the decrease in power
was related to a reduction in the RBS-R total score, which
measures the breadth of repetitive behavior in subjects with
ASD (Fulceri et al., 2016), while the increase in coherence
was related to an improvement in the “Writing skills” sub-
domain of the VABS-II scale. This subdomain is applicable
for children 3 years of age and older, and has been used as a
parent-report measure of literacy-related abilities (Davidson
& Weismer, 2014), since examples of items include
“Identifies at least 10 printed letters of the alphabet” or
“Copies own first name.” Therefore, the relevance of the
“Written skills” subdomain of the VABS-II is not to be
underestimated since it significantly correlated with the
direct assessment of emergent literacy skills, which in turn
is strongly associated to broader language ability in 5-year
olds with ASD (Davidson & Weismer, 2014).

The correlation analysis between EEG and biochemical
measures showed that an increase in coherence was associ-
ated with a decrease in TNF-a cytokine level. TNF-a levels
have been positively correlated with ASD severity (Inga
Jacome et al., 2016) having a critical role in regulating syn-
aptic strength and plasticity (Steinmetz & Turrigiano, 2010),
thus affecting the EEG patterns. Hoban et al. (2016)
observed that the gut microbiota regulates the expression of
genes linked to myelination and myelin plasticity in pre-
frontal cortex. Although our understanding of the influence
of gut microbiota on the brain is mainly based on rodent
studies, initial evidence in humans seem to support a similar
relationship between our gut microbes and our brain (Bagga
et al., 2019). Thus, it can be suggested that the changes in
brain connectivity, we described can be mediated by chemi-
cals, cytokines, hormones released by gut microbiota, which
were manipulated with probiotic administration (Stroganova
et al., 2007). A recent study (Yamanashi et al., 2021)
described the set-up of a mouse model of delirium induced
by systemic inflammation via lipopolysaccharides injection
and quantified the cognitive disturbances by EEG. This
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study proves that the EEG method can quantify the level of
neuroinflammation induced by systemic inflammation due
to intestinal microbiota alteration. Within the gut—brain axis
theory, an impaired intestinal barrier has been linked to a
“permissive” blood—brain barrier (BBB), allowing the pas-
sage of antigens and immune-activated complexes at first
into the bloodstream and subsequently at a distance in the
brain through a leaky BBB (Fiorentino et al., 2016).
Therefore, we can hypothesize a central neuroprotective
effect of the probiotics through this pathway, as suggested
by animal models (Yang et al., 2020).

Although this exploratory study provides new informa-
tion on neural plasticity in response to probiotics adminis-
tration in children with ASD, there are several important
limitations that deserve mention.

First of all, the study’s main limitation is the small sam-
ple of subjects wide-ranging in age, even considering the
difficulty of conducting EEG acquisition in a sample of
young children with ASD.

Given the small sample size as well as the exploratory
nature of the study, we decided to present results without
multiple comparison correction to avoid invalidating any
interesting effect of probiotics on EEG measures.
Nevertheless, we acknowledge findings of clinical trials
without multiple without adjustment of the p-value should
be taken with caution because of the increased risk of type
I errors (false positive findings). Notably, since as a side
effect, p-value adjustments that reduce the chance of mak-
ing a type I error (the chance of introducing ineffective
treatments), inevitably increase the chance of making a
type 11 error (the chance that effective treatments are not
discovered). In this study, we originally assumed that type
II error was a more relevant issue than observing potential
false positives, but larger samples will be needed to con-
firm these preliminary results.

Moreover, the limited sample size did not allow us to
perform separate analyses by sex, which could be of par-
ticular significance since preclinical studies observed sex
differences not only in gut microbiota composition (Coretti
et al., 2017), but also in its modulatory effects on CNS
(Clarke et al., 2013). Similarly, the relatively small numer-
osity of the sample prevents a homogeneous stratification
of ASD children based on their clinical profile (e.g. IQ and
language level, ASD symptom severity, GI problems,
adaptive functioning) to identify the impact of patient
baseline characteristics on the outcome. Furthermore, to
facilitate the subject’s collaboration during the EEG
recording, we exposed children to an animated video with-
out audio (the same for all subjects), which may have
impacted on findings involving the visual areas. Despite
the same time-lapse considered between TO and T1 for all
the participants, it is worth mentioning that changes in
brain connectivity are age-dependent, and more evident at
the earlier ages (Gao et al., 2017): therefore, a possible
bias due to different baseline ages of recruited children

cannot be ruled out. However, results showed that the
effect of time, in the ANOVA, was not significant but only
the time X group was significant, suggesting that the modi-
fications we observed are indeed due to PS and not merely
to the effect of age.

In conclusion, confirmatory studies should then be
undertaken to provide support for the efficacy of probiot-
ics in a large ASD patient population. Moreover, results of
this exploratory study pave the way for the use of EEG
activity as an objective and quantitative measure of treat-
ment response in children with ASD.
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