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Brain complexity represents
uncertainty in sequence learning
and corroborates habituation
deficit in Parkinson disease
patients
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Information processing is a core element of cognitive processes in the brain. Rooted in the idea
postulated by John von Neumann that the stochasticity of neural operations might essentially

be a reflection of the probabilistic nature of information, it can be argued that fluctuations in the
complexity of the brain operations should reflect aspects of information processing activities
undertaken to infer nuances embedded in the sensory data. The current study elucidates these
aspects by examining the intricate relationship between information processing in the brain, reflected
in the complexity of brain activities, and information-theoretical measures of uncertainty in the
Bayesian models of sequence learning. A key finding of our study is that the brain complexity shows

a significantly superior correlation with the uncertainty about the input, captured by the entropy of
the posterior distribution over all input values, compared to its correlation with the novel information
stored in the current input as measured by the Shannon or Bayesian models of surprise. Additionally,
we found that the brain complexity follows the habituation process known to occur during learning by
demonstrating a decreasing trend and also corroborates the process of spontaneous recovery at the
onset of a repeated learning task. As further evidence for this relationship, distinguished complexity
trends are observed in patients of Parkinson disease, reflecting cognitive disorders in habituation and
habit formation caused by the disease.

John von Neumann predicted some 65 years ago that eventually both the brain theory and the theory of
computation would come to resemble the physics of statistical mechanics and thermodynamics'. His intuition was
based on the stochastic character of neural activity in the brain and hence the necessity of resorting to statistical
models for explaining various aspects of neural interactions'. Based on this assessment, and as evidenced by
the subsequent decades of efforts to utilize tools of information theory to describe neural operations, an even
more illuminating insight into the stochasticity of neural operations stems from the perspective that they might
essentially be a reflection of the probabilistic nature of information'.

On a similar line of analogy, one can argue that fluctuations in the complexity of the operations which
the brain undertakes should reflect the nuances in the surrounding environment embedded in the collected
sensory information. In other words, the stochasticity in neural activities of the brain can be interpreted as a
necessary attribute of forming a response to the uncertainty sensed in the input data. It can be hence argued that
uncertainty about the data should be mirrored in the stochastic characteristics of brain activity. In computational
terms, this relationship can be explained as a manifest of the brain’s allocation of more resources to incorporate
the nuances observed in the sensory data into its model of the environment. This means that the more uncertain
we are about our surroundings, the more our neural activities ramp up information processing to extract useful
information. As we become more certain about our environment over time, the level of information processing
decreases as the demand for extracting more information is reduced. The intensity of information processing is
reflected in the complexity of brain activities over time and space?.

While the relationship between the input information content and the brain’s response has long been studied?,
there is little information on how the brain’s operational complexity and its fluctuations in time are shaped by
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the statistical characteristics of the surrounding sensory environment from which information flows into and
propagates throughout the brain. Many studies have highlighted the importance of complexity in the brain in
performing cognitive tasks>*>. However, there is a paucity of reports on the different aspects of learning and
their relationship with the complexity within the brain. One potential link that can bring both learning (as a
high-level overarching purpose) and complexity (as a substrate-level information handling activity) within a
common framework is that both have strong connections with information processing involved in a cognitive
process.

Interactions between different neural circuits and their dynamics over time are known to play a critical role
in the integration of information from different sensory sources and memory which leads to the execution of
advanced computations that contribute to cognitive abilities®’. Given the stochastic nature of these interactions,
the complexity of the brain circuitry can potentially be influenced by nuances of the network dynamics during a
cognitive process. In this premise, the complexity of the brain can primarily serve as an indicator of the form and
structure of network-level interactions, which reflect the dynamics of the information flow and can be described
not only in spatial terms but also over time.

Thus, the main dimensions involved in the complexity of the brain can be identified as connectivity (spatial),
dynamics (temporal), and information (external drive)!. Connectivity can be categorized into two forms:
structural and functional®, both driven by the spatial interaction among brain regions, and thus offering a
framework for understanding information processing across the brain as an essential operation in cognitive
tasks”!%. A plethora of information-theoretical measures of spatial interaction has been introduced as brain
complexity measures and applied to recorded neural activity or EEG data®. The changes observed in such
complexity measures during a cognitive task can be interpreted as an indication of variations in the functional
connectivity of the brain, which are manifests of the establishment of cognitive controls and execution of
cognitive tasks.

In addition to the spatial interactions across brain regions which are often modeled in a stochastic framework
through information-theoretical measures such as mutual information?, other inter-dependencies which
manifest in the generation and integration of information over time can be modeled via measures of information
nuances used in time series analysis. In this context, the temporal dynamics of the measured brain activity can
be attributed to the dynamics of computational states that form cognitive functions such as learning. Several
complexity measures have been in use for time series data, defined to quantify the rate of information generation
over time. The Lempel-Ziv complexity!! and sample entropy'? operate on time series and approximate the
entropy rate for stochastic processes'""!>. To summarize, complexity, as defined in an information-theoretic
framework, can be regarded as an indication of information integration among brain regions and over time,
influenced respectively, by the connectivity of the brain and the temporal dynamics of brain activity.

Numerous studies have explored the relationship between entropy and complexity as information-related
measures, both mathematically!*"!” and in complex dynamical systems'®-2. For instance', has shown that
complexity is the time derivative of entropy. Moreover, in the context of modeling the activities of the brain as
a complex system, the interrelationship between complexity and entropy has been explored both in response
to input stimuli?! and for different brain functions*>%, albeit primarily in studies of consciousness?*~%, rather
than in models of learning. While entropy represents encoded information?®, complexity reflects information
integration?. In this study, we aim to develop a computational, yet intuitive relationship between the complexity
of brain activities and entropy as uncertainty in Bayesian learning. Indeed, we posit that, in addition to the
known quantitative relationship between the entropy of an input sequence and its complexity'®!’, entropy as a
measure of uncertainty about the input data in the context of Bayesian learning?” correlates with the complexity
of brain activities as both reflect the need to increase the level of information integration to reduce uncertainty
through a learning process.

In a general view, a learning process can be mathematically interpreted as the process of finding an
optimal conditional distribution for actions and perception, based on the received observations. While such
conditional distributions can be formed during a range of activities from encoding task-related information
to making predictions and decisions guided by goal-directed behaviors, one fundamental type of learning
occurs when receiving input sequences during which most observations reported by sensory systems exhibit
a sequential structure. Therefore, understanding the learning mechanisms for sequences can provide insight
and help establish a foundation for studying other types of learning such as language acquisition? and adaptive
behavior®. Intuitively, learning a sequence involves inferring the procedure for the generation of each element
in the sequence. Mathematically, this entails finding the conditional distribution of the upcoming stimulus
given the set of previous stimuli. Assuming the Markov property>, proposes a local transition probability model
for human sequence learning, linking statistical features to behavior (e.g. reaction time) and brain activity
(e.g. P300 amplitude). Through analyzing surprise in input sequences®’, demonstrates how a local transition
probability model can predict the effects of local and global statistics on brain’s response in alternation-biased
and repetition-biased sequences, and how these statistics, encoded at varying temporal scales, shape neural
activity. Additionally, brain regions exhibit distinct temporal coding patterns based on stimuli or choices, which
play key roles in shaping behavior?!-33. Therefore, given the significant role of temporal patterns in information
processing, studying the relationship between the entropy rate of the brain activity dynamics and the statistics in
transition probability model may offer further insight to elucidate computational processes underlying sequence
learning.

One of the fundamental processes in sequence learning involves integrating information generated by
the current stimulus with information gathered from previous stimuli which may be stored in memory. This
integration can be modeled by forming a posterior distribution on the next stimulus, mathematically known
as Bayesian inference®*-%. A central characteristic of information processing in sequence learning is the issue
of handling surprise. Two notions of surprise are often derived in modeling the process of sequence learning:
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puzzlement surprise and enlightenment surprise. Puzzlement surprise is linked to the level of conflict between
the internal model and the world after observing a new stimulus® and is mainly quantified by Shannon surprise,
which regards the surprise associated with a stimulus as its unlikeliness. Enlightenment surprise is related to the
amount of change in the internal model after observing a new stimulus®*, and is also termed as Bayesian surprise
since it is often formulated as the Kullback-Leibler (KL) divergence between the prior distribution of the model
parameters and the posterior distribution calculated after observing a new stimulus.

On the other hand, uncertainty about the next stimulus, measured by the entropy of the conditional
distribution of the next stimulus given the previous samples of stimuli (i.e. the same posterior distribution),
is closely related to the amount of information garnered when the next stimulus is revealed. Moreover, in
the context of a dynamical system, information integration relates to the rate of information generated as the
dynamical states of the system evolve, or to the reduction in uncertainty as the dynamics transition to the next
state”. Therefore, one potential area to investigate the implications of information integration in the brain and
the control mechanisms for handling uncertainty, which are essential in sequence learning, is the complexity
of the dynamics of brain activity. Furthermore, according to the free energy principle®, the brain continuously
attempts to minimize uncertainty, which can be quantified as the entropy or the average surprise value across
all possible random states. Neural representations, particularly at higher levels beyond sensory processing, are
formed through perception and encode the causes of sensory data through bottom-up processes?’. Uncertainty
about the causes of sensory data, known as world states, is thus manifested in the complexity of neural activities.
This uncertainty is propagated through top-down processes and contributes to the generation of prediction error
signals®”*®%, In the context of sequence learning, uncertainty about the next stimulus, captured by the entropy
of the conditional distribution learned up to that point, can be potentially reflected in the complexity of neural
activities during the observation of a sequence of stimuli. This hypothesis can be validated by investigating
the relation between the entropy of the learned conditional distribution and the complexity of brain activities
recorded during the observation of the input sensory sequence.

Attention and habituation serve as underlying computational activities of the brain related to the process of
learning. From a computational perspective, attention is a mechanism that aims to minimize uncertainty during
the learning process, which is reflected in statistical aspects of the learned conditional distribution, such as its
variance or entropy?’. On the other hand, habituation can be seen as a learning process in which the updating rate
of the conditional distribution decreases, leading the learner to converge to an optimal conditional distribution.
In terms of brain activities, attention manifests itself through the uncertainty level or the entropy of neural
activities?”. Consequently, habituation is characterized by a form of attenuation in brain activity propertiesi®4!,
which can be associated with a reduction in the level of attention.

In addition to the aforementioned properties associated with habituation, linking habituation to a decrease
in the complexity of brain activities during the learning process could offer a more consistent and insightful
understanding of information integration from a computational standpoint. Intuitively, in habituation, the
process of forming a behavioral conditional distribution occurs under a diminishing pursuit of information
integration in shaping the form of the conditional distribution. Considering the relationship between information
integration, attention, and complexity>**~** as outlined above, this multi-faceted perspective provides further
rationale for why habitual behaviors, resulting from the habituation process, occur with a lower level of conscious
awareness or attention®’.

Parkinson disease (PD) is a common progressive neurodegenerative disorder characterized by the
degeneration of dopaminergic cells in the midbrain and subsequent dopamine depletion in the striatum?6-45,
Given the cognitive impairments reported as associated with PD, attention deficits could serve as a highlighted
characteristic of the affected brain**->!. Specifically®?, used a three-stimuli oddball task to demonstrate that
PD patients exhibit differences in the distractor-elicited P300 component compared to healthy controls. This
difference is attributed to impairments in basal ganglia circuits, which function as modulatory circuits for fronto-
parietal networks and are responsible for selecting task-relevant information and suppressing task-irrelevant
information. Additionally, habituation disorders®*>* and habit formation disorders®>~>" serve as other forms of
cognitive impairment observed in PD patients. Furthermore, as a study investigating EEG signal properties such
as the P300 and N200 components in an oddball task found, PD patients exhibit a delay in the N200 response
which is associated with the slowed automatic cognitive processes reported for these patients®.

In terms of the brain circuitry involved in learning, the basal ganglia, and specifically the striatum, controls
the flow of information between cortical circuits, such as the posterior and frontal cortices, and the subcortical
cortex, including the hippocampus, in support of learning®-!. It also influences sensory information
processing in favor of task-relevant information by modulating the fronto-parietal network, employing attention
mechanisms®>%, In general, the striatum functions as a dynamic controller responsible for integrating sensory
information and historical information from previous outcomes to shape desired behavioral policies throughout
a task®*~%°. In mathematical terms, it is responsible for forming conditional distributions over potential actions,
representing behavioral policies over time, whether they involve motor actions’®, updating working memory”!,
or are related to cognitive control in general’”3,

Given the critical role of the striatum in dynamically shaping behavior through the learning process, disorders
of attention and habituation in PD patients, as two interrelated mechanisms involved in behavioral control
during learning, can be associated with impairments in striatal circuits. Moreover, considering the potential
relationship between complexity and the control of uncertainty — describable in mathematical terms as an aspect
of behavioral control - it follows that impairments in striatal circuits in PD patients should lead to disruptions in
the entropy of conditional distributions during learning. As a result, the dynamic patterns of complexity during
the sequence learning process are expected to differ in a meaningful manner between PD patients and healthy
controls.
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In this study, we examine the link between the complexity of brain activity and information metrics associated
with sequence learning?, focusing on uncertainty and different definitions of surprise. Our findings reveal
a significant superiority of the correlation between brain complexity and uncertainty in the Bayesian model
compared to its correlation with other surprise metrics. Furthermore, our findings show that brain complexity
follows a habituation trend during learning. Additionally, we observe a meaningful difference in the behavior
of the proposed measure of complexity between PD patients and healthy controls. Based on this difference
and through suggesting a quantitative assessment of the relationship between complexity and the process of
habituation or attention reduction during the learning procedure, our results provide an explanation for the
attention deficit or habituation disorders reported for PD patients.

Results

Brain complexity and uncertainty

To explore the relationship between complexity derived from brain activity and information-theoretical measures
from the Bayesian learning premise, we evaluated the correlation between the brain’s measures of complexity
and various surprise metrics. Specifically, we examined the correlation of the brain activity complexity with
information-theoretical metrics reflecting the puzzlement and enlightenment surprises®, as well as a new
measure of uncertainty in the input sequence, which along with Shannon surprise, serves as a representation
of the notion of puzzlement surprise. We define this measure of uncertainty as the entropy of the posterior
distribution over the stimulus space inferred through the Bayesian learning process.

Figure 1 illustrates boxplots of correlation values between brain activity-derived complexity for each of the
CTL and PD groups and the puzzlement surprise measures of uncertainty and Shannon surprise. The Lempel-
Ziv complexity (LZC)!! and sample entropy (SampEn)!? methods were used to measure the brain complexity.
Our findings, as illustrated in Fig. 1, reveal that the correlation values for uncertainty consistently surpass those
for Shannon surprise (p-value <0.05; paired t-test).

Furthermore, we examined the correlation of the difference between uncertainty corresponding to each trial
and that of its preceding trial with the changes in measures of brain complexity between the two trials. This
was done to assess whether fluctuations in the input uncertainty could entice the brain to update its model
and lead to brain activities associated with the enlightenment surprise. In a similar fashion, we also examined
the KL divergence on the parameter space, which is known to serve as a representation of the enlightenment
surprise®*, as well as implemented a new representation of this surprise based on applying the KL divergence to
the stimulus space (see Methods for a description of this measure). Figure 2 illustrates boxplots of correlation
values between changes before and after trials for the two measures of brain activity complexity and each of
these three measures of enlightenment surprise. As indicated by these plots, the correlation values associated
with difference-of-uncertainty demonstrate higher values compared to those corresponding to the KL-based
measures of enlightenment surprise (p-value <0.05; paired t-test).

To validate these correlations and determine which measure of uncertainty and which type of surprise in
Bayesian learning exhibit significant positive correlation with brain complexity, we conducted a permutation
analysis (as described in Methods) for both surprise and uncertainty, generating surrogate correlations. Then, to
assess the hypothesis that each type of surprise or uncertainty had a higher correlation than its corresponding
surrogate correlation, we applied a one-sided t-test. Table 1 presents the p-values for both the CTL and PD
groups. The correlations for uncertainty and difference-of-uncertainty almost always yielded p-values <0.05;
one-sided t-test with unequal variances. In contrast, all other methods yielded non-significant p-values (> 0.05;
using the same t-test). This suggests that only uncertainty and difference-of-uncertainty meaningfully correlate
with complexity and changes of complexity between trials, respectively.

To extend our analysis to assess individual channels instead of merely focusing on average complexity across
channels, and in order to derive the spatial distribution of complexity across different brain regions, we repeated
all correlation analyses for complexities derived from each channel. This resulted in the topographic maps
presented in Fig. 3, which illustrate the group mean correlations for each of the CTL and PD groups for both the
LZC and SampEn measures of complexity, along with p-values from the t-test analysis of perm2, as discussed
in Table 1. Each column of topographic maps corresponds to a distinct information metric as indicated on the
figure. Additionally, for each subject group, four rows of topographic maps are presented. The first and third
rows in each subject group set illustrate topographic maps corresponding to the group mean values of SampEn
and LZC, respectively. In each row, the topographies are separated into two sets based on their information
metrics being a representative of the puzzlement or enlightenment notions of surprise. As observed in the first
and third rows for each subject group, uncertainty, as a measure of puzzlement surprise, consistently shows more
significant correlations across most channels compared to Shannon surprise. Similarly, within the representations
of enlightenment surprise, difference-of-uncertainty consistently demonstrates a higher correlation with brain
complexity than the KL-based metrics. To assess the significance of these correlations in a graphic fashion, the
second and fourth rows for each subject group correspond to the logarithm of the p-values from the t-test.
The regions highlighted in bright to dark red shades indicate channels showing significant correlations based
on permutation analysis. Notably, for both subject groups and data blocks, significant correlations with brain
complexity were observed only for uncertainty and difference-of-uncertainty. As these plots indicate, the
patterns of channels with significant correlations are predominantly distributed over the frontal, central, and
parietal regions.

Complexity trends and habituation

To examine the dynamical pattern of brain activity complexity during sequence learning, we calculated the
complexity of brain activity after the onset of each stimulus in the sequence by two methods: Lempel-Ziv
complexity (LZC)!! and sample entropy (SampEn)!%. We then plotted the grand average of the derived time
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Fig. 1. Boxplots of correlation of brain activity-derived complexity with uncertainty and Shannon surprise,
both of which are surprise metrics calculated from Bayesian inference. In each trial of the oddball task, two
measures of brain complexity, Lempel-Ziv complexity (LZC) and sample entropy (SampEn), are applied

to each channel of the EEG time series within the 200-400 ms post-onset time window. Then, the average
complexity is calculated over all channels, resulting in an array of complexity measures for each subject with
the same size as the number of trials in the oddball task. On the other hand, for each information metric,

a value is assigned to each trial of the oddball task based on the Bayesian learning model. The correlation
between the brain complexity and each information metric is then calculated for each subject. This procedure
is performed separately for each of the two blocks of the oddball task. The boxplots indicate that the correlation
of complexity with uncertainty consistently surpasses that with Shannon surprise (p-value <0.05, paired t-test).
The boxplots in the first and second rows correspond to the CTL and PD groups, respectively. The correlations
shown in the boxplots, for both uncertainty and Shannon surprise, are optimized over the parameter . This
parameter models memory length for each subject. The boxplots indicate the median (red line inside the box),
the interquartile range (box edges for Q1 and Q3), and whiskers extending to the minimum and maximum
values. The red plus signs shown on some boxplots correspond to subjects with considerably different

correlation values from their group.

series of complexity throughout the sequence of stimuli for each of the two blocks of the oddball task, as shown
in Fig. 4. In the first block, the CTL group displays a decreasing trend in complexity, eventually stabilizing at a
fixed value. This phenomenon is consistent with the first property of habituation which predicts a decreasing
trend in brain activities to an asymptotic level during learning®’. The PD group also shows a similar decreasing
trend. However, the stabilization of complexity for the PD group occurs later in the stimuli sequence compared to
the CTL group. This difference in trends manifests itself as an increasing divergence of the PD group’s complexity
from that of the CTL group, as highlighted by the complexity trends in Fig. 4. As can be seen in Fig. 4, the
complexity trend of the PD group diverges from that of the CTL group, beginning from the middle stage and
leading to a statistically significant difference between the two groups in the late stage of learning.

To highlight the decreasing behavior and convergence in complexity, we examined the trend for the slope
of the line fitted to the complexity windowed over its time series. In the first block, as illustrated in Fig. 5, the
initial slope of the complexity trend for both the CTL and PD groups is negative. This reflects a decreasing trend
in complexity. For the CTL group, the slope approaches zero around the midpoint of the stimulus sequence and
stays near zero until the end of the sequence. In contrast, for the PD group, the slope only reaches zero towards
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Fig. 2. Boxplots of correlation of changes in brain activity-derived complexity before and after stimulus
with difference-of-uncertainty, KL divergence on parameter space, and KL divergence on stimulus space,
all associated with the discrepancy between the prior and posterior distributions before and after observing
a stimulus in the sequence. These distributions are either defined over the parameter space (as in KL on
parameters) or the stimulus space (as in KL on stimulus and difference-of-uncertainty). The boxplots illustrate
the correlation of these measures of surprise with the change in brain complexity form one trial to the next
(calculated as the next trial minus the current trial). The boxplots in the first and second rows correspond
to the CTL and PD groups, respectively. Notably, the correlations associated with difference-of-uncertainty
exceed those for KL on stimulus and parameter spaces (p-value <0.05; paired t-test). Correlations for all
surprise types are optimized using the parameter v, which represents memory length for each subject. The
boxplots indicate the median (red line inside the box), the interquartile range (box edges for Q1 and Q3),
and whiskers extending to the minimum and maximum values. The red plus signs shown on some boxplots
correspond to subjects with considerably different correlation values from their group.

the sequence’s final stages, suggesting a later convergence of complexity for the PD group in the first block. In the
second block, however, the trends in the slope for the CTL and PD groups do not show significant differences,
as there is no statistical difference between the slope of complexity trends throughout the stages of learning.

To extend the analysis applied to the trend and slope of complexity in order to assess the spatial behavior of
complexity, we grouped the channels into four sets corresponding to the frontal, parietal, central, and temporal
regions. The complexity for each trial was averaged over the channels within each of these regions, resulting in
four regional complexity trends. Subsequently, by performing the same windowing and line fitting analyses, we
examined the trend and slope of complexity for both the LZC and SampEn complexity measures for each region.
As illustrated in Fig. 6, the trend of complexity for the CTL group across all regions and for both measures of
complexity exhibits convergent behavior. Additionally, the slope of complexity for the CTL group consistently
starts with a negative value and approaches zero after the beginning stage of learning and remains around zero
until the final stage of learning in each block. Moreover, the same pattern of difference observed in Figs. 4 and 5
also exists between the CTL and PD groups in the regional complexity trends. In the first block, the convergence
of complexity for the PD group occurs at a later stage for all regions. Furthermore, the slope of complexity for
the PD group in the first block remains lower than zero for more trials compared to the CTL group. However,
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Surprise and Perm1 Perm2 Perm1 Perm2
Data Block | uncertainty measures LZC LZC SampEn SampEn
CTL group

Uncertainty 6.98 x 107 % | 9.0028 0.0064 0.018

Difference-of-uncertainty | 9 0012 7.10 x 107% | g.0026 3.57 x 1072
1 Shannon surprise 0.99 0.99 0.99 0.99

KL on stimulus 0.99 0.76 0.99 0.92

KL on parameters 0.99 0.99 0.98 0.99

Uncertainty 2.18 x 107% |7.26 x 10™° | 9.0062 0.017

Difference-of-uncertainty | 2.42 x 10™% | 4.70 x 10~° | 0.0046 0.0012
2 Shannon surprise 0.99 0.99 0.99 0.99

KL on stimulus 0.22 0.08 0.82 0.39

KL on parameters 0.98 0.97 0.99 0.99
PD group

Uncertainty 7.79 x 107° | 0.0016 4.57 x 107° | 0.0013

Difference-of-uncertainty | 9.0033 4.36 x 10°% | .0014 1.24 x 1074
1 Shannon surprise 0.99 0.99 0.99 0.99

KL on stimulus 0.89 0.47 0.81 0.18

KL on Parameters 0.99 0.99 0.99 0.99

Uncertainty 0.0097 0.0048 0.022 0.0099

Difference-of-uncertainty | g.027 4.40 x 10~% | 093 0.024
2 Shannon surprise 0.99 0.99 0.99 0.99

KL on stimulus 0.95 0.66 0.89 0.47

KL on Parameters 0.97 0.99 0.98 0.99

Table 1. P-value table for hypothesis testing to assess the significance of correlation between surprise metrics
from Bayesian inference and brain activity-derived complexity. In the Perm1 test, the complexity sequence for
each subject undergoes 200 random permutations. The correlation is then calculated and optimized over the
parameter w for each permutation. In the Perm?2 test, 200 random permutations are applied to the stimulus
sequence for each subject. Subsequently, the surprise time series are recalculated, and the correlations are
again determined and optimized over the parameter w. For each test, the correlations resulting from the
permutations, totaling 5,000 (200 permutations x 25 subjects), are compared to the original correlation set,
which consists of 25 correlations, using one-tailed t-test with unequal variances. As indicated in bold font, only
uncertainty and difference-of-uncertainty (calculated as after minus before the stimulus) exhibit significant
correlations with p-values less than 0.05.

this delayed convergence in the trend of complexity for the PD group is not observed in the second block, and no
significant difference exists with the CTL group. Moreover, based on the p-values resulting from t-test analysis of
the slope of complexity, it can be noted that the frontal region exhibits more disparity between the CTL and PD
groups in the trend of complexity, showing p-values lower than 0.001 marked by three stars in Fig. 6a.

Spontaneous recovery

The second property of habituation discussed in’ is spontaneous recovery. This property refers to the partial
recovery or resurgence of a brain response characteristic after a pause in the presentation of the sequence of
stimuli for a period of time. In the oddball task setup, a break occurs between the first and second blocks, during
which the presentation of stimuli is halted. To investigate the effect of this property on the complexity of brain
activities, we compared the average of the last ten complexity values in the first block to the average of the first
ten complexity values at the start of the second block. To this end, we evaluated the hypothesis of spontaneous
recovery, which stipulates a higher level of complexity occurs at the beginning of the second data block compared
to the end of the first block, using paired t-test. As shown in Fig. 7, our results reveal that the complexity values,
for both LZC and SampEn, are higher in the beginning of the second block compared to those at the end of
the first block for both the CTL group (two-sided paired t-test: LZC: p-value =0.022, t(24) =2.449, SampEn:
p-value =0.069, t(24) =1.904) and the PD group (two-sided paired t-test: LZC: p-value =0.001, t(24) =3.74,
SampEn: p-value =0.002, t(24) =3.467). The CTL groups SampEn complexity comparison was marginally non-
significant (p >0.05). These findings suggest the occurrence of a recovery in complexity values after pausing the
presentation of the stimuli sequence.

Discussion
Recent studies have underscored the significance of brain complexity in shaping cognitive abilities>*>. The
relationship between complexity and the structure of information flow in the brain was studied in* through
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Fig. 3. Topographic maps of correlations between surprise metrics from Bayesian inference and the
complexity of brain activity derived from each channel and topographic maps of the corresponding p-values.
For each subject group and oddball block, five columns of topographic maps are presented, each corresponding
to one information metric. These topographies are categorized into two groups which represent the puzzlement
or enlightenment notions of surprise. For each subject group, the first and second rows respectively contain
topographies of the group mean correlation for the SampEn complexity and the corresponding p-values
(-log(p-value)) resulting from the perm?2 test over channels. The third and fourth rows include topographies
corresponding to the group mean correlation of the LZC complexity and the corresponding p-values
(-log(p-value)), also resulting from the perm?2 test over channels. It can be observed that, in the group of
puzzlement surprises, for both subject groups, task blocks, and complexity types, the group mean correlation
for uncertainty—as a measure of Bayesian surprise—is significantly higher than that for Shannon surprise

over most brain regions, and especially in the frontal, central and parietal regions. Moreover, in the group of
enlightenment surprises, the group mean correlation for difference-of-uncertainty is noticeably higher than
that for other metrics (KL-stim and KL-param) across both subject groups, task blocks, and complexity types.
Additionally, it should be noted that, only for uncertainty and difference-of-uncertainty, there are regions with
higher levels of correlation than the significance level, which are mainly distributed over the frontal, central
and parietal regions. The significance level is indicated by a green line plotted on the color bar of the -log(p-
value) maps, which corresponds to the significance level -log(0.05/63) after correction, where 63 is the number
of channels. Colors higher than this mark indicate regions with a correlation higher than the significance level.

Scientific Reports|  (2025) 15:22320 | https://doi.org/10.1038/s41598-025-00826-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.6

0.59

Complexity
o o o
N [6,} N
D ~ (0]

L
4
o

0.53

0.52

0.64

o
)
N

Complexity
o
()]

0.58

0.56

Elc. -

LZC Trend in Block 1 i LZC Trend in Block 2
1 1 . 1 1
I [ [ I
: : * 0.59 : : *
I [ 0.58 [ I
I I I
0.57
]
| | 0.56 l I
I [ I I
I 0.55 I i
: 0.54 !
I [ I
I I 0.53 | I
1 e | 0.52 1 1 :
20 40 60 20 40 60
SampEn Trend in Block 1 SampEn Trend in Block 2
I [ I I
I 1 ¥ 0.64 I 1 %
I I I I
[ [ \;\_:___-
0.62
l [ 1 I
| | 0.6 | I
[ I I
I I
I I 0.58 I
| [ | I
' : 0.56 ' '
20 40 60 20 40 60

Fig. 4. Trends of complexity measures over the two blocks of the input sequence. The LZC and SampEn
complexities were calculated for each subject in each trial. The complexity values underwent filtering using
a moving average window of size 30 to eliminate rapid fluctuations. For both groups, the means are depicted
in the first and third rows along with standard error of the mean (SEM) (red represents the PD group and
blue denotes the CTL group). To compare the trend of complexity through learning between the PD and
CTL groups, the time bins were divided into three stages of learning: early (time bins 1:23), middle (time
bins 24:46), and late (time bins 47:70). At each stage, two-sided t-test was applied to compare the average
complexity of the PD and CTL groups over the trials of that stage. Each stage showing a p-value lower than
0.05 or 0.01 is marked with one or two stars, respectively. As can be seen, for all blocks and complexity
measure, the trend of complexity of the PD group significantly diverges from that of the CTL group in the late
stage of learning.
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Fig. 5. Trends of the slope of complexity measures over the two blocks of the input sequence. For each subject
in each trial, the LZC and SampEn complexity measures were calculated. The trials were then segmented into
windows of size 40, and a line was fitted to each window. The means and their SEM shades are displayed in the
first and third rows (red represents the PD group and blue denotes the CTL group). To compare the trend of
complexity slope between the PD and CTL groups through the learning process, the time bins were divided
into three stages of learning: early (time bins 1:20), middle (time bins 21:40), and late (time bins 41:60). Each
stage showing a p-value lower than 0.05 or 0.01 is marked with one or two stars, respectively. As can be seen,
in the first block, the slope of the complexity trend for the CTL group diverges from that of the PD group in
the middle stage, approaching zero and remaining there till the end of learning. Nevertheless, the slope of
complexity trend for the PD group remains negative until the late stage where the slope approaches zero.
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Fig. 6. The trends of complexity and their slopes for a) frontal, b) central, c) parietal, and d) temporal regions.
For each region, channels are selected based on the electrode naming in the 10-20 standard. For example, all
channels with names starting with ‘F’ are selected as channels representing the frontal region. The complexities
associated with each channel for each trial are averaged over each regional cluster of channels. Then, the trends
of the mean complexity through trials are plotted for each region for the PD and CTL groups. Additionally,
following the same procedure discussed for Figs. 4 and 5, the trends of the slope of complexity for each region
as well as their SEMs are plotted. The same pattern of convergence in the complexity for the CTL group as the
overall complexity shown in Figs. 4 and 5 is also seen in each brain region. Furthermore, the late convergence
of the complexity trend for the PD group in the first block is also manifested in the trend of complexity slope in
all regions.

analyzing connectivity and temporal dynamics. In addition, information flowing due to the dynamics of brain
activities across various regions was shown to play a pivotal role in establishing cognitive control and adaptive
behavior during cognitive tasks such as learning”’*’>. A recent study even used the complexity of EEG data
to develop a classifier for EEG signals according to varying levels of attention during sustained attention
tasks’®. A large body of research on brain activity complexity also delves into its relationship with the state
of consciousness®>**. Despite the connection established between complexity and information processing in
the brain®?, there remains a lack of knowledge about how the complexity of brain activities contributes to the
formation of different aspects of cognitive functions, particularly the learning process, habituation, and habit
formation.

In the context of learning, complexity is often considered as an emergent property arising from structural
interactions between brain regions within a network. This network undergoes modifications during the learning
process or behavioral adaptation, caused by changes in synaptic strengths. For example, functional connectivity
metrics were considered in”” as measures of spatial complexity to identify dynamic changes in the modular
structure of the brain during the learning process. Another study emphasized the role of synapses as the physical
substrate for the interaction between brain regions in forming brain complexity and facilitating advanced
computation’8,

Despite these findings, an exact, intuitive relationship between the complexity of brain activities and the
dynamic, high-level aspects of the learning process remains elusive. This includes the uncertainty associated with
the conditional distribution at each stage of the learning process, and its convergence to a desired conditional
distribution. In this study, we explored the dynamic pattern of the complexity of brain activities in terms of the
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Fig. 7. Boxplots illustrating differences between the averages of the initial 10 complexity values in the second
block and the final 10 complexity values in the first block. As can be seen, complexities at the start of the
second block are consistently greater than those at the end of the first block for both PD and CTL groups and
for both complexity measures. The paired two-sided t-test p-values for the CTL group are 0.069 and 0.022

for SampEn and LZC, respectively. Additionally, the paired two-sided t-test p-values for the PD group are
0.002 and 0.001 for SampEn and LZC, respectively. The red plus signs shown on some boxplots correspond to
subjects with considerably different correlation values from their group.

rate of information generation during brain dynamics within a sequence learning process. We also examined
the dynamic information-related measures involved in the mathematical models of sequence learning®, such
as various types of surprise as well as uncertainty serving as the entropy of the conditional distribution formed
during sequence learning for each stimulus given the previous stimuli. Through this analysis, we observed a
noticeable correlation between uncertainty in Bayesian learning and brain complexity throughout the learning
process. Furthermore, we identified a delayed convergence in the brain complexity trend for the PD group, as
shown in Figs. 4, 5, and 6. Given this meaningful difference between the PD and CTL groups, as well as the
relationship between complexity and uncertainty in the Bayesian learning process, we propose that cognitive
disorders in PD such as habituation disorder®>*%, habit formation disorder®>~>’, and slow cognitive processing”®0
may be attributed to impaired formation of the conditional distribution, which manifests as the deficiency of the
brain in uncertainty reduction throughout these cognitive processes.

Brain complexity is represented by uncertainty and not novel information in Shannon or
Bayesian models of input surprise

The learning process primarily involves handling and processing input information to form a desired behavior
within a task to be learned. In mathematical terms, information processes such as encoding or filtering the
information could potentially be associated with shaping a distribution of potential actions. These actions could
include a set of possible decisions which can be made in an environment, potential outcomes which should be
predicted, or even potential models for describing input data, all based on the input information model derived
from previous observations. Furthermore, perception can be described as calculating the posterior distribution
of the potential causes of sensory inputs, and perceptual learning as updating the prior distribution of these
causes®!. Intuitively speaking, learning is driven by the existence of some degree of uncertainty about the optimal
behavior which needs to be reduced during the learning process. Therefore, gathering and encoding information
during the learning process can result in a reduction of uncertainty. Moreover, uncertainty arises from the degree
of randomness, which in turn originates from a lack of information from the learner or observer’s perspective.
Without any randomness, both uncertainty and subsequently gathering information may lose their meanings.
Mathematically speaking, uncertainty about the desired behaviors can be characterized by properties associated
with the distribution of potential behaviors and how this distribution is shaped during the learning process. In
the context of sequence learning, learning involves understanding the mechanism by which the input sequence
is generated, or being able to predict the next stimulus using the stochastic model for sequence generation
learned from previous stimuli. This again turns out to form and shape the distribution of potential parameters
determining the stochastic model of the input or the potential states for the next item in the sequence.
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Many mathematical models for sequence learning assume the Markov property on the generation of stimuli
in the sequence®*. Based on this assumption and using a Bayesian learning approach’®, suggests that the brain
as a near-ideal observer attempts to estimate a distribution for the transition probability of the input stimuli. In
this mathematical model for learning, there are several information-related measures which model high-level
aspects of learning such as the surprise level associated with each stimulus or the uncertainty about the next
stimulus, both of which are calculated from the distribution formed during the presentation of the sequence.
Based on the definition of surprise for a stimulus as its unlikeliness, Shannon surprise is calculated as the negative
logarithm of the probability associated with the stimulus in the internal model or the learned distribution of all
potential stimuli®2. This measure quantifies the level of conflict between the internal model and the world, and
is termed as puzzlement surprise®. In an informational view, surprise can also stand for the amount of new
information encoded by the learner due to observing a specific stimulus. From this perspective, surprise can be
defined by the amount of change which the internal model undergoes after observing the current stimulus, and
is termed as enlightenment surprise®!. Given the informational view, a model for the enlightenment surprise is
introduced in®*#* and termed as Bayesian surprise. Bayesian surprise is formulated as the Kullback-Leibler (KL)
divergence between the prior distribution of the model parameters and the posterior distribution calculated
after observing the current stimulus. The idea underlying Bayesian surprise can be extended to define a new
quantification of surprise through capturing the amount of change in the internal model by calculating the KL
divergence between the prior distribution formed for the stimulus space, not the model parameter space, and the
corresponding posterior distribution. This new quantification of surprise may potentially be more biologically
tractable as it has to do with a distribution for the stimulus space which consists of a finite set of discrete items,
i.e. the stimuli types, rather than a distribution for a continuous variable which models the transition probability.
Furthermore, this measure of surprise is pertinent to the prediction of a subject about the next stimulus, making
it less dependent on a particular computational learning model consisting of assumed model parameters.

Along with other information-theoretical measures calculated from the conditional distribution formed
during the learning process, we also calculated the entropy of the conditional distribution of the stimuli space
formed after observing each stimulus to measure the remaining uncertainty of the learner about the stimuli after
each observation. Entropy captures the optimal average code length for describing outcomes of a process given a
specific distribution for generating them. Given this view, and intuitively speaking, the entropy of the conditional
distribution formed by a learner after observing some stimuli is an indicator of the average code length prescribed
by its current coding scheme driven by the learned internal model. Initially in the sequence learning process,
the learner’s coding scheme for encoding the stimuli produces a higher code length than the optimal length,
reflecting higher uncertainty about the stimuli. The more stimuli the learner observes, however, the closer the
internal model becomes to the true model of sequence generation and this results in lower uncertainty. Therefore,
as the internal model gets closer to the underlying sequence generation model, the coding scheme produces a
lower average code length which is closer to the optimal code length and reflects the lower uncertainty about the
stimuli. Refs®>% discuss the role of uncertainty in eural coding schemes by considering uncertainty as a property
associated with the conditional distributions obtained from Bayesian approaches. Developing a Bayesian model
of neural representation, Friston?” considers the entropy of the sensory state (stimuli) distribution as average
uncertainty about the stimuli generation process. One plausible explanation justifying all these perspectives is
that the more uncertain the brain is about an item in the input sequence, the more new information it requires to
be encoded during the observation of the sequence to reduce this uncertainty, resulting in a coding scheme with
a higher average code length. From this viewpoint, we posit that the reduction in uncertainty between the prior
and posterior distributions, respectively associated with before and after observing a stimulus in a sequence, can
be considered as an enlightenment surprise®*.

In addition to information-theoretical measures in the Bayesian learning model which are applied to
the input sequence distributions to describe the amount of uncertainty or randomness, other quantification
measures such as Lempel-Ziv complexity (LZC)!! and sample entropy (SampEn)!? can be employed to capture
the level of information processing in the brain as observing the sequence of input stimuli results in a form of
activity dynamics in time. These methods attempt to quantify the rate of new patterns generated in brain activity
data recorded in the form of time series. Intuitively speaking, these new patterns can be considered to reflect
the rate of new information from the environment encoded by the brain. In other words, the new patterns in
brain activity could potentially be linked to the coding scheme used by the brain to encode the new information.

Given this outlook, higher levels of new information, regarded in terms of the code length from a Bayesian
learner’s perspective, could be related to higher numbers of new patterns generated in the brain activities as
a Bayesian learner®® or an ideal observer®”. To assess this hypothesis, we investigated the correlation between
each of the LZC and SampEn measures of complexity derived from the brain data and the information-related
measure of uncertainty, i.e. the entropy of the conditional distribution formed for the stimulus space by the
Bayesian learner?’. Figures 1 and 2 highlight the stronger association of uncertainty with complexity measures
(LZC and SampEn) compared to Shannon surprise and KL divergence. Moreover, the superiority of both
uncertainty and difference-of-uncertainty across the scalp can be seen in topographic maps in Fig. 3.

To explain the superiority of entropy in describing the complexity of brain data, it is important to note that
the measure used for entropy, which captures the level of uncertainty, incorporates information from all stimuli,
rather than just the recently-observed one. In contrast, both Shannon surprise and Bayesian surprise (calculated
as KL divergence in our analysis) respectively measure the amount of new information or the necessary
information in the recently-observed stimulus for updating the internal model. Therefore, measures based on
entropy are expected to demonstrate higher consistency with the notion of complexity as an indicator of the
level of information integration’. Furthermore, only entropy captures the average code length of the coding
scheme for all stimuli space developed by a Bayesian learner. Therefore, entropy could potentially better reflect
the level of new pattern generation due to the brain’s dynamics, consistent with the hypothesis mentioned earlier.

Scientific Reports |

(2025) 15:22320 | https://doi.org/10.1038/s41598-025-00826-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

In addition, the selected time window after the stimulus onset, during which the rate of new pattern generation
in EEG data is calculated through LZC and SampEn measures, relates to higher-order cognitive processes
which involve historical information and not just the information related to the current stimulus®. Argues that
brain responses later in the epoch better reflect the formation of transition probability inferences than the early
responses which are more responsive to simpler statistics such as the item frequency in an oddball experiment.
Furthermore®, posits that late brain responses are more sensitive to global regularity in the sequence of auditory
stimuli and capture complex pattern in the sequence. Therefore, entropy, which measures the average code
length for all stimuli space, can better capture the rate of new pattern generation in EEG data during this time
window than the Shannon®? and Bayesian surprises®*4, which are both more sensitive to the information related
to the current stimulus in the sequence.

Brain complexity follows habituation trend during learning

As a learner progresses through a sequence, they become more familiar with its patterns, reducing the need to
encode new information or update their internal model. If the brain’s generation of new patterns reflects this
encoding, it is expected that the rate of new pattern generation should decrease through sequence learning.
Furthermore, this decrease is also expected given the relationship between complexity and uncertainty, and
by noting that a learning process usually manifests as a reduction in uncertainty”’. In the context of sequence
learning, uncertainty can be related to the unpredictability of the next stimuli, and is mathematically modeled as
the entropy of the conditional distribution formed for the next stimulus given the previous ones.

Habituation, known as a manifest of the learning process?®!!, is defined as a decrease in response to
the repetition of stimuli in a sequence. The decrease can be distinguished from sensory adaptation by its
dependence on the statistical properties of the stimuli®’. Furthermore, a more complex form of learning is habit
formation which is a process initiated as a goal-directed behavior that becomes automatic as a stimulus-driven
behavior®*8%0, In computational terms, a habit can be considered as a formed policy in favor of a task or goal,
through shaping and utilizing a conditional distribution for potential actions given an observation. Given the
mathematical view of learning discussed earlier, these forms of learning can be potentially linked to situations
in which there is a form of convergence in the conditional distribution shaped through the learning process.
Such convergence view to habituation is also consistent with the first property associated with habituation®’,
pointing to a decreasing trend in brain activities in response to the sequence of stimuli towards an asymptotic
level in exponential or linear decay format. In informational terms, this decreasing trend in brain activities can
be potentially seen as an implication of a reduction in the rate of new information which should be encoded
as a result of observing a new stimulus in the sequence. In Bayesian updating terms, this decreasing trend is
equivalent to a reduction in the changes that the conditional distribution undergoes due to the observation of a
new stimulus during the sequence learning process. In the habit formation process®+#%, this reduction can be
seen as the convergence of the conditional distribution of actions given the observations, and be interpreted as
learning a habit.

Juxtaposing the elaborated perspectives on habituation and habit formation and the relationship between the
complexity of brain activities and the entropy of the formed conditional distribution for the next stimulus during
sequence learning, we expect to see a form of convergence in the trend of complexity during sequence learning.
Consistent with this expectation, as can be seen in Fig. 4 (trend of complexity) and Fig. 5 (slope of complexity), a
decreasing trend is observed in the grand mean of complexity during the presentation of the sequence of stimuli
for the CTL group, which exhibits a convergent behavior. As more support for this hypothesis, similar patterns
of convergent behavior can be observed for the CTL group across different brain regions in Fig. 6. Furthermore,
another property associated with habituation is spontaneous recovery*®*!, which argues for a recovery in the
strength of neural responses after habituation when the stimulation is paused and restarted. Consistent with this
property, a form of recovery can be observed by comparing the complexity trends between the end of the first
block of the oddball task and the start of the second block, in which the same sequence is presented after a short
period of rest, see Fig. 7.

From a biological view, basal ganglia, and especially the striatum, as part of the dopaminergic system of
the brain, play a critical role in habitual control®” and habit formation®. In addition, basal ganglia circuits play
a role in probabilistic sequence learning®"?2. Furthermore, the activities of the striatum in the time window
between a reinforcement learning task’s current outcome and the next outcome contribute to the integration
of information from previous outcomes to predict the next outcome®. The operation of all these circuits are
impacted by the dopamine deficit due to PD. Therefore, it is expected to see changes in the complexity of brain
activities associated with information integration when habits are formed in PD patients. As can be seen in Figs.
4 and 5, convergence of the complexity trend occurs with delay for PD patients in the first data block compared
to the CTL group. Similar delayed convergence behavior can also be observed across different brain regions, and
particularly in the frontal region, as illustrated in Fig. 6. This delayed convergence can serve as evidence for the
slower performance of PD patients in automatic cognitive processes reported in’%, and for the delay in response
initiation due to the delay in cognitive processes (and not motor processes) reported in®’. The severity of this
disparity between the two groups in the frontal region can be potentially attributed to the critical role of the
dopaminergic system in habit control, which acts through the projection of the striatal circuits onto the frontal
region94. However, in the second data block, possibly due to the occurrence of habituation in the first block for
both groups, no significant difference is observed in the trend of the slope of complexity between the two groups
(see Fig. 5 for the trend of complexity slope over all channels and Fig. 6 for the trend of complexity slope over
different brain regions). In mathematical terms, this change in the dynamics of complexity in brain activities can
provide a new explanation for habit formation disorders®>~>” and habituation disorders®>** through interpreting
them as aberrations in encoding and integration of information during the learning process to form a conditional
distribution associated with the desired behavior.
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Building on these observations, our findings corroborate habituation deficits in PD patients through
differentiated complexity dynamics compared to the control group, offering a novel computational perspective
on impaired learning dynamics related to the processing of uncertainty. Specifically, EEG complexity in the
control group exhibited habituation properties known to occur during learning: a decreasing trend during
sequence learning (Figs. 4-6), reflecting response attenuation’, and spontaneous recovery, represented by a
significantly higher complexity at the start of block 2 compared to the end of block 1 (Fig. 7). In PD patients,
complexity convergence was delayed in block 1 compared to controls, particularly in the frontal region (p < 0.001,
Fig. 6a), suggesting impaired uncertainty reduction. This aligns with reported PD habituation deficits®>**, linked
to slower cognitive processing’*%, and striatal dysfunction®”** which impairs information integration critical
for sequence learning and habitual control>¢*°1-%3, Based on these findings, we posit that delayed complexity
convergence in PD reflects aberrations in encoding and integrating information to form conditional distributions
during learning, contributing to habituation deficit reported in PD. However, the modest correlation between
complexity and uncertainty (median = 0.2) and challenges in EEG-based complexity modeling, as detailed
in the section on Limitations of study, suggest that complexity may be one of the several factors which these
deficits are reflected in, and that our findings may not imply causality. Despite these limitations, significant
differences between the PD and control groups supported by robust statistical tests and aligned with prior PD
literature, suggest complexity as a marker of habituation impairments in PD, warranting further investigation
into underlying mechanisms.

Limitations of study

This study has several limitations that contextualize the scope of its findings. A primary limitation is the modest
correlation values between EEG complexity and uncertainty (median = 0.2), which suggest that uncertainty may
explain only a small portion of the variance in complexity. While these correlations are statistically significant
compared to chance level and are also significantly superior to those with other surprise metrics (Figs. 1-3,
Table 1), their magnitudes do not indicate a strong relation between uncertainty and brain complexity. This
modest effect size, although typical in EEG studies of cognitive processes, suggests that uncertainty processing in
sequence learning may only be one of the several factors contributing to brain complexity. Additionally, the EEG
data’s limited spatial resolution hinders precise localization of the neural sources underlying the complexity-
uncertainty relationship, particularly in distinguishing subcortical contributions such as the effects of striatal
dysfunction in PD. Furthermore, our findings are associative and do not establish causality for habituation
deficits in PD patients. For example, the observed delayed complexity convergence in the PD group (Figs. 4-6)
aligns with known learning deficits of PD>*>* but does not allude to any causal mechanisms. Similarly, the data
do not support a mechanistic view of how complexity represents uncertainty, as the significant correlations and
convergence trends presented in our results (Figs. 1-6) are observational, not explanatory. These limitations
highlight the need for future studies with higher-resolution neuroimaging (e.g., fMRI) to localize effects,
longitudinal designs to probe causality, and multimodal approaches to elucidate the mechanisms of uncertainty
processing and habituation impairments in PD. Despite these constraints, the robust statistical evidence (Figs.
1-7) and the alignment of our observations with PD and striatum literature>*>>*7%8091-94 provide a foundation
for understanding the role of the brain’s complexity and its fluctuations in sequence learning and PD-related
deficits.

Conclusion

In examining the relationship between complexity and the learning process, our findings posit the idea that
complexity of the brain activities, interpreted as the degree of information integration, reflects the learner’s
uncertainty. This uncertainty is formulated as the entropy of the conditional distribution of potential observations
given the internal model shaped during the learning process. In the case of sequence learning, the conditional
distribution can be considered as the distribution formed for the stimulus space given the observed stimuli.

In other words, given that the entropy of a distribution can mathematically be defined as the average code
length for a random variable with that distribution, we can view the complexity of brain activities as an indicator
of the amount of information from a new stimulus that is encoded and integrated with information from
previous stimuli. This complexity therefore serves as a manifest of the process of updating the current belief of
the learner over the stimuli space. Furthermore, the significant superiority of the correlation of brain complexity
with the entropy of the posterior distribution formed through the learning process compared to its correlation
with the Shannon and Bayesian models of surprise could indicate that complexity better represents uncertainty
about the entire process of sequence generation and all stimuli, compared to just the novel information content
in the recently observed stimulus as measured by the Shannon or Bayesian models of input surprise.

Asageneral description of the learning process, at the initial stage, a learner has a high level of uncertainty and
needs to encode more information and integrate it with the current knowledge to expand their understanding of
the situation. But as more information is gathered, the level of the learner’s uncertainty may be reduced and there
may be no need to encode or integrate as much information with the existing knowledge. Therefore, due to this
general perspective and the notion of an association between the complexity of brain activities and uncertainty,
which is mathematically termed as the amount of information coded by the learner, we expect that during the
learning process, the complexity of the brain activities will show a decreasing trend, eventually converging to
an asymptotic value. Our findings are consistent with this expectation and confirm a decreasing trend in brain
complexity for the CTL group.

Additionally, this convergent behavior in brain complexity can be associated with the habituation process or
habit formation, in which forming a habit can be likened to establishing a conditional distribution. Intuitively,
forming a conditional distribution during a learning process such as habit formation can be viewed as a process
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of achieving a certain level of certainty about the phenomenon, which is reflected in a convergent trend in the
complexity of the brain activity.

Furthermore, due to the association between complexity and the habituation process, we expect to see
some disparity in the trends of complexity of the brain activity between PD patients and CTL subjects due
to the habituation and habit formation disorders caused by PD. Consistent with this expectation, a delayed
convergence was observed in the complexity trend for PD patients compared to CTL subjects, corroborating the
delay in cognitive processing and habituation and habit formation impairments attributed to PD.

As future work, the dynamic pattern of brain activity complexity can be monitored in setups where reward
processing is involved or goal-directed behavior is present. Such studies can offer further insight into the
behavior of complexity trends in the presence of a goal or a reward in the learning process. Furthermore, our
analysis can be extended to invasive data recorded from animals at specific sites within the striatum and other
regions of the basal ganglia during the processes of learning and habit formation. Such extension may allow
for examining complexity signatures within these regions and following its trends locally as integrating new
information progresses during the learning and habituation processes. Additionally, studying the dynamics of
the brain activity complexity during other cognitive tasks that involve varied levels of attention can be the subject
of further research. Furthermore, probing of the relationship between brain complexity and instantaneous
attention level and any causal links between them can shed light on some of the intricate mechanisms that are
involved in consciousness.

Methods

Dataset

The dataset used in this study is an open-access dataset, originally compiled and released in*%. Detailed methods
of data acquisition and an in-depth explanation of the experimental tasks can be found in®, but a brief description
is provided here.

Twenty-five individuals with PD (N =25) and an equal number of matched controls, of similar sex and age,
(CTL group), participated in the experiment. The task was a 3-stimulus auditory oddball task. Participants were
presented with a sequence composed of three sounds in a random order which was fixed for all participants:
standard tones at a 440 Hz sinusoidal frequency (70% of trials), target tones at a 660 Hz sinusoidal frequency
(15% of trials), and novelty distractors sourced from a naturalistic sound dataset (15% of trials). All sounds
lasted for 200 ms. The inter-trial interval (ITT) was randomly chosen from a uniform distribution between 500
to 1000 ms. Single tone sounds were played at 80 dB, while novelty sounds were played at an average of 65 dB.
Participants were instructed to mentally count the number of target stimuli. The task consisted of two blocks
of 100 trials with similar sequential patterns of stimuli. A short break period occurred between the two blocks
during which the participants reported their count of target stimuli.

Throughout the task, EEG signals were recorded using the standard 10-20 system. The signals were sampled
at 500 samples per second across 64 channels, with CPz chosen as the online reference and AFz as the ground.
Vertical electro-oculogram (VEOG) was also recorded from bipolar auxiliary inputs.

Analysis pipeline

To explore the relationship between complexity derived from brain activities and information-theoretical
measures from Bayesian learning methods, the procedure depicted in Fig. 8 was implemented. EEG data were
recorded during two blocks of an auditory oddball task consisting of three types of stimuli as described in
Fig. 8. Following the preprocessing of the EEG data, measures of complexity were calculated over the time
window of 200 ms to 400 ms post-stimulus onset for each trial. Complexity was measured using two established
methods: Lempel-Ziv complexity (LZC) and sample entropy (SampEn). From the Bayesian learner’s perspective,
information-theoretical measures of surprise, namely Shannon surprise, KL divergence on the parameter and
stimulus spaces, and uncertainty were associated to each stimulus presented in a trial. The correlations of each
surprise metric with the measures of brain activity complexity were calculated over all trials. The maximum
value for each correlation for a subject was chosen by tuning the parameter w which models the memory length
of the subject. Furthermore, trend analysis was applied to the brain complexity measures throughout the trials
to assess their behavior during the learning process. The correlation and trend analysis procedures are described
in the following sections.

Preprocessing

All EEG data processing was performed using the EEGLab toolbox through an automated procedure. Initially,
all non-EEG channels, including the EOG channel, were removed, leaving 63 channels. For each channel, the
mean of the EEG data was subtracted to eliminate the direct current offset. A bandpass filter with a low cut-off
frequency of 1 Hz and a high cut-off frequency of 150 Hz was then applied. This was followed by a 60 Hz notch
filter with a 0.2 Hz width. Channels were removed if they exhibited any of the following attributes:

1) A flat period lasting at least 5 s,

2) Line noise to signal ratio (measured as the ratio of standard deviation to the grand mean of the channel) of
12 times or greater,

3) A correlation with nearby channels of less than 0.8.

Channels removed in the above step were interpolated using the spherical method®. After interpolation, all EEG
channel signals, including the interpolated ones, were re-referenced to the average of all signals. The Artifact
Subspace Reconstruction (ASR) algorithm® was then applied to remove artifacts. The maximum acceptable
standard deviation for the ASR algorithm in EEGLab, set for removing a bad window of 0.5 s, was set at 20 based
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Fig. 8. The overall analysis pipeline. The oddball task consists of two blocks, each containing three different
types of stimuli: standard, target, and novelty, with respective occurrence frequencies of 70%, 15% and 15%.
The analysis is performed in two paths: EEG data analysis and information-theoretical surprise analysis. In
the EEG data analysis path, the complexity of the EEG time series is calculated for each channel during the
200 ms to 400 ms time window after the stimulus onset for each trial. Furthermore, the trend of complexity
throughout all trials is analyzed, see Figs. 4, 5, and 6. In the surprise analysis path, a Bayesian learning method
with a parameter w, capturing learner’s memory, is applied to the sequence of stimuli presented to each subject.
Various information-theoretical metrics are calculated and associated to each trial, capturing uncertainty,
surprise, or the extent of the internal model update through the Bayesian learning process. Then, each of these
Bayesian learning measures is optimized for each subject by selecting the value of the parameter w which
yields the highest correlation with the brain activity complexity. The maximum correlation values in each case
are used to represent each subject and comparisons are made between the correlation values thereby obtained,
see Figs. 1, 2, and 3.

on a visual check of preprocessed data from several sessions. Finally, channels were re-referenced to the average
EEG channel. All preprocessing steps were visually validated on data from several participants to ensure their
efficacy. These steps were adapted from Makoto's preprocessing pipeline®”’.

Lempel-Ziv complexity (LZC) and sample entropy (SampEn)

Lempel-Ziv complexity is an algorithmic measure of the information content in a time series. The algorithm
estimates the complexity of a sequence of symbols by counting the number of new patterns generated throughout
the sequence. We implemented this algorithm as described in!! to measure the complexity of EEG data. Other
studies have employed this algorithm for complexity analysis in EEG®® and magnetoencephalography (MEG)*°
data.

However, while Lempel-Ziv complexity has been extensively used in many studies and outperforms many
other measures defined for complexity!'?, it does not employ all information in the input data as it first quantizes
the input time series into two binary levels!'?!. Therefore, we also implemented the sample entropy method® to
assess the validity of our results based on a more fine-grained use of the recorded brain data.

To analyze EEG data complexity in the oddball task, EEG epochs were extracted between 200 and 400 ms after
each stimulus onset for each channel, and both complexity methods were applied to each epoch. The average
of each complexity measure over all channels was then calculated for each epoch and used in further analyses.

Transition probability model and surprise measures
We used an ideal observer model for the brain in its inference of the oddball input>*°. This model assumes that the
inferred knowledge of the brain about a sequence can be represented by a set of transition probabilities between
the different stimuli types. In other words, during sequence learning, the brain estimates the probabilities of
transition 6, an n X n matrix (n=3 is the number of stimulus types in the oddball task), in which 6;; indicates
the conditional probability of the occurrence of stimulus type j immediately after the observation of stimulus
type t.

Assuming that S1.: indicates the sequence of stimuli having occurred from the first trial to the current trial,
we can calculate the probability of S1.; as follows:

P (S14) = P(S) [ [ P (SilSi-1,0)

=2
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which can be rewritten as:

n n n Njji
P(S@:H( 11 957) (1— > aji>

=1 \j=1, j#1 J=1,j#1

In this equation, N;|; indicates the number of transitions from stimulus ¢ to stimulus j in Si.¢. The posterior
distribution of the transition probability parameter space can be calculated based on the Bayes rule as:

P (6]S,,,) = Dir (61|N1i1, Noj1, N3j1 ) Dir (02| Nij2, Nojo, N3jo) Dir (65| N1j3, Nojz, Naj3)

where 61, 62, and 63 are rows of 6, and Dir indicates Dirichlet distribution. Thus, we can write the probability
of St knowing S1.:—1 as follows:

P(St|Sl:t—1):/P(St|sl:t7179)P(9|S1:t—1) do

Based on the definition of 6 we can write:

P(St|sl;t71,9) = P(St‘St—l,e) = aij,St = j, St—l =1

On the other hand, the limitation of memory for each subject can be modeled as follows':

t—1

Njii =) e (‘W) I{Sk =151 =j}

k=2

where I{Sx = 4, Sk—1 = j} is an indicator function which equals to one when the condition S, = 4, Sx—1 = j
is satisfied and to zero otherwise, and IV, ]t i is the number of transitions from state  to state j, and can be written
in a recursive fashion as:
t t—1 . )
Njji = exp(fl/w)lei +1I {Sk =14,Sk-1) = ]} ,
in which w is the parameter representing memory. Different measures of surprise can be defined based on this
model. First, Shannon surprise is defined as follows:

Shannon surprise (t) = —log (P (S¢|S1:t-1))

Shannon surprise can be considered as a representation of puzzlement surprise*. In the category of enlightenment
surprises*, the Kullback-Leibler divergence, introduced by**** and mathematically formulated to represent the
mean difference between the prior and posterior distributions of the parameter space before and after observing
stimulus S, is written as:

K L ontransition probability (t) = KL (P(9|S1;t)|\P (Q\Sm_l))

Extending the idea of enlightenment surprise as the amount of update in the internal model, we can also consider
the Kullback-Leibler divergence between the prior and posterior distributions of the stimulus space before and
after observing stimulus S;:

K L on stimulus probability (t) = K L(P(St41|S1:¢)||P(St]|S1:4-1))

In addition, uncertainty, representing the average surprise weighted by
the learned conditional distribution after observing stimulus S, can be defined as:
n

Uncertainty (t) = H (P (Si41]$14) = > _ =P (S41 = il S1.4) log (P (Si41 = i[S1:)) ,
i=1

where H refers to the entropy of the conditional distribution of the next stimulus given the previous stimuli
(including the current observed stimulus). In fact, uncertainty represents the average Shannon surprise which

the subject expects to experience. Finally, difference-of-uncertainty, as a representation of enlightenment sur-
prise, is calculated as:Dt.f f- Uncertainty (t) = Uncertainty (t) — Uncertainty (t — 1)

Correlation calculation

Applying each measure of surprise to the input sequence yields a sequence of values derived from the Bayesian
learning model as described above. On the other hand, for each subject a sequence of complexity values
corresponding to the stimulus sequence is derived from the subject’s EEG data. Given the potential differences
in memory capabilities among subjects, an adjustment over the memory length parameter w may be necessary
for each individual. Thus, the correlation between the complexity sequence and the various surprise measure
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sequences was optimized over w for each subject. All subsequent analyses of correlation between measures of
surprise and brain complexity were based on the optimized correlation value for each individual.

To assess the significance of these correlations, we implemented two hypothesis tests. In the first approach,
called the P1 test, the complexity sequence for each subject was subjected to 200 random permutations. For each
permutation, the correlation value was calculated and optimized over the parameter w for each subject. In the
second approach, called the P2 test, the stimulus sequence for each subject underwent 200 random permutations.
Subsequently, the surprise sequence was recalculated and the correlations were determined and optimized over
the parameter w for each subject. For each of the two tests, to assess the hypotheses that each measure of surprise
or uncertainty had a higher correlation with brain complexity than its corresponding surrogate correlation, the
original set of 25 correlations were compared with the correlations resulting from the permutations—totaling
200 (number of permutations) times 25 (number of subjects in each group)—using a one-tailed t-test with
unequal variance.

To compare the extent of relationship of the Bayesian information metrics with the complexity of brain
activities, we categorized these metrics into two groups of enlightenment and puzzlement surprises. The
puzzlement surprise group refers to the two metrics of uncertainty and Shannon surprise. For this group, we
compared their correlations with the brain complexity over trials using paired t-test analysis. The enlightenment
surprise group consists of the KL-divergence measures corresponding to the parameter and stimulus spaces,
as well as difference-of-uncertainty. For this group, we compared their correlations with the change in brain
complexity from one trial to the next, which reflects the change in brain activities upon observing the current
stimulus. This comparison was also conducted using paired t-test analysis.

Trend analysis of complexity in oddball task

To study the complexity trends, we applied a moving average window with a length of 30 trials to the complexity
values across trials for each subject. This served as a low-pass filter to smooth out fluctuations in complexity
across trials. Additionally, to study habituation and the decline in complexity values over time, a least-squares
line was fitted to the set of consecutive complexity values in a moving window of 40 samples. The trend of the
slope of the fitted lines was also calculated over the sequence of stimuli for each subject.

Statistical analyses

To compare the degree of association between the various information metrics from Bayesian learning and
the complexity of brain activities, paired t-test analyses were used. Each test compared the correlation of a pair
of information metrics with a measure of brain complexity, under the null hypothesis that both information
metrics correlate similarly with brain complexity on average for each subject group.

Additionally, to determine if information metrics significantly correlate with brain complexity, two distinct
permutations were applied: one to the stimuli and another to complexity values. For the first permutation, 200
permutations of the stimuli order in one block of the oddball task were executed, and all procedures, including
optimization over the parameter ), were repeated to recalculate each information metric’s correlation with brain
complexity. This yielded 5000 correlation values (25 subjects x 200 permutations). Then, for each information
metric, the original correlation values were compared to the recalculated (surrogate) correlations using a one-
sided t-test with unequal variance, to ascertain whether the original correlations were significantly higher
than the surrogate ones corresponding to the permutations. A similar procedure was employed for the second
permutation method which was performed on the complexity values. Furthermore, the permutation analysis
was separately executed on each EEG channel, resulting in topographic maps representing the resulting p-values,
on which channels exhibiting significant correlations after Bonferroni correction could be identified.

To compare the dynamics of complexity values over trials between the PD and CTL groups, moving averages
of the value and the slope of complexity were calculated for each subject. This resulted in two arrays indicating
the trends of complexity and its slope across trials. Then, to compare these trends between the PD and CTL
groups, the indices of each of these arrays were divided into three stages of early, middle, and late. Two-sided
t-tests were performed on the average values within each stage for an array, yielding a p-value for each stage,
leading to three p-values for each region.

Finally, to investigate the phenomenon of spontaneous recovery in complexity, which stipulates a higher level
of complexity occurs at the beginning of the second data block compared to the end of the first block, a two-
sided paired t-test for 25 paired values (df =24) was employed to compare the average of the last ten complexity
values in the first block with the average of the first ten complexities in the second block.

Data availability

The dataset analyzed in this study was produced by authors of an article published earlier and information about
accessing the data can be found within that article: J. E. Cavanagh, P. Kumar, A. A. Mueller, S. P. Richardson, and
A. Mueen, “Diminished EEG habituation to novel events effectively classifies Parkinson’s patients,” Clin Neuro-
physiol, vol. 129, no. 2, pp. 409-418, Feb. 2018, https://doi.org/10.1016/j.clinph.2017.11.023.
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