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a  b  s  t  r  a  c  t

Learning  in  chemistry  and  other  areas  of science  involves  developing  one’s  mental  models  of  invisible
processes  and manipulating  temporal  and  spatial  domains  during  visual  information  processing.  While
some  aspects  learning  have  been  well  studied  by  EEG  (e.g., theta and  gamma  oscillations),  the  role of
spontaneous  and scale-free  brain  activity  remains  unclear.  We  used  a continuous  chemistry  learning  EEG
paradigm  to  explore  how  scale-free  brain  activity  is  related  learning.  We  found  a  learning  effect  in par-
ticipants  (N =  22)  with  an  increase  in test accuracy  (learning  gain)  and  decrease  in test  question  response
times  in  a counterbalanced  pre/post-test  experiment.  In the  brain  we found  increased  overall  (mixed)
broadband  power  (1–50  Hz)  during  learning  compared  to rest.  We  then  used  the  IRASA  method  to sepa-
rate  oscillatory  and  fractal  (i.e. scale-free)  spectral  components  and  observed  an  increase  in low-frequency
oscillatory  band  powers  during  learning.  More  importantly,  we found  that  fractal  power  increased  during
ower-law distribution
ower-law exponent
lectroencephalography
rain dynamics
scillology

the learning  sessions  relative  to oscillatory  power.  Finally,  the  structure  of  the  fractal  power  spectra  (PLE)
correlated  to  the individual  participants’  learning  gains.  These  findings  support  the  importance  of  scale-
free  activity  for learning  from  a complex  visual  paradigm.  We  tentatively  hypothesize  that  this  fractal
component  is involved  in  integrating  the different  time  scales  of the  learning  material  with  those  of the
spontaneous  activity  during  learning  and  mental  model  shaping.

© 2019  Elsevier  B.V.  and  Japan  Neuroscience  Society.  All rights  reserved.
. Introduction

.1. Science and chemistry learning – mental models

Learning in science requires the learner to visualize complex
nvisible processes and make connections between macroscopic
nd sub-microscopic domains (Johnstone, 1993; Taber, 2013;
alanquer, 2011). Students are known to have difficulties learning
rom scientific models and to lack sufficient mental models of the
nteractions of electrons and molecules in chemistry (Johnstone,
991; Nelson, 2002; Tsaparlis, 2014). Experts appear to have gen-

ral mental models of these interactions by recognizing similarities
etween different reaction types (Clement, 2000). These similari-
ies are in the patterns of electron flow inherent to the reaction
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E-mail address: georg.northoff@theroyal.ca (G. Northoff).

1 Current address: Department of Chemistry, Queen’s University, Chernoff Hall,
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168-0102/© 2019 Elsevier B.V. and Japan Neuroscience Society. All rights reserved.
mechanisms (Galloway et al., 2018). Learning quickly from patterns
is also often necessary for chemistry students, who  are rapidly pre-
sented new material (Galloway et al., 2019; Graulich et al., 2010).

Recognizing and learning patterns requires robust mental mod-
els to integrate the new information with prior knowledge and
long-term memory (Greca and Moreira, 2000). There is evidence
that learners in chemistry recognize reactivity patterns in scientific
models (Bongers et al., 2019; Galloway et al., 2019). However, it is
still unclear how these learners develop and connect their men-
tal models during learning, and the exact nature of these mental
models remains unclear (Bongers et al., 2019). Given the fact that
especially chemistry learning relies on recognizing spatial and tem-
poral patterns of chemical representations, the mental models may
themselves be shaped by such temporal-spatial dynamics.

1.2. Learning and memory in EEG – task-related and spontaneous

activity

Learning occurs with “changes in mental representations that
can manifest themselves in behavioral changes . . . an interaction
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ith the environment and is initiated to adapt personal needs to
he external world” (Stern, 2017, p. 1). Learning includes various
omponents with one central component being visual information
rocessing, which describes how the brain attends to, processes,
tores, and retrieves external representations (Mayer, 2012; Stern,
017). Visual information processing starts with sensory input of

nformation, which involves attentional resource allocation. This
nformation may  be intentionally transferred into working mem-
ry, then organized (mental modelling), integrated with prior
nowledge, and encoded into long-term memory. The speed of
nformation processing is important to learning, and brain scanning

ith electroencephalography (EEG) can explore these temporal
ynamics and also detect selective processing of information (van
en Boomen et al., 2015).

Information processing and the neural networks underlying
emory and learning have been studied using EEG to measure

ask-related activity with event-related potential (ERP) and spec-
ral analysis. The latency and amplitude of the P300 ERP is a direct
ndicator of the speed of information processing (Duncan-Johnson
nd Donchin, 1982; Gevins, 2000; Steinemann et al., 2016). The
300 ERP is also used as an index for cognitive load during learn-
ng; for example, it was shown that abstract diagrams require more

ental resources to process in EEG recordings (van Leeuwen et al.,
015). Studies also show event-related changes in EEG spectra are

inked to memory encoding and retrieval; increased theta activity
especially frontal midline) and alpha attenuation are associated
ith working memory tasks and conditions of sustained attention

Gevins, 2000; Headley and Paré, 2017; Klimesch, 1999; Klimesch
t al., 2005; Michels et al., 2010).

The different oscillations observed in brain activity with EEG
re connected in a complex and underexplored temporal structure,
ith various functions for memory and cognition being proposed.

or example, there is a working-memory-load dependent increase
n both alpha and theta band powers during retention and retrieval
asks (Klimesch et al., 2005). More recent studies show the impor-
ant role of synchronization across regions and frequency bands
or processes of memory encoding and retrieval of prior knowl-
dge, especially in relation to theta and gamma  band powers
Fell and Axmacher, 2011; Klimesch et al., 2008). The phase- and
ower-coupling of different oscillations represents spatiotemporal
ontinuity that is possibly important to the perception of stimuli
Canolty and Knight, 2010; Fell and Axmacher, 2011; Sauseng and
limesch, 2008).

In addition to task-related processes, like working memory,
earning also involves the brain’s endogenous activity related to
onsciousness and metacognitive awareness. The latter is repre-
ented continuously in the brain as spontaneous activity (Huang
t al., 2017, Northoff, 2018a), which is measured over longer time-
cales than ERP studies. The brain’s spontaneous activity exhibits

 complex spatial and temporal structure of various frequen-
ies (Buzsáki et al., 2013; Mantini et al., 2007; Northoff, 2018a;
adaghiani et al., 2010). Studies have linked ongoing spontaneous
ctivity to measures of task performance, personality, and self (He
t al., 2010; Huang et al., 2016; Scalabrini et al., 2017; Wolff et al.,
019), and also psychiatric disorders (Northoff, 2018a). The impact
f the brain’s spontaneous activity on learning remains yet unclear.

Spontaneous activity appears to play a role in how the brain
nteracts with the environment, as evidenced from a non-additive
esponse in to stimuli (Huang et al., 2017), and it is believed to give
ise to information processing and thought in the brain (Langer
t al., 2017; Lehmann et al., 1998). However, there are few studies
nto learning with continuous EEG measurement, where the partic-

pant is learning over longer time periods than traditional stimulus
resentation (Dahlstrom-Hakki et al., 2019). Such measurement
ver the length of a learning activity includes both short-term task-
voked activity and also the brain’s ongoing spontaneous activity;
search 156 (2020) 165–177

both are likely to contain indicators for learning (Sadaghiani et al.,
2010). A continuous learning paradigm is much closer to the actual
learning process than a discontinuous paradigm, since learning
involves the shaping and reorganization of the brain’s continuously
ongoing neuronal activity; that is also in line with the recently sug-
gested shift from discontinuous to continuous paradigms and brain
activity analysis (Huk et al., 2018).

1.3. Spontaneous activity is scale-free – fractal and oscillatory
components

The brain’s spontaneous activity constitutes a complex temporal
structure which, in large part, can be characterized by the bal-
ance between slower and faster frequencies. This activity features
different frequencies ranging from infraslow (0.01–0.1 Hz), slow
(0.1–1 Hz), and fast (1–40 Hz) to ultrafast (40–180 Hz) (Buzsáki,
2006; Buzsáki and Draguhn, 2004). Power is strongest in the
infraslow range with decreasing power in slow, fast and ultrafast
ranges following power law distribution (He, 2014, 2011; He et al.,
2010; Hiltunen et al., 2014; Huang et al., 2017). Herein we  focus on
this temporal structure and not on the spatial structure of sponta-
neous activity (Bullmore and Sporns, 2009; Cole et al., 2014).

The relationship between slow and fast frequencies operates at
different temporal (and spatial) scales and can therefore be char-
acterized as scale-free activity. Scale-free activity describes the
fractal, i.e. self-similar, organisation of the power between the dif-
ferent frequencies and is distinct from the activity of rhythmic brain
oscillations (He, 2014; Sadaghiani et al., 2010). This organisation
is a kind of temporal nestedness: the longer and more powerful
slower frequencies nest and contain the shorter and less pow-
erful faster frequencies. Such nestedness amounts to long-range
temporal correlation (LRTC) which operates across different time
scales, i.e., are scale-free (Hardstone et al., 2012; He, 2014; He
et al., 2010; Huang et al., 2017; Linkenkaer-Hansen et al., 2001).
While LRTCs reflect continuous (rather than discontinuous) neu-
ronal activity relevant to arousal state and task-evoked response,
their relationship to more continuous forms of behavior, like con-
tinuous learning, remains unclear.

LRTC can be measured and expressed by the power law expres-
sion P ∝ 1/fˇ where P is power, f is frequency, and  ̌ is the
power-law exponent (PLE) (He, 2014; He et al., 2010). A high PLE
value indicates relatively stronger power in slow frequencies and
relatively less power in the faster ones, whereas the opposite is
the case in a low PLE value. Alternatively, LRTC can also be mea-
sured on the basis of the fluctuations in the amplitude present in
the oscillations as it is done by detrended fluctuation analysis (DFA)
(Chialvo, 2010; Hardstone et al., 2012; He et al., 2010; Linkenkaer-
Hansen et al., 2001; Manning et al., 2009; Miller et al., 2009a; Palva
et al., 2013). DFA thus operates in the time domain by measuring
the variance in the amplitude, whereas PLE is distinguished in that
it presupposes the frequency domain.

Brain activity measured in fMRI and EEG contains both fractal
and oscillatory components (Wen  and Liu, 2016). Oscillatory com-
ponents are regular across time while fractal components are more
irregular in that different time scales within the signal are nested or
integrated within each other. True scale-free activity thus applies
to the fractal component but not the oscillatory components of the
spectrum. Therefore, relying on the method established by Wen
and Liu (2016), one can separate fractal and oscillatory components
in order to apply analysis (calculation of PLE or DFA) specifically
to the fractal component. Prior studies in learning, memory, and

cognition focus on task-related oscillatory activity and connections
between different frequency bands without studying the underly-
ing continuously ongoing scale-free structure including how it is
shaped and reorganized by the continuous learning process. It thus
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AF4, AF8, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FT9, FT7, FC5, FC3, FC4,
FC6, FT8, FT10, T7, C5, C3, C1, Cz, C2, C4, C6, T8, TP9, TP7, CP5,
CP3, CP1, CPz, CP2, CP4, CP6, TP8, TP10, P7, P5, P3, P1, Pz, P2, P4,
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emains unclear how the oscillatory and fractal signal components
re related to behavioral function and the recruitment of mental
odels as in learning. We  hypothesize that, due to its continuous

ature with the integration of different time scales, the fractal com-
onent of the brain’s spontaneous activity may  play a central role

n integrating and embedding the stimuli, or new learning material,
n chemistry learning.

.4. Aims and hypotheses

The general aim of this exploratory study was  to explore and
dentify neuronal markers from continuous EEG data for chemistry
earning through scientific models and building of mental models.

ultiple processes are involved in learning (e.g., attention, memory,
ognitive load, and pattern recognition) with some known neuronal
arkers, as described above. Memory is only one part of informa-

ion processing though, and perception of stimuli accurately and
ncorporation into the brain’s ongoing spontaneous activity are
lso necessary. Rather than identifying specific cognitive or sensory
omponents implicated in the outputs of learning and measured
y task-related activity, we here aimed to take a broad look at
he changes and organization of the more continuously ongoing
ctivity during the process of learning process itself. For that pur-
ose, we applied a more continuous paradigm (Huk et al., 2018) of
pecifically chemistry learning, and measured the EEG-based ongo-
ng activity in a continuous way during both resting state and the
earning process. This allowed us to investigate how the chemistry
earning process shapes and reorganizes the spontaneous activity’s
emporal structure, like its oscillatory and fractal power as well as
ts scale-free structure as measured with the power law exponent.
his approach made it possible, at least in part, to infer about the
ature of the learners’ mental models which may  be shaped in a

ractal way as related to the need to integrate different time scales
uring the chemistry learning process.

The first specific aim consisted in investigating the behavioral
ffects such as learning gains during a complex visual continuous
hemistry learning paradigm. Applying a paradigm with two sub-
equent learning sessions, we hypothesized large learning gains
uring the first learning activity but smaller or no gains in the
econd learning activity.

The second specific aim was to investigate broadband power
hanges in EEG during the resting state as well as during the sub-
equent learning sessions. Based on previous data during more
iscontinuous learning paradigms, we hypothesized an overall
ower increase and specifically theta band power increases during
he learning activities thus reflecting learning gains.

The third specific aim consisted in separating fractal and oscil-
atory signal components to test which one is more related to
hemistry learning; for that purpose, we also determined the PLE
ver specifically the fractal component. Since there are no previous
ata at all, we were not able to formulate a specific hypothesis on
hether learning is mediated by mainly the fractal or oscillatory

ignal component.
More generally, we expected that fluctuations in oscillations

uring learning may  be linked to behavioral measures of learn-
ng from scientific models. Specifically, we predicted an increase
n theta band power during learning compared to rest, and a
omplementary attenuation of alpha oscillatory power, based on
rior work implicating these frequencies in learning functions (see
bove). In addition, given the need for the participant to inte-
rate different time scales during the chemistry learning process,

e expected that fractal power and the scale-free activity dur-

ng learning (e.g., the power law exponent applied to the fractal
pectrum) would possibly be related to individual differences in
earning gains.
search 156 (2020) 165–177 167

2. Materials and methods

2.1. Participants and setting

Prior to recruiting participants and conducting the study, ethics
approval was  granted by the institutional Research Ethics Board
(University of Ottawa Institute of Mental Health Research). Partic-
ipants were students from a bilingual public research university
in Canada who voluntarily participated in the study, were either
enrolled in or had completed an organic chemistry course, and
had no clinically significant non-correctable sensory impairment
(N = 22, 13 female).3 All but one participant were right-handed. All
participants gave written informed consent prior to participation
in the study and were compensated for their time.

2.2. Experimental paradigm and outcome measures

The experiment consisted of a computerized learning activity
with brain-scanning (EEG). At the start of the session each par-
ticipant was assigned a successive code and placed into one of
two groups (even code = Group 1, odd code = Group 2). The experi-
ment began with an eyes-open resting state measurement (7 min)
followed by a series of consecutive continuous learning tasks on
the computer consisting of Tests and Learn Blocks (Fig. 1). Learn
Blocks 1 and 2 were either static or animated, following a switch-
ing replications design, to study the effect of stimulus type and the
progression of learning. The Learn Blocks were 12 min  in length plus
two self-timed breaks, giving three sections of continuous data,
each 4 min  in length. More details of the Tests and Learn Blocks
are provided in the Appendix (Fig. 8), and an earlier version of this
experiment was  used in an educational research context to study
and show the development of mental models in chemistry students
(Bongers et al., 2019).

PsychToolbox v3 and MATLAB v2018a (MathWorks) software
were used to design and run the experiment, including record-
ing test accuracy and response time (Brainard, 1997; Kleiner et al.,
2007; Pelli, 1997). Examples of the animations are provided in the
Appendix. The complementary static images were created using
ChemDraw software. Stimuli were displayed on a desktop com-
puter with a 19 inch monitor. All stimuli and text were shown in
black with a grey background. Research participants were seated
approximately 20 in. from the bottom of the stimulus, as per their
comfort. Each stimulus was preceded by a black fixation cross.

The Rest EEG measurement and behavioral data from Test 1 are
considered in this study as “pre-learning” measurements. The Block
1 and 2 EEG measurements, and Test 2 and 3 behavioral data are
considered as “during learning” and “post-learning”, respectively.
Learning was measured with four behavioral variables (Fig. 1): 1)
Test accuracy (acc, %); 2) Test response time (RT, s); 3) Learning
Gain (LG) which is the change in test accuracy (%) before and after
each Learn Block; 4) Change in test response time (dRT) which is
the change in the mean test response time (s) before and after each
Learn Block.

2.3. EEG data acquisition and pre-processing

EEG activity was recorded using a 64-channel actiCAP (Brain
Products GmbH, Germany) with electrodes at Fp1, Fp2, AF7, AF3,
3 The demographic questionnaire asked “What is your gender?” with options
“Male”, “Female”, “Prefer not to answer”, and “These options do not apply to me,
I  identify as: ”.
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Fig. 1. Experimental paradigm. After eyes-open resting state measurement (7 min) the participants were randomly divided into two groups for a counterbalanced pre/post-
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est  design with static and animated learning blocks. Learn Blocks were 12 min  i
inutes). Formulas for calculating learning gain (LG) from test accuracy (acc), and

LG1,  dRT1) and Block 2 (LG2, dRT2).

6, P8, PO9, PO7, PO3, POz, PO4, PO8, PO10, O1, Oz, and O2, refer-
nce electrode at FCz and ground electrode at AFz according to the
xtended International 10–20 Systems. The impedance of all chan-
els was measured at less than 5 k� before recording was initiated
nd remained below this level for the duration of the recording. The
ignal was amplified (actiCHamp) and data recorded at a sampling
requency of 1000 Hz using the EEG BrainVision Recorder (Brain
roducts GmbH, Germany) with a 400 Hz anti-aliasing filter.

All EEG data preprocessing was completed using EEGLAB
Delorme and Makeig, 2004), which required MATLAB v2018a
MathWorks). The data for each participant consisted of one set
or each of Rest, Block 1, and Block 2. The sets for Block 1 and
lock 2 were then cut to remove the self-timed breaks, provid-

ng three sub-sets (early, mid, late) for each. All 7 sets were then
ut to the same length of 244 s using event markers included in
he data from recording. Pre-processing for all datasets then fol-
owed Makoto’s pipeline (Miyakoshi, 2019) for continuous data in
EGLAB, as described below.

The continuous data was resampled to 500 Hz using EEGLAB’s
ero-phase antialiasing pop resample function, then was low- and
igh-pass filtered (FIR filter) from 1.0 Hz to 50 Hz, which eliminated
0 Hz electrical line noise. The data was then visually inspected for
ad channels and non-stationary artifacts, which were removed
sing the clean rawdata EEGLAB plugin (Mullen et al., 2015). Chan-
els were removed if flat longer than 5 s, had less than 0.80
orrelation with neighboring channels, or had a standard devia-
ion of over 5 (for removal of bursts by ASR). All removed channels
average of 8 out of 63) were then spherically interpolated. The data
as then re-referenced to the average of the channel values.

Further artifacts (e.g., eye movements) were reduced using Info-
ax  Independent Component Analysis (ICA) and the EEGLAB plugin
ultiple Artifact Rejection Algorithm (MARA) with visual inspec-

ion and automatic artifact rejection, with an average 60 % rejection
ate (Winkler et al., 2014, 2011).

.4. EEG data analysis

Data analysis was conducted in MATLAB v2018a (MathWorks),
ncluding the use of the Optimization, Statistics and Signal Process-
ng Toolboxes. Statistical analysis was completed using MATLAB
r SPSS v24 (IBM), with a significance value of 0.05, and where
GG represents a Greenhouse-Geisser corrected p-value. Bonfer-

oni correction was used where appropriate to correct for multiple
omparisons, unless otherwise noted. For the analysis, each par-
icipant’s channel data was  first averaged to give the mean signal
cross all 63 channels (the ground electrode AFz was  excluded). All
th with two  self-timed breaks, giving three sections each 4 min in length (min =
e in test response time (dRT) from test response time (RT), are shown for Block 1

calculations for the three sub-sets in Block 1 and Block 2 (early, mid,
late) were done separately, then averaged to give the final value.

We used Irregular-Resampling Auto-Spectral Analysis (IRASA)
as a method to calculate the mixed power spectrum signal and to
separate the signal into oscillatory and fractal components (Wen
and Liu, 2016). Mixed and fractal power spectral density (PSD) spec-
tra are shown as log-log plots, while the oscillatory PSD spectra are
represented as regular plots.

Broadband power (1–50 Hz) and frequency band powers rang-
ing from delta (1–4 Hz), theta (5–8 Hz), alpha (8–13 Hz), beta
(13–30 Hz), and low gamma  (30–50 Hz), were calculated using the
bandpower function in MATLAB. The PSD estimate for the mixed,
oscillatory, or fractal signals was  inputted and the function returned
the average power computed by integrating the PSD estimate. The
oscillatory spectra were corrected to baseline before band power
analysis.

Topographic maps for all participants were created for each
frequency band and over the entire continuous dataset (244 s) in
EEGLAB using the topoplot function (Delorme and Makeig, 2004).
These maps were created from the mixed spectral data.

The power law exponent (PLE) of the fractal component was
calculated as part of the IRASA method (and with the code provided
by the authors) by fitting the log-log of the fractal power spectrum
to a linear function using least squares estimation (Wen  and Liu,
2016). The slope of the resulting curve (�) was  the PLE value.

3. Results

3.1. Behavioral findings

Test accuracies and response times were each analyzed using a
mixed design ANOVA (Fig. 2), where all variables met  the assump-
tion of homoscedasticity. This revealed a significant main effect
of time on test accuracy F(2,38) = 31.2, �p

2 = 0.621, p < 0.001, but
no effect for the between-subjects variable (group), F(1,19) = 0.072,
�p

2 = 0.004, p > 0.5, or the group by time interaction, F(2,38) = 0.021,
�p

2 = 0.002, p > 0.5. This means there was  no effect of stimulus type
(static or animated) on test accuracy or learning gain. There was a
significant increase in accuracy from Test 1 (M = 0.496, SE = 0.028)
to Test 2 (M = 0.693, SD = 0.024) (Bonferroni corrected p < 0.001),
corresponding to a mean learning gain LG1 = 20 %, and no differ-
ence between Test 2 and Test 3 (LG2= −1 %). The learning gain
demonstrates that our participants did indeed learn showing quan-

tifiable behavioral learning effects. In contrast to the difference in
test accuracy and response time between Test 1 and Test 2, no such
learning gain was observed from Test 2 to Test 3 in accuracy (and
test response time; see below). These behavioral findings are in
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ig. 2. Changes in test accuracy (acc) and mean test response time (RT) for chemistry
earning paradigm.

lignment with our prior work, which used qualitative analysis to
how chemistry students were developing dynamic mental models
f the chemical reactivity (Bongers et al., 2019).

A mixed-design ANOVA for test response times revealed a sig-
ificant main effect of time F(2,38) = 36.4, �p

2 = 0.657, p < 0.001, but
o effect for the between-subjects variable group, F(1,19) = 0.603,
p

2 = 0.031, p > 0.1, or the group by time interaction, F(2,38) = 0.244,
p

2 = 0.013, p > 0.5. This means there was no effect of stimulus type
static or animated) on test response time or dRT (see Appendix
ig. 9). There was a significant decrease in response time from Test

 to Test 2 (MD  = −1.287, SE = 0.225, Bonferroni corrected p < 0.001),
nd a smaller decrease between Test 2 and Test 3 (MD  = −0.353,
E = 0.114, Bonferroni corrected p = 0.018).

.2. Neuronal (EEG) findings from analysis of mixed spectra

We  first started with the typical analysis of mixed power spec-
rum including both fractal and oscillatory components. Being the

ypical way in most studies, we started with the mixed signal as to
ender our findings comparable to others in the literature.

Power spectral density (PSD) spectra (Fig. 3A) show high indi-
idual variability in the curves for overall power, oscillatory peak
search 156 (2020) 165–177 169

amplitude, and peak frequency. The average overall power spectral
density increases from Rest to Block 1, while the average alpha peak
amplitude decreases. A one-way RM ANOVA (Fig. 3B) confirmed a
significant increase in broadband (1–50 Hz) absolute power from
rest to continuous learning task F(2, 42) = 7.053, p = 0.00229. There
was a significant change (with Bonferroni correction) from Rest
to Block 1 (p = 0.0188) and no change from Block 1–2 (p = 0.551)
(Fig. 3B).

Further analysis of band powers with one-way ANOVA revealed
overall changes in delta (F(2,42) = 9.355, p = 0.000428), theta
(F(2,42) = 7.760, pGG = 0.00360), beta (F(2,42) = 6.174, p = 0.00446),
and low gamma  (F(2,42) = 9.266, p = 0.000464) bands, but not in the
alpha band (F(2,42) = 0.701, pGG = 0.453) (Fig. 3C). These increases in
band power were significant (with Bonferroni correction) from rest
to continuous learning task, and there were again no differences
between Block 1 and 2 (Fig. 3C).

Delta and theta activity are known to be linked to memory pro-
cesses in the brain (Düzel et al., 2010; Headley and Paré, 2017;
Sauseng et al., 2010), so we further explored these frequency band
increases with spatial maps of EEG activity. A one-way ANOVA
(performed in EEGLAB with FDR correction for multiple compar-
isons) shows a boost in delta and theta activity in the prefrontal
cortex and occipital regions (Fig. 3D), and also an overall power
increase in these bands across specifically prefrontal and occipi-
tal areas of the brain. Although the data was treated with MARA
for rejection of ocular artefacts, we cannot completely rule out eye
movement contamination for this power increase in the prefrontal
cortex in the theta band (Supplementary Materials Figures S4-S9).
For topographic maps of all frequency bands see the Supplementary
Materials (Figure S10).

3.3. Separation of mixed spectra into oscillatory and fractal
components

We used the IRASA method to separate each participant’s oscil-
latory and fractal components of the power spectrum (Fig. 4A) in
order to explore how these two components contribute to changes
from rest to continuous learning task (See Methods). The average
fractal component spectrum across participants (N = 22) showed an
overall higher fractal power in Blocks 1 and 2 compared to Rest, as
well as a slight change in the slope of the curve. The average oscil-
latory component spectrum showed a decrease in alpha oscillation
band power during learning (Rest to Block 1), and an increase in
delta and theta oscillation band powers.

Analysis of broadband power in the fractal and oscillatory
components revealed that fractal broadband power changed from
rest to continuous learning task (Rest to Block 1), while oscilla-
tory broadband power did not (Fig. 4B-C). A one-way RM ANOVA
showed an increase in mean fractal broadband power from rest to
learning task (F(2,42) = 8.1251, p = 0.00104), pairwise comparison
showed this change to be significant for Block 1 (p =0.0111) and
Block 2 (p = 0.0250) with Bonferroni correction (Fig. 4B), whereas
there was  no significant difference between Block 1 and 2. For the
mean oscillatory broadband power there was no significant overall
change (Fig. 4C).

The ratio of fractal to oscillatory broadband power compo-
nents was found to increase significantly during learning (Blocks
1 and 2) compared to Rest (One-way RM ANOVA F(2, 42) = 8.387,
p = 0.000862) (Fig. 4D). Together, these results suggest that the
increase in broadband power we  observed in the mixed signal
(Fig. 3B) is related to an increase in the fractal power rather than
the oscillatory power. Hence, learning seems to increase the broad-

band power of the fractal signal component, with smaller changes
in power in specific bands of the oscillatory signal component.

Analysis of individual band powers for the oscillatory spectra
showed an increase in only delta (F(2,42) = 7.2237, p =0.00201) and



170 A. Bongers et al. / Neuroscience Research 156 (2020) 165–177

F Block 

R n Bloc
m

t
(
m
p

3

i
o
r

ig. 3. (A) Power Spectral Density (PSD) Spectra for all participants in Rest, Learn 

est,  Learn Block 1, and Learn Block 2. (C) Band powers (mixed spectra) in Rest, Lear
ixed  spectra.

heta (F(2,42) = 4.3882, pGG = 0.0349) oscillations during learning
Fig. 4E). These band power increases were also observed in the

ixed spectral data (Fig. 3C). The full oscillatory PSD spectra for all
articipants and blocks can be found in the Appendix (Fig. 10).

.4. Relationship of spectral powers to behavioral data
Broadband (1–50 Hz) mixed, fractal, and oscillatory powers dur-
ng learning (Block 1) were not found to have correlations to LG1
r dRT1 (Supplementary Materials, Figure S11). We  also found no
elationship between participants’ delta and theta oscillatory band
1, and Learn Block 2. Average = bold black line. (B) Broadband power (1–50 Hz)  in
k 1, and Learn Block 2. (D) Topographic maps of the delta and theta bands from the

power values and LG1 or dRT1 (Supplementary Materials, Figure
S12).

3.5. Fractal spectra: power-law exponent (PLE) and learning
gains

We  then explored how the fractal power structure was related
to the observed behavioral learning effects. The fractal power spec-

trum is best described by the relationships across frequencies, and
not by band powers, so we  used the power law exponent (PLE) as a
measure of the slope of the fractal curve across frequencies (Fig. 5).
The PLE values (N = 22) for Rest (M = 1.107, min = 0.739, max  = 1.401)
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ere on average lower than in the learning activities (One-way RM
NOVA F(2, 42) = 6.400, p = 0.0037). There were similar mean PLE
alues (N = 22) for Block 1 (M = 1.174, min = 0.919, max = 1.500) and
lock 2 (M = 1.183, min  = 0.861, max  = 1.417). The PSD plots (Fig. 5)
 oscillatory components were separated computationally using IRASA. (B) Fractal
nd power ratio of the Fractal/Oscillatory components in Rest, Block 1, and Block 2.
show individual variability in PLE that is the highest during Rest
(SD = 0.172), followed by Block 1 (SD = 0.127), and is lowest in Block
2 (SD = 0.121), and an analysis of within-subjects variance with
Mauchly’s test failed to reject the null hypothesis that the variances
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Fig. 5. Fractal power spectra for all participants in Rest, Block 1, and Block 2. The mean is
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ig. 6. Correlation of Power Law Exponent (PLE) with learning gain (LG1) for Block
 in the chemistry learning paradigm. The regression line is shown in red.

re equal. This indicates that while between-subjects variability is
igh and changes depending on the condition, there is consistency
ithin-subjects.

We were interested in whether the individual variabilities in
LE during the continuous learning tasks were related to learning
ains. Correlation analysis and visual inspection found that Block

 PLE did have a linear relationship with LG1 (Fig. 6), while Block
 PLE was not correlated to the small learning gains (Mean LG2 ∼

 %) observed in Block 2 (Supplementary Materials, Figure S13).
 hierarchical linear regression was then conducted to test for

he effect of Block 1 PLE and the possible confounder representa-
ion type (group) on LG1. Analysis using the backward elimination

ethod for Block 1 indicated a negligible effect of group and it
as removed from the model with no change in R2. The resul-

ant model showed a significant relationship between PLE and LG1
R2 = 0.214, F(1,19) = 5.176, p = 0.0347) corresponding to a nega-
ive linear correlation: a lower PLE, meaning more contribution of

igher frequencies relative to lower ones, increased the learning
ains in these participants.

In summary, while the mean PLE showed a small increase from
est to Block 1, a lower PLE was linked to better learning gains.
 represented by a bold black curve. The PLE value is the slope of curve in the fractal

This appears to be a balance of the contribution between increased
overall broadband (1–50 Hz) fractal power during learning, and the
high frequency (13–50 Hz) band power increase observed during
learning in the mixed spectra. Both factors are reflected in the slope
of the fractal spectrum to give the participant’s PLE value observed
during learning (Fig. 7).

4. Discussion

In this exploratory study we investigated learning from scien-
tific (chemistry) models with a continuous paradigm and analysis
in EEG. First, we saw large learning gains (LG) and changes in test
response time (dRT) in Block 1, and no overall changes in these
behavioral measures in Block 2. Second, we showed that learning
activities (Block 1 and 2) were associated with an increase in the
mixed power of broadband (1–50 Hz) as well as delta, theta, beta,
and low gamma  band powers. We  then demonstrated using the
IRASA method to separate fractal and oscillatory components of
the spectra. This showed that the observed mixed power increase
reflected an overall increase in fractal power (but not the oscillatory
power) during learning, as well as an increase in the ratio of fractal
vs. oscillatory absolute power. Next, by examining the oscillatory
spectral component we  showed the hypothesized mean theta band
power increase and alpha attenuation, as well as increased delta
band power during learning. Finally, examining the structure of
the fractal component using PLE values revealed an overall small
increase in the mean PLE during learning, along with a significant
relationship between individual learners’ PLE values during learn-
ing and their behavioral measure of learning gains (LG).

Our behavioral results (acc, RT, LG, and dRT) provided a quan-
tifiable measure of learning chemistry from scientific models in
this study, which matched our hypothesis and aligns with prior
work (Bongers et al., 2019; Hinze et al., 2013). The design of our
experiment included two types of representations of these scien-
tific models (static and animated), and we  found no differences in

the behavioral outcome measures for these representations types.
We observed the largest mean LG and dRT in Block 1, where an
increase in test accuracy was  accompanied by a decrease in mean
RT demonstrated the learning effect. There was small to no change,
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n average, in LG and dRT for Block 2. Some participants did have
earning gains for Block 2, but more often their test scores stayed the
ame. Overall, this shows that the material was  learned and main-
ained in memory for the length of the experiment (both Blocks),
nd also that there may  be some similar and some different learn-
ng processes occurring in the different blocks. Our findings suggest
hat participants reorganized and updated their mental models
uring the chemistry learning process as evidenced by their learn-

ng gains.
In mixed power spectrum, we observed that broadband

1–50 Hz) power increased during learning. This is not surpris-
ng, given that broadband activity is known to increase during
isual tasks and motor functions, and our paradigm contained both
Henrie and Shapley, 2005; Miller et al., 2009b). When looking
t specific frequency ranges, we found delta, theta, beta, and low
amma  band powers are increased during learning. We expected
he increase in theta band power due to a large prior body of work
n theta and memory, and found the increase in lower frequency
and powers to be contained to the frontal midline region and pari-
tal/occipital regions (Fig. 3D), although this is noted cautiously due
o the spatial limitations of EEG. The observed increase in higher
requency band powers aligns with prior work on theta-gamma
ynchronization (Fell and Axmacher, 2011; Headley and Paré, 2017;
limesch et al., 2008; Miltner et al., 1999). However, in the mixed
pectra the mean alpha band power did not change due to a coun-
eracting effect of the attenuation of alpha band power during
ttention and an overall increase broadband power. The features
nd changes in alpha are also known to be highly individual, which
ay  confound our observation of the mean (Bazanova and Vernon,

014). To elucidate how different components were contributing
o the overall power spectrum, we used the IRASA method to sepa-
ate the mixed spectra into oscillatory and fractal components and
epeated the analysis (Wen  and Liu, 2016).

We  found that oscillatory band powers in the delta and theta
ands were significantly different during learning when compared
o rest, while beta and low gamma  band powers did not change as
hey did in the mixed spectra. While research points to the coupling
f theta and higher frequency (e.g., gamma) oscillations in mem-
ry encoding and retrieval (Fell and Axmacher, 2011; Headley and
aré, 2017; Klimesch et al., 2008; Miltner et al., 1999), we did not
nd these band powers increasing together in the oscillatory spec-
ra (see above). These findings suggest that the increased mixed

and power observed in beta and low gamma was contributed
rom rather the fractal power component of the spectrum, and
ot from the oscillatory power component in the high frequencies.
he function of theta for memory is still under investigation, but
istry from a complex visual paradigm. BB = broadband (1–50 Hz). PLE = Power Law
e of learning). PSD = power spectral density. Osci = oscillatory. � = alpha, � = delta, �

many studies suggest that theta oscillations function to integrate
or synchronize brain regions used for working memory (Klimesch
et al., 2008; Michels et al., 2010; Sauseng et al., 2010). We did not
find any relationship between the learners’ oscillatory spectra band
powers and their behavioral measures of learning. Since learning
involves more processes than memory, other measures, such as
from the fractal component as we hypothesized, are likely also
important.

The fractal component of the power spectrum was  found to
increase in broadband power during learning, while the oscilla-
tory broadband power did not change. Thus, the fractal component
increase is what contributed to the overall increase in mixed broad-
band power during learning. Accordingly, we  found an increase in
the ratio of fractal vs. oscillatory power from Rest to Block 1. These
findings point to the importance of the fractal, or scale-free, brain
activity for processes involved in learning from scientific models.
However, the absolute fractal power increase did not correlate on
an individual level to learning gains. Instead, the structure of the
fractal component (measured by PLE) was  found to be important
for the learning.

We further explored the contributions of fractal power and
especially its temporal structure by calculating PLE – the slope
of the power spectrum curve. The PLE is a measure of the rela-
tionship of fast and slow frequencies, and the low-high frequency
entrainment (e.g., LRTC) as described above. The mean PLE across
participants was  found to increase slightly during learning (Block
1 and 2) compared to rest. Even more important, we showed that
there was  individual variability in PLE, and found that the PLE of
the individual participant during learning was  correlated to their
LG1 value. Linear regression showed that a lower PLE was linked
to better learning gains in Block 1, meaning that higher frequen-
cies (>13 Hz) were contributing more to the curve of the fractal
power spectrum than lower frequencies. While the effect was
modest (R2 = 0.214), it can be viewed as substantial in our edu-
cational context where learning at this level is difficult to fully
measure.

Together, these findings show that the LRTCs measured by PLE
are highly individual during rest and learning and contribute to
behavioral outcomes of learning in our study. Our general hypoth-
esis here was that scale-free activity could be related to how the
external stimulus, i.e. learning material, is attended to and inte-
grated into ongoing neural activity. This hypothesis is along similar

lines to how new information is thought to be and incorporated
into spontaneous activity, and the idea that this activity is relevant
to features of consciousness (Deco et al., 2011; Hartmann et al.,
2015; He, 2014; He et al., 2010; Huang et al., 2017; Langer et al.,
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Fig. 8. Experiment details showing one example trial for the Tests and static and animated Learn Blocks. See Fig. 1 for a summary of the paradigm. For the animated Learn
Block a single screenshot of the animation is shown, and the video camera denotes animation. All trials began with a fixation cross shown for a randomly variable (jittered)
time,  which served as the inter-trial interval.
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Fig. 9. Behavioral data showed no difference in learning gain (LG) or change i

017; Lehmann et al., 1998; Northoff, 2018b, 2013; Wolff et al.,
019).

Accordingly, we tentatively hypothesize that, in addition to its

ognitive component, the memory implicated in our chemistry
earning task may  also contain a dynamic and more specifically frac-
al component. Albeit speculatively, this suggests that the learners’
 response time (dRT) for the two learning material types (static or animated).

mental models are reorganized and updated in a fractal and scale-
free way, which may  be related to the need to integrate different
time scales during the learning process; that is, the different time

scales of the chemistry reaction mechanisms themselves must be
integrated with the different time scales of the spontaneous activ-
ity.
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Fig. 10. Oscillatory PSD spectra for all participants (N = 22) in Rest

.1. Limitations

This is an exploratory study, therefore the number of partici-
ants (N = 22) is small and not representative of all learners, and
e are thus cautious to extend our findings beyond this study.

This study uses a complex visual paradigm where participants
reely learned from the chemistry stimuli. Although we  used an
stablished algorithm (MARA) for ocular and muscular artefact
ejection, these artefacts cannot always be completely removed.

Memory and learning are broadly defined and discussed in this
rticle, since it is not known which types of memory and learning
rocesses (e.g., associative, semantic) are involved learning from
cientific models or from our paradigm. In addition, the type of
earning (or memory) from these complex visual stimuli likely
epends on the individual learner. Finally, learning is a complex
rocess, and while we made attempts to validate our test and
aradigm, we  do not claim to have fully measured learning with
ur behavioral outcome measures.

. Conclusion

We  conducted an exploratory study into chemistry learning
sing a continuous EEG paradigm and analysis, including the IRASA
ethod to spate oscillatory and fractal components of the power

pectra. Taken together, our exploratory findings demonstrate the
omplex visual learning induces an increase in the power of specifi-
ally the fractal component rather than the oscillatory components.
his suggests that complex learning as required by our continu-
us chemistry learning task or other scientific models may  recruit
cale-free, e.g., fractal components of neuronal activity which, as
e speculate, may  reflect the scale-free properties of our chem-

stry learning task and the dynamic, e.g., fractal, reorganization of
he participants’ mental models.
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Appendix A

i. Tests

Tests 1–3 were all comprised of the same set of 24 questions
(stimuli), shown to the participant in a random order. For each
question, the participant was  shown a chemical reaction and the
task was  to determine product was  correct or incorrect (1/0). The
participant responded on the keyboard either with the left arrow
(incorrect) or the right arrow (correct) using their right hand. The
participant had a maximum of 8 s to respond to each question, at
which point the stimulus disappeared, and no response was  marked
as 0. There were 24 test questions representing 12 pairs where one
question showed the correct product, and one the incorrect prod-
uct. Response times and accuracy were recorded for each question,
referred to in this article as “test response time” and “test accuracy”,
respectively. Each question was  preceded by a fixation cross (5–7 s,
variable jitter).

ii. Learn Blocks

The Learn Blocks included the presentation of either static or
animated stimuli of chemistry reaction mechanisms (75 in total
per Block) for a total time of 12 min. Each stimulus was presented
for 5 s in total, preceded by a fixation cross (5–8 s, variable jitter).
Participants were instructed that they were to be shown correct
reaction mechanisms and products, and to try to learn the reactions.
Out of 75 trails, 60 required no response from the participant, while
15 randomly spaced trials had a simple task to keep the participant
engaged. For this task, the participant was prompted in text during
the preceding inter-stimulus interval (in addition to the fixation
cross) to press a key “as soon as they think they can predict the
product of the reaction mechanism”. There were two  self-timed
breaks during the Learn Blocks, after the first 25 and 50 trials.

We found there was no effect of stimulus type (static or ani-
mated) on the behavioral outcome measures test accuracy, learning
gain, test response time, and dRT (see Results section). This is sum-
marized visually in Fig. 9.

iii. Oscillatory spectra for all participants
Appendix B. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at https://doi.org/10.1016/j.neures.2019.10.
011.
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