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Abstract

Individuals with ASD have shown deviation in brain development as well as in brain
structure. Multiple studies have used machine learning models in order to predict the age
of autistic individuals and compare these with their chronological age. Most deviation
occurs within males with ASD, however, it is unknown whether this applies to purely
autistic traits instead of ASD diagnosis. Using four regression models, we attempt to
predict the so called ‘brain age‘ of a twin dataset (7-11 years old). After optimization using
Grid Search and 10-fold cross-validation, three of the four regression model performed with
a decent Mean Squared Error. We compared ‘brain age error‘, difference between ‘brain
age‘ and chronological age, with their Social Responsiveness Scale scores (measurement of
autistic traits). Our results suggest that higher SRS scores are more frequent in males and
are predicted to have younger brain age than their chronological age. We found higher
positive ‘brain age error‘ values in males in contrast to females. In other words, brain age
of males tend to deviate more than their female counterpart if they display mild autistic
traits.
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Introduction

Autism spectrum disorder (ASD) is a common neurodevelopmental disorder and as ‘spectrum‘ implies, it can be diagnosed based on a range of severity of autistic symptoms(1) . In
addition to the different levels of severity of autistic traits, ASD also varies in the number
of symptoms. The core features of ASD include deficits in social behaviour, such as communication and interaction with other individuals. These symptoms often occur early. As
these symptoms suggest, ASD has been associated with atypical brain development(2) .
However, due to the heterogeneous nature of ASD, it is difficult to pinpoint specific
symptoms since these vary for each individual. Additionally, studies have suggested a
complex coherence between genetics, environmental factors and brain physiology in ASD
development(2; 3; 4) . In order to shed light upon the complex coherence of factors within
ASD, we attempt to relate changes in brain structure during a time period to the heterogeneous behaviour among and between the sexes. In addition, we aim to verify higher
variance among males than females taking the heterogeneity into account.
Moreover, age have been found to be significantly correlated with certain signs of ASD,
i.e. repetitive behaviour(5) . Similarly, age has been found to be another factor in the heterogeneity in ASD as the symptoms tend to improve over time(6) . Remarkably, a majority
of ASD studies have stated a higher prevalence of ASD in males instead of females. One
of them estimated the ratio of females with ASD to male to be ranging between 2.7:1
and 7.2:1 in the U.S.A.(7) . Difference in frequency of ASD based on sex indicates that it
plays a crucial role in its severity. Whilst no interaction between age and sex have been
found(8) , both factors have proven to contribute to the heterogeneous nature of ASD. In
our study, we are using longitudinal data which enables us to capture the developmental
brain structure changes and relate them to the ASD severity. Combination of age as well
as sexes provides us to not only find sex-related differences and their relationship with
ASD severity but also the structure differences in a given timespan. Although, environmental effects are not taken into account, this complex interaction of age and sex can give
us more insight into the heterogeneous behaviour of ASD.
Brain structure have been shown to deviate between non-ASD and ASD individuals. On
top of deviation, different brain areas are affected during the lifespan of an ASD individual. Especially, brain development is essential during the childhood of an individual.
Studies(8; 9) attempt to understand which structural brain changes occur between individuals with ASD and typically developing children. Structural areas known to be affected
are inferior frontal gyrus, the folding of the brain and pars opercularis, a language-related
structure. Both areas are reduced in cortical volume and cortical thickness, respectively.
Alterations have been found in the brain regions responsible for communication, such as
pars opercularis(10) and left rostral middle frontal gyrus(9) . Cortical thickness was found
to be lower in the pars opercularis, and the cortical surface area in the inferior frontal
gyrus(9) . Moreover, specific communication-related areas in ASD individuals have been
found to contain more abnormalities than in typically developed children(11) . Besides the
communication-related areas, other brain structures have been suggested as indication of
ASD if their structures deviate from the norm. These areas are amygdala, basal, ganglia,
frontotemporal lobe, anterior cingulate cortex, and the hippocampus(12) . In short, brain
structures of individuals with ASD differs with that of typically developing children and
can be detected in scans.
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Besides comparison of ASD individuals and typically developing children, sex differences have also been taken into account. As aforementioned, ASD tend to differ between
males and females. Studies have shown young females with ASD to have an increased
grey brain matter volume in right anterior cingulate cortex and bilateral frontal regions.
In contrast, in young males with ASD it was an increased grey matter volume in the left
middle occipital gyrus and right superior temporal gyrus(13) . Patterns have been found
that indicate the presence of more outliers within males in comparison to females(14) . The
deviation between a male ASD individual in comparison with a typical developing individual tend to be higher than their female counterpart. In order to verify this statement,
we need to establish if individuals of a given dataset have ASD and in which severity.
However, diagnosis of ASD can not be solely be based on brain structure measurements
due to the range in brain structure variability in ASD.
Diagnosis of ASD have proven to be a challenge, especially considering the amount of
factors to be taken into account. Multiple attempts have been made to detect the presence of ASD in the form of surveys. However, using these surveys, the severity of ASD
remains unknown. As a result, downstream analysis can appear quite heterogeneous, as
individuals with severe and mild ASD sub-disorders are grouped together. In order to
address this issue, we will be using the Social Responsiveness Scale (SRS)(15) . It is a
survey which addresses this problem in a dimensional manner as multiple categories are
tested. Furthermore, due to SRS its dimensionality, it is possible to determine the severity
of these autistic traits in individuals. These SRS scores in combination with structural
brain data enables us to get more insight into detection of autistic traits and their severity.
Combination of prior ASD diagnosed individuals and their brain structures have been
used in a linear group comparison fashion in recent studies. However, they have been
inconclusive to understanding ASD. This may be due to the large heterogeneity in ASD
symptoms. Recently, a brain age model was used in order to understand the heterogeneity
of ASD(16) . Using an existing model of cortical thickness development in healthy individuals, they addressed the heterogeneity problem. A recent study(14) has used a different
approach to asses developmental differences. They estimated the brain age using the volume and thickness of brain areas, and modeled this against the participants chronological
age. They utilized an open-source ASD-related dataset, Autism Brain Imaging Data Exchange (ABIDE) II(17) , in order to evaluate their model. Using a regression model, they
were able to differentiate between healthy and autistic individuals.
Results using their regression model suggested more deviation between typical developed males and ASD-males than in females. In other words, more outliers have been
detected based on brain structures in males diagnosed with ASD in contrast to females.
Their results were motivated by assuming deviation between ASD and regular individuals instead of taking the accelerated growth in brainsize into account. They used the
so-called normative modeling approach in order to individualize the deviation from the
mean typically developing brain instead of comparing it to an average ASD individual.
Utilizing the model, they found up to almost 10% of their ASD dataset (N=751) to pose
significant cortical thickness abnormalities and with the highest deviation (both larger
and smaller) to have ASD. These results suggest normative modeling to be an effective
method to go beyond the case-control paradigm. In short, the model is able to determine
deviation of an individual‘s brain structure to the normative range. Thus, it is suitable
5

for neurodevelopmental disorder with a heterogeneous range of symptoms such as ASD,
as it is individual-based.
However, they did not use longitudinal data and could not follow the development of
ASD. Future or past effects on brain areas and cortical thickness are not included. Due to
the lack of longitudinal information, brain development of individuals with ASD could not
be traced. However, we attempt to use a longitudinal dataset in order to capture the structural brain ages over time. It might provide us with more insight into the sex-differences
in variance of brain structure as the given individual grows. Moreover, Bethelehem et al
(2019) applied regression models in order to predict the brain age of individuals. In addition, longitudinal data could increase the accuracy of such models as more information
is provided about brain structure and its development.
Based on brain structure, ASD individuals can be differentiated from typical individuals.
Especially during brain development, ASD individuals have been found to develop in a
different manner. Due to this effect, we test whether outliers in brain structures could
indicate the presence and severity of ASD and if there is a clear sex-dimorphism between
individuals with extremely mild ASD. A younger or older brain indicates a deviation from
regular brain development. Using a longitudinal dataset, we move beyond the typical case
control paradigm by testing whether ASD symptoms are associated with both upper and
lower deviations. By applying a suitable model, we attempt to build an age prediction
model in order to determine the so-called ’brain age error’. We proceed to adopt the term
‘brain age error‘ as a reference to the difference between chronological age and brain age
using a regression model. With the deviation and the severity of ASD measured using SRS
scores of the individuals, we aim to identify brain patterns related to autistic traits and
to see whether higher brain age errors are more common in young males than in young
females.
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Material and Methods

3.1

Participants

The present study used data from the Leiden consotrium on individual development study,
conducted at the educational-and developmental department of Leiden University. This
dataset is comprised of mono-and dizygote twins of a typical developed population. The
participants were measured at two timepoints with their ages measured in months. We
converted their age into years by dividing by twelve. Overall, participants of both sexes
were 7-9 years old during the first timepoint and 9-11 years old in second one. At both
timepoints, the percentage of sex was almost evenly distributed. During timepoint 1,
the participants consisted of 49% boys and 51% girls and in timepoint 2, 48% and 52%
respectively. An overview of the amount of participants can be seen in Table 1.

3.2

MRI acquisition

T1-weighted images of Leiden consotrium on individual development study participants
have been acquired using a Philips Ingenia MR 3.0 Tesla scanner at Leiden University
Medical Center. Repetition time of 9.8 ms was used in combination with an echo time
of 4.6ms. Each scan consists of 140 slices with a voxel size of 1.17 x 1.17 x 1.2 and a
field-of-view set to 224 x 177 x 168 mm. Due to our focus on structural brain features in
our study, we chose to use T1-weighted images of the dataset.
Table 1: Overview of Leiden consotrium on individual development study. SD stands for
’Standard Deviation’. During timepoint 2, new participants as well as participants from
the first timepoint were measured.
N scans (before Quality Control)
Age range
Mean (SD) Age in Years
Mean (SD) SRS
Mean (SD) Length in cm
N scans (after Quality Control)

3.3

Timepoint 1
M = 250; F = 264
7-9 Years
M= 7.852 (0.639);F= 7.960 (0.700)
M = 4.892 (3.616); F = 4.297 (3.485)
130.428 (6.634)
M = 225; F = 246

Timepoint 2
M = 218; F = 238
9-11 Years
M= 9.915 (0.655);F = 9.955 (0.717)
M = 4.892 (3.616); F = 4.332 (3.497)
142.835 (7.166)
M = 129; F = 158

SRS

Each participant from the Leiden consotrium on individual development study have been
assessed with SRS(18; 19) in order to evaluate his/her social behaviour. Participants in our
current study have been assessed by their parents or guardians with the ‘School Age‘
format used for individuals between 4 and 18 years old.
The questionnaire consists of 65 questions and each section of SRS has a different focus on
the social behaviour of the child. These sections include the following aspects: processing
of social information, ability in mutual social communication, autistic absent-mindedness,
social anxiety and social awareness. These questions are answered by either the parent or
guardian of the child.
Questions used within SRS are in the form of statements. A few examples are:
• Is not well coordinated.
• Expressions on his or her face don’t match with what he or she is saying.
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• Has an unusually narrow range of interests.
Furthermore, these questions are based on the ‘4-Point Likert Scale‘ and each answer is
worth a certain amount of points. Answers consist of four different options: Not True,
Sometimes True, Often True, Almost Always True. ‘Not True‘ is equal to one point, while
‘Almost Always True‘ is worth four points. Every row consists of a question followed by
the answers and extra space to fill in the ‘4-Point Likert Scale‘ score. After these are
filled out, the total of each response value is determined. It is used in order to score the
five categories: Restricted Interests and Repetitive Behaviour, Social Motivation, Social
Awareness, Social Cognition and Social Communication. The last category, Social Communication and Interaction, is scored using the total score of Social Motivation, Social
Awareness, Social Cognition and Social Communication. After the scores of all five categories have been summed up, the scores are converted to so-called T-scores. These scores
indicate the level of ASD-like symptoms of the individual. Based on these scores, the individual can be classified as ‘Within normal limits‘(T-score < 59), ‘Mild Range‘ (T-score
> 60 and < 65), ‘Moderate Range‘ (T-score > 65 and < 75) and ‘Severe Range‘(T-score
> 76). The scores among the participants of the current study varied between 0 and 20.

3.4

Demographical data integration

Demographical survey as well as MRI scans were taken at both timepoints for each individual. In order to measure the level of autism among the participants, SRS test was
taken as well. Although, two SRS scores are available for each participant, due to the fact
that the most recent SRS might be more actual, we chose to use their second SRS score.
As aforementioned, ASD is heterogeneous and acts differently between sexes in symptoms as well as in brain structure. Moreover, studies have indicated that males with
ASD tend to deviate more from a typically developing brain than females. Besides our
attempt to validate this pattern, the starting brain volume of both sexes differs. As a
result, this difference in brain volume could introduce noise during the training process of
machine learning models. Finalizing the prior preprocessing of our dataset, we separated
our dataset based on sex.

3.5

Preprocessing

3.5.1

Quality Control

An essential step of image processing of MRI scans is quality control. Due to noise introduced by participant, scanner or data preprocessing inaccurate estimations of brain
structures are made. Especially, in children or teens wherein they tend to move more
during the scanning process. Furthermore, the focus is higher on brain development and
interference can lead to inaccurate measurements and conclusions. In order to prevent
these issues, quality control techniques are widely applied. Even though each study has
its own defined protocol, usually they have a visual inspection in common. However, with
an increase in number of participants, visual inspection is a time consuming task, and
is sensitive to human error. Thus, in order to reduce misclassification and inconsistency
among interpretation of quality of MRI scans, we make use of a quality control tool named,
Qoala-T(20) . With the use of Qoala-T, we are able to reduce the disadvantages of visual
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inspection by reduction of subjective interpretation of MRI scans and misclassification.
Qoala-T is able to perform quality evaluation in partly automated manner, followed by
minor visual inspection. It has been specifically designed to be able to perform quality
control on structural data that have been preprocessed by FreeSurfer(21) . It uses a supervised learning method to asses the quality of the provided dataset. Quality measurement
can be estimated based on a scoring format divided into four different grades: Failed
(Score = 0), Doubtful (Score > 0 and < 30),Good (Score > 30 and < 70) and Excellent
(Score > 70). It is worth mentioning that these scores are not definite thresholds. It is
recommended to manually check ‘Good‘ and ‘Doubtful‘ scans.
Moreover, Qoala-T has two different methods available: model-based and subset-based.
In both methods, Qoala-T makes use of a supervised model, named Random Forest
(RF)(22) . Supervised models are able to make predictions of previous unseen data after being trained on labeled data. In order to identify and determine the quality of novel
data, a ‘trainset‘ is required. Using the model-based approach in Qoala-T, the labeled
trainset used is the BrainTime dataset(23; 24; 25; 26) , consisting of 784 T1-weighted scans of
individuals between 8–25 years during their first measurement and 10-27 years old during
their second. BrainTime already has been checked manually and has been assigned quality
scores using Qoala-T. In subset-based, the user is able to use its own dataset instead of
the BrainTime trainset. We chose to use the model-based method of Qoala-T as we did
not have prior quality scores of our dataset available in order to train on the supervised
model.
As a result, quality scores of our dataset were given in a table-like manner. Scores below
30 were excluded from further downstream analysis due to their unreliability. The opposite is true for scores above 70. For individuals with quality scores between 30 and 70, a
manual evaluation was performed. Manually checking every slice of every single measurement falling into this category would be highly time consuming. In order to reduce the
amount of time used for each scan, we made 14 coronal screenshots of each measurement
of every 16 slices. Thereafter, we arranged the screenshots into a grid of 7 by 2 into a
single image. We evaluated these MRI scans based on segmentation faults due to noise.
One of the major problems to check is whether the grey can be differentiated from the
grey matter. Movement of the head during the scanning process can lead to noise as ‘rings‘
can be seen throughout the scans. Due to these rings a different brain area can be left out,
and non-brain tissue or dura can be included during segmentation. Moreover, there are
cases where the temporal pole is not included in the segmentation due to low brightness.
All aforementioned factors influence the score, and can decrease the quality of the scan,
resulting into ‘Failed‘ or ‘Doubtful‘ categorization.

3.5.2

MRI Segmentation

In order to identify neuroanatomical features of the brain of the participants, scans were
processed using FreeSurfer(version 6.0.0)(21) . The software involves a set of different tools
necessary in order to perform segmentation on T1-weighted MRI scans. These tools include prior image preprocessing (e.g. removal of noise or non-brain tissue) and measurements of volumes and areas of brain structures. We made use of their cross-sectional as well
as longitudinal pipeline(27) in order to process our dataset. For the purpose of initial brain
segmentation of each single individual at both timepoints, we utilized the cross-sectional
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pipeline as seen in Figure 1. Furthermore, it is part of the initial step to the longitudinal
pipeline. Within the cross-sectional pipeline, MRI scans are converted to isotropic images
and into Talairach space, a 3D brain coordinate system. Using the Talairach space, each
voxel is assigned with a coordinate based on the Desikan-Killiany atlas(28) . Hence anatomical features of the brain are been measured for each individual, i.e. cortical thickness and
surface area. Therefore, 185 different brain structures and areas have been measured of
left as well as right hemisphere. Few measurements have been excluded as they did not
contribute to either surface area or thickness. After the cross-sectional step, only six out
of total 514 individuals (1028 MRI scans) runs during the first preprocessing step of the
pipeline failed. With remaining scans, we performed our quality control using Qoala-T.
Scans of sufficient quality are used and taken into the second step of the cross-sectional
pipeline. These scans are processed within FreeSurfer and matched with the participant
itself. Thereafter, we initialized the longitudinal pipeline which shares high similarity with
the cross-sectional pipeline but takes into account that these individuals have a certain
number of scans and thus, timepoints and a similar brain.

3.5.3

Brain Measurements

In order to grasp the linear curve of the brain development of the participants, we used
the advantage of the dataset being longitudinal. We took the mean of both timepoints
for the 185 different brain measurements and age of each participant in order to capture
the overall brain physiology. In other words, age of each individual is defined as the mean
age of that individual of both timepoints. Thereafter, the linear curve is determined by
subtraction of the 185 areas of the second timepoint from the first timepoint. This difference provides information in regards to the structural changes in the brain that have
occurred within the time span between the two timepoints, i.e. volume of cortical thickness of timepoint 2 - timepoint 1. As age is our predictor variable in our models, we used
age to relate to the average measurements as well as the changes in brain structure.
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Figure 1: Flowchart showcasing all steps taken during the preprocessing.
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3.6
3.6.1

Modeling
Model selection

The aim of our machine learning models is the prediction of age based on brain development and mean measurements of brain structures. As age in the dataset have been
measured as values within the range of 7 to 11 years old, our predictive variable is considered to be continuous‘. Model types capable of prediction of continuous variables are
so-called regression models. Using regression models, we attempt to perform age prediction on our dataset. However, as multiple regression models exist, we chose the ones that
would fit our case.
The first candidate,Gaussian Process Regression (GPR)(29) is a non-parametric
Bayesian approach. As it is a non-parametric technique, the modeling approach depends
on the dataset size for its number of parameters. With its Bayesian properties, it utilizes
a probability approach which takes the prior knowledge of event-related conditions for
prediction. Last but not least, the GPR is a Gaussian-based approach so it is capable
of directly assuming a distribution over functions. Combining the three aforementioned
attributes enables a GPR to capture uncertainty of the predicted outcomes as well as
perform prediction on continuous variables. Up to 1000 subjects, GPR is able to perform
optimal on and as our dataset (N=514) is lower than this threshold, it applies as a model
candidate. Moreover, optimizing a GPR can lead to an accurate trade-off of smoothing
and fitting the given dataset. However, we have a high number of features (450+) which
might decrease GPR’s overall performance. Thus, GPR would not be able to tackle its
complexity as the dataset is not ‘smooth‘.
A second model we tested, Neural Network (NN)(30)(31) can extract complicated
structure from data due to its ability to learn patterns from a given dataset. These models are based on their biological counterparts as they attempt to ‘learn‘ without a prior
set of rules to identify or predict certain outcomes based on their input. Single-layered
NN such as the Perceptron(32) are able to solve linearly separable problems. Moreover,
multiple kinds of NN exist but as our aim is to predict the age of a given individual using
a set of features, we use a deep NN. Deep NN are able to solve non linear and more complex questions. Its self-learning characteristic enables it to accurately make predictions
on processed and raw datasets. Moreover, there are no restrictions on the distribution on
the dataset. Although, they are capable of ‘learning‘ from the dataset, it comes with the
downsides of being computationally intensive and it being a so-called ‘black box‘. Black
box indicates the lack of insight of which features have been proven to be the most predictive and correlate with each other during the prediction process of the NN. Moreover,
probability of overfitting the dataset is higher using NN and can make it less generalized.
Our third regression model is known for its versatility Random Forest (RF)(22) .
This model can be used for classification as well as regression. Moreover, it is able to
predict with non scaled or even unbalanced datasets. In comparison with the previous
two regression models, it uses a straightforward concept, so-called ‘decision trees‘. These
decision trees are a tree-like graph, hence their name, wherein each new condition a new
‘branch‘ is made based on whether this criteria is true or false. Probability whether a
datapoint falls into a certain category can be determined based on which conditions it
passed through. However, these criteria are prone to changes due to the outliers present in
the dataset. Combining multiple decision trees makes it more stable against these outliers
and more accurate. Therefore, resulting into a Random Forest. Despite that, RF shares
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similar problems with NN in its interpretability due to its black box and tend to overfit
if its hyperparameters are not optimized.
One type of regression model known to have an accurate performance on high dimensional data is the Support Vector Regression (SVR)(33) . SVR has the the goal to
minimize the overall error of its predictions. Groups within the dataset are separated
with a line surrounded by the widest space possible on one or multiple so-called hyperplanes. A hyperplane is a (sub)space of the original dimension (amount dimensions - 1).
If the datapoints are clearly separated on these hyperplanes, the error is minimized. If
more data is added into the model, SVR tries to fit them on one of the sides of the given
line. However, the lines are sensitive to noise within the data.
Each of these four regression models have their respective disadvantages and advantages. In order to utilize them as optimal as possible we have to optimize their settings,
so-called ‘hyperparameters‘. With the use of task-dedicated subsets of data, train and
test, we optimize all four models as will be described in greater detail in the next section.
An overview of the complete optimization process can be seen in Figure 2.

3.6.2

Model optimization

We utilized a randomized 70/30 split on the female and male dataset separately to create a train as well as test set. Our train sets consist of 90 subjects and 110 subjects for
males and females respectively as seen in Table 2. These values are 70% of their respective dataset size, while their test set is 30%. Therefore, testset contains 39 subjects for
males and 48 ones for females. We randomized our train and test set regardless of their
family relation due to a lack of standardized method of training using twin data. Each
participant was treated as independent individuals. Attributes of the participants, i.e. age
and the measurements of the brain areas, have been used in our training and test data.
Table 2: Overview of train-and test set for each sex. Mean as well as number of participants
and their mean SRS scores are shown.
Males
Females
Train
Test
Train
Test
N scans
90
39
110
48
Mean (SD) age in years 8.794 (0.666) 8.952 (0.611) 8.906 (0.712) 8.891 (0.609)
Mean (SD) SRS
4.821 (3.588) 5.364 (4.699) 4.041 (3.249) 3.769 (2.748)
After preparation of our training and testset, we proceeded to optimization of our four
regression models. Due to simplicity and performance differences between packages and
coding languages, we chose to make use of R (v.3.5.6)(34) for GPR and RF, and Python
(v3.7)(35) for SVR and NN.
In order to increase the performance of our regression models on our dataset as much as
possible, we made use of an optimization method. Multiple methods exist for this single
purpose but we have chosen Grid Search. As its name implies, it uses a predefined range of
values for the variables of the given model, so-called ‘hyperparameters‘ and tries to ‘search‘
for the values with the highest performance. In comparison to the optimization algorithm
Random Search(36) , it is able to provide better combinations of variables. Although a Grid
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Search is able to perform optimization, it is not able to determine the performance of the
optimization on its own. It is commonly combined with cross-validation. During crossvalidation a subset of the training dataset is randomly splitted up and afterwards used as
a separate sub train-and test set for the training process in an iterative manner. We use
a 10-fold cross-validation as it gives the most accurate depiction of the performance.
Each of the four chosen regression models are optimized using a 10-fold cross-validation
and the same optimization algorithm. However, the steps taken during the optimization
are different between models, i.e. scaling of the dataset for SVR. In addition to modeldifferences, we have practical differences due to packages and distinct programming languages. In order to clarify the variance during optimization process, we will explain the
optimization procedure separately for each regression model. However, as GPR and RF
share high similarity in the taken steps, they will be discussed in the same section.

3.6.3

GPR & RF

The optimisation procedure for GPR and RF have been done using the package caret (v
6.0-84)(37) . To be more specific, the function ‘trainControl‘ have been used in order to
perform the cross-validation as well as Grid Search. In contrast to a regular Grid Search,
wherein a predefined range of values is provided of each variable, the function is able to
run an automatic grid of these range of values.
Grid Search is present in the same library. Thus, we combined the 10-fold crossvalidation without an extra step with the optimization method. Providing Grid Search
with out predicted variable, age, and our train dataset, it is able to focus on predicting
the brain age. Additionally, the Grid Search function needs to be given a regression model
type in order to optimize taken the model into account. Depending on which regression
model was used, either ‘rf‘ or ‘gaussprPoly‘ was used, each respectively for RF and GPR
with a polynomial kernel. In short, kernels are used in order to map low dimensional data
in the form of feature vector of single datapoints against higher dimensional data, socalled ‘feature space‘. Due to its polynomial characteristic, calculations performed within
the kernel are done with addition-like operations.
Following Grid Search, we had to select the hyperparameters of our models. In GPR,
we trained two hyperparameters, ‘degree‘ and ‘scale‘. Changes in ‘degree‘ in GPR determine the linear separability of the kernel. Values of the degree close to ‘1‘ are linear
and higher values will produce more flexible boundaries between groups within dataset.
Meanwhile, ‘scale‘ is used in order to normalize patterns within the dataset, without data
modification.
In contrast to GPR, only one variable ‘mtry‘ is optimized in RF. Decision trees splits
are based on certain conditions, and they can vary in amount of variables. Hence, we
optimized the maximum number of variables that are able to split. Number of trees can
also be optimized. However, it is considered to be a performance parameter and less of
a tuneable parameter. Accuracy during optimization was measured using Rooted Mean
Squared Error (RMSE) but we converted them into Mean Squared Error (MSE) in order
to make their performance comparable to the other two models.
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3.6.4

SVR

Optimisation of SVR as well as NN have been done in similar manner. Major difference
in case of SVR is that it requires an extra step; scaling of the input dataset. In contrast
to the commonly used ‘StandardScaler‘, we used a different scaling function to perform
feature scaling. Due to our focus on outliers based on brain development, we chose a scaler
robust to the effect of outliers. Thereby, ‘RobustScaler‘ was chosen.
Thereafter, the cross-validation was performed using the packages ‘scikit-learn‘(38) . We
used the ‘GridSearchCV‘ function, which as it name implies, performed cross-validation
as well as Grid Search optimization. Multiple parameters were chosen to be optimized
within GridSearchCV. First one, ‘C‘ determines how much the SVR should avoid misclassification of datapoints by ranging the width of the error range. As ‘C‘ is focused on
classification, it is corrected to a more regression-based focus using ‘epsilon‘. Epsilon is
an extra range on top of the error margin, as the width of variance tolerance. Last but
not least, the kernel type was optimized based on multiple types, including the aforementioned polynomial kernel.

3.6.5

NN

Although NN does not require an extra transformation step, it has to take other variables into consideration. Beforehand, the NN should be built before optimization can be
performed. As it can consist of multiple layers and there has not yet been a guideline
for the most effective number of layers for each single problem, we have used one, two
and eventually three hidden layers. Using the package Keras (v 2.3.1)(39) , we chose an
activation function ‘relu‘ for all of our layers, except the output layers which contained a
‘linear‘ activation score. The ‘relu‘ activation function stands for ‘Rectified Linear Unit‘
and is a linear function able to output a positive value or if negative, a zero. Commonly
used as a default activation function to a model, it gives the model the advantages of not
being computational intensive to train and still have an overall good performance.
The model is compiled with an accuracy measurement of MSE and an ‘Adam‘ optimizer.
Due to our dataset comprised more than 400 features, we chose the least computational
optimizer, ‘Adam‘ or ‘Adaptive moment estimation‘. The optimizer shares a high similarity with a different optimizer, stochastic gradient descent. However, while with a stochastic
gradient descent, the optimizer is given a single learning rate during optimization, ‘Adam‘
maintains multiple learning rates for each single parameter. Using ‘Adam‘, it is possible
to achieve results faster in comparison with a regular stochastic gradient descent.
As the downstream steps require ‘Keras‘, KerasRegressor object is made of the model
in order to communicate between ‘scikit-learn‘ and ‘Keras‘. Optimized variables were
‘batch size‘ and ‘Epochs‘. Number of training samples used each time before updating
NN model parameters is determined by ‘batch size‘. Its second parameter, ‘Epochs‘ determines the frequency of passes through the training dataset.
In ‘scikit-learn‘ we used ‘GridSearchCV‘ function in a similar manner as with the aforementioned SVR. Optimized variables were ‘batch size‘ and ‘Epochs‘. Number of training samples used each time before updating NN model parameters are determined by
‘batch size‘. Its second parameter, ‘Epochs‘ determines the frequency of passes through
the training dataset.
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Accuracy of each regression model during optimization was measured with either Rooted
Mean Squared Error (RMSE) or Mean Squared Error (MSE). Due to package restrictions,
we were only able to determine RMSE in RF and GPR and determined MSE on SVR and
NN. Both are accuracy measurements of a regression model, which can be used during
validation as well as evaluation. Lower values are considered to indicate accuracy but
values close to 0 can indicate overfitting. However, as RMSE is only the rooted version of
MSE, we were able to convert the RMSE into MSE. An overview of the Grid Search optimized hyperparameters for the four regression models and their MSE are shown in Table 3.
Table 3: Overview of optimized settings based on Grid Search and 10-fold cross-validation
of the four regression model candidates given SamenUniek data
Sex

GPR

NN

Male

Degree: 1
Scale: 0.01

Batch size: 10
Epochs: 150

MSE: 0.295

MSE: 1.692

Degree: 1
Scale: 0.01

Batch size: 5
Epochs: 50

MSE: 0.377

MSE: 1.107

Female

3.7

RF

SVR
C: 1.5
Epsilon: 0.1
Mtry: 66
Gamma: 1e-07
Kernel: linear
MSE: 0.363 MSE: 0.258
C: 1.5
Epsilon: 0.3
Mtry: 70
Gamma: 1e-07
Kernel: linear
MSE: 0.449 MSE: 0.290

Brain age error

We proceed to the calculation of the ‘brain age error‘ (brain age vs. chronological age)
after the models predicted the ‘age‘ of the individuals of our dataset. The brain age error
is calculated by subtracting the brain age of the chronological age of the individual. In
order to relate the deviation in age to behavioural traits of autism, we compared the
performance of the participants on SRS to the brain age error. Moreover, it could also
give more insight into sex-differences in variance of brain age error. Package ggplot2(v
3.2.1)(40) and plotly (v 4.9.1)(41) were used in order to visualize the brainage prediction
and comparison of deviation to SRS scores.
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Figure 2: Flowchart showcasing all steps taken during modeling.
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4
4.1

Results
Brain age prediction

Four types of regression models (GPR, RF, SVR and NN) have been used in order to
predict the brain age of the participants from the Leiden consotrium on individual development study. In order to compare the performance of our four regression models, we
used an intercept only linear model as the base line. We predicted their brain age based
on physiological brain measurements differences between two timepoints as well as the
average. Using the differences, we were able to capture the developmental slope. In order
to determine the slope, we only used participants which had two timepoints. Participants
measured at only one timepoint have been excluded. Whilst with average measurements
we can capture the overall brain features within the time period. Due to aforementioned
sex-differences in brain structures such as increased gray matter in males(13; 14) and our
focus on sex-based differences, we have separated the dataset based on sex. Thereafter,
we determined the brain age error (chronological age - brain age) of each participant.
4.1.1

Brain age prediction of young males

We predicted the brain age of our test dataset (N=39) in males after training the four
aforementioned regression models on our training data (N=90). As seen in Table 4, we
see that GPR, RF as well as SVR perform better than intercept-only model as their
mean brain age ranges between 8.799 and 9.088 years, close to the real mean chronological age of 8.952 years. In contrast to the intercept-only model, which deviates most
of the models with a mean brain age of 6.78. Furthermore, intercept-only model shows
the highest standard deviation among the models and insignificant negative correlation
with age. Additionally, intercept-only model predicts the participants to be at least 1 year
older than their chronological age and has much bigger range even though our age range
is at most 4 years, as seen in Figure 3. Negative or low correlation between predicted
age and chronological age could indicate its predictive underperformance. In addition to
its underperformance, intercept-only model has the highest MSE as well as MAE among
males as well as female cohorts, as seen in Table 5. As a result, its mean brain age error
is at least 2 years with the biggest standard deviation among all models in both cohorts.
Low performance of our baseline model could have been due to overfitting the training
set. As the number of features is higher than our number of participants, it overfits during training and leads to an underperformance during testing. Even though our baseline
model underperformed, our remaining models except NN have shown to perform better
based on mean brain age as well as deviation.
Besides the underperformance from intercept-only model, RF and GPR present comparable mean brain age as well as correlation with chronological age, as seen in Table
4. Standard deviation of both regression models are 0.189 and 0.204 and translates into
Figure 3 as a lack of range. Both models have in common that they show limitations in
age range for their participants, especially in comparison to SVR with a higher standard
deviation of 0.294. Brain age predicted for the male participants in both RF and GPR
is within the range of between 8.3 and 9.2 years old as seen in Figure 3. Small range in
predicted values translates into a horizontal distribution of datapoints, as seen in Figure 3.
As a result, individuals are mainly horizontally distributed. Furthermore, their brain age
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error as well as accuracy measured using MSE and MAE barely differs. Even though GPR
and RF share similar values, they differ in their correlation with SRS scores. Variance in
predicted age by GPR versus chronological age is more positively correlated (0.147) with
SRS scores of the male participants compared to RF (0.123).
Apart from the similar outcomes of GPR and RF, NN shows in comparison an unique
result. Each run of our trained NN gave different results so we were not able to perform
accurate measurements of each unique run. We interpreted the performance of NN based
on Figure 3. In contrast to GPR, RF and SVR, NN was not able to accurately predict the
age of participants as not a single datapoint crosses the X=Y line. All of its predictions
have been made underneath our X=Y line. Participants have been clustered together between 7.5 and 8.9 based on brain age, although few of them have a chronological age of
8.9 years old and older. These results imply that NN predicted a younger age for each
participant than their chronological age. However, as all participants are predicted to be
younger than their chronological age, the accuracy is the lowest among the four regression
models with a value of 1.69209 as can be seen in Table 4.
In contrast to the other models, SVR has a negative mean brain age. On average, SVR
tend to predict male participants to be older than their chronological age in contrast to
the other models. In addition, it has a higher standard deviation compared to GPR and
RF which implies a bigger range of predicted brain age, see Table 4. We see the high
variance in brain age of male participants between the age of 8.2 years old and 9 years
old in Figure 3. Most of the variance exists of positive predicted brain age values. Older
predictions are made of these individuals between the given age range and tend to deviate
more than the younger brain age counterpart. Nevertheless, a more linear trend is seen
in Figure 3 in SVR which is likely due to its performance. Its accuracy can be seen in
Figure 3 as multiple datapoints are nearby the red linear line. More linearity indicates
a more accurate prediction performance. Additionally, SVR’s mean brain age (9.088) is
the closest one to the real mean chronological age of the male participants (8.951). Its
significant positive correlation with age is lowest among our regression models but close
to RF and GPR. Its mean brain age error as well as MAE are the smallest among the
models on the male cohort, see Table 4. Based on these two factors, we can conclude that
SVR has the highest performance among all regression models on our male cohort.
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Table 4: Mean brain age in years as well as pearson correlation (r) and its p-value using
the regression models and intercept-only model on participants of the Leiden consotrium
on individual development study. Models were tested on the testdata of both genders.
GPR = Gaussian Process Regression, RF = Random Forest, NN = Neural Network and
SVR = Support Vector Regression.

Males (N=39)

Females (N=48)

Intercept-only
GPR
NN
RF
SVR
Intercept-only
GPR
NN
RF
SVR

Mean (SD) brain age
r
(years)
6.781 (9.100)
-0.127
8.799 (0.204)
0.625
8.800 (0.189)
0.613
9.088 (0.294)
0.595
8.777 (5.283)
-0.161
8.891 (0.180)
0.474
8.911 (0.167)
0.462
8.868 (0.291)
0.450
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p-value
0.443
2.130e-05
3.355e-05
6.550e-05
0.273
6.650e-04
9.558e-04
0.001

Figure 3: Prediction of age using the four regression models on the testdata of male participants of the Leiden consotrium on individual development study. Models were tested on
the testdata of male participants (N=39). (A) Intercept-only model, (B) Gaussian Process
Regression, (C) Random Forest, (D) Neural Network and (E) Support Vector Regression.
Chronological age is shown on the x-axis and brain age on y-axis. Red linear line (X=Y)
represents the ideal age prediction to compare with the four models.
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4.1.2

Brain age prediction of young females

Brain age prediction using our regression models was also performed on the females after training on our train set (N=110) and testing on the test set (N=48). In contrast to
males, intercept-only model has a mean predicted age close to the real mean age as seen
in Table 4. However, the remaining three regression models still perform better with a
mean brain age of between 8.868 and 8.911 versus the chronological mean age of 8.891.
The intercept-only model has a lower standard deviation than its counterpart in males
but still over-and underestimates the age of female participants as our dataset’s maximum
years span is 4 years. Especially participants between 8 and 9 years old are overpredicted
in age, see Figure 4. Moreover, its predicted brain age is similarly as in males slightly
negatively correlated with chronological age. Its MSE in female is lower compared to the
males cohort but is still higher than our cohort’s age range of 4 years. This does not apply
to its MAE which is slightly lower than the age range. Intercept-only model’s overall mean
brain age error as well as its standard deviation is lower (0.113) compared to the male
datast (2.171), see Table 5. Due to aforementioned reasons, these results imply that its
low performance on the cohort lead to low insignificant correlation. Our three remaining
regression models do perform better in comparison to the intercept-only model.
Comparable to the male cohort, RF and GPR share similarities in their overall performance on the female cohort.Firstly, both models present similar mean brain age with
a minor difference of 0.020 years. Although, the difference is higher than in males, both
models tend to have a similar age prediction. Secondly, their standard deviation implies
their predicted age range to be between 0.167 and 0.180, according to Table 4. Their
correlation with chronological age are both positive, insignificant and only differ 0.012.
Bigger contrast is their significance, as GPR is more significant in brain age correlation
than RF. Last but not least, their MSE differs only with 0.010 years, as seen in Table
4. Their MSE as well as MAE are visualized as an overall horizontal distribution of the
datapoints in Figure 4. These results indicate an overestimation of age of younger individuals and underestimation of older individuals. However, RF has a negative brain age
error which suggests that it tend to predict female participants to be older than their
chronological age, see Table 5. In contrast to GPR which has a positive brain age error
which is close to 0. Even though GPR has a brain age error close to 0 and lowest MSE, it
does not have the lowest MAE. However, based on its mean brain age error, significance
correlation and MSE, GPR has the best results on the female cohort among our models.
In contrast to the NN’s performance with the male participants, datapoints are shown
both left and right of the X=Y line. Moreover, its datapoints deviate between 7.8 and 9.5
years old. In comparison to RF and GPR, NN is able to predict a bigger range of values.
However, this does not indicate a higher accuracy. Based on its MSE of 1.10745, it has
as in the male cohort, the worst performance of the four regression models. Participants
of 10 years of age are predicted to be between 7.9 years old or 9 years old. Individuals
younger than 9.5 years old tend to be more accurately predicted as they follow the linear
line.
While SVR was the most accurate model in male cohort, it slightly underperforms GPR
on the female cohort. Its mean brain age deviates the most from the real mean chronological age besides the intercept-only model in Table 4. However, its standard deviation
does indicate its ability to predict a bigger range of values as potential brain age. Based
on Figure 4, we see that SVR is able to predict participants younger than the age of
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9.5 years old more accurately, as they follow a more linear trend. Moreover, correlation
between its predicted brain age with chronological age is close to RF and both present
the same p-value. Still, SVR performs slightly better based than RF on its MSE which is
0.302. Whilst SVR has a better MAE, GPR does prove itself to be most accurate based
on MSE and mean brain age error.
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Figure 4: Prediction of age using the four regression models on the testdata of female participants of the Leiden consotrium on individual development study. Models were tested
on the testdata of female participants (N=39). (A) Intercept-only model, (B) Gaussian
Process Regression, (C) Random Forest, (D) Neural Network and (E) Support Vector
Regression. Chronological age is shown on the x-axis and brain age on y-axis. Red linear
line (X=Y) represents the ideal age prediction to compare with the four models.
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Table 5: Overview of brain age error and its correlation with SRS scores of participants
from the Leiden consotrium on individual development study. Accuracy was measured
using (MSE); Mean Squared Error and (MAE); Mean Absolute Error. The following
four regression models have been used: GPR = Gaussian Process Regression, RF =
Random Forest, NN = Neural Network and SVR = Support Vector Regression. In order
to determine correlation and its significance, we used Pearson correlation r and p-value

Males (N = 39)

Females (N = 48)

4.2

Intercept-only
GPR
NN
RF
SVR
Intercept-only
GPR
NN
RF
SVR

MSE MAE
Mean (SD) brain
r
p-value
(years) (years) age error (years)
87.115
7.446
2.171 (9.196)
0.192
0.243
0.276
0.441
0.153 (0.509)
0.147
0.415
1.692
0.283
0.448
0.152 (0.517)
0.123
0.496
0.258
0.421
-0.075 (0.509)
0.189
0.292
28.725
3.926
0.113 (5.415)
0.269
0.273
0.292
0.467
-3.890e-04 (0.547) -0.184
0.262
1.107
0.302
0.477
-0.024 (0.555)
-0.191
0.245
0.290
0.459
0.023 (0.544)
-0.100
0.546

Brain age error in relation to SRS

Our aim is to see whether variance in brain age error is more prevalent in males or in
females with autistic traits. We used the SRS scores of the participants and related them
with the brain age error of our regression models. Whether these brain age errors are
related to SRS scores is determined by correlation and its significance.
4.2.1

Relation between SRS and brain age error in young females

Our base-line models had the biggest mean brain age error and as aforementioned,
highest MSE. Moreover, it does present similar to the other regression models, variance
in brain age error in participants with a SRS score below 10, see Figure 5. In contrast to
the other models, the highest SRS scoring male participants are predicted to be overall
older than their chronological age as their brain age error is negative. Taken these into
account, intercept-only model does present highest correlation with SRS. Although, it is
insignificant. In the case of GPR as well as RF, we see five participants with an SRS score
higher than 12 in Figure 5. The brain age error of the male participants is between 0
and 1 years, so both models predicted male participants to be younger than their chronological age as can be seen in their positive values in Table 4. Lower scoring participants
with an SRS score below 10, have either a positive or negative brain age error. Although,
negative brain age error shows less variation as datapoints tend to cluster more than their
positive counterpart. Due to lack of variance in negative brain age errors, it leads to a
more positive average brain age error. Beside the overall trend, one participant with an
SRS score of 0 (complete lack of autistic-traits) shows to have almost 0 brain age error
in GPR as well as in RF. Even though the brain age errors of GPR and RF are slightly
positive correlated with SRS scores, they are not significant as their p-values are above
0.05.
No negative brain age errors are present on the y-axis of NN due to the previous predictions of solely younger predicted brain age in comparison to their chronological age.
Participants with a SRS score below 8 appear to fall between 0.2 and 2 as brain age error.

25

Only one participant with a SRS score of between 1 and 2 has a higher brain age error
of 3. Above the SRS score of 10, one participant seems to have a high brain age error of
2.5. It implies a younger brain age that could be related to a higher SRS score.
In the case of SVR, the range of positive brain age error (0.7) is smaller than the negative
brain age error (-1.7). This is represented in its mean brain age error which is negative in
contrast to the other models which have a positive brain age error, according to Table 5.
All except one participant with an SRS score of below 10 appear to show more positive
than negative brain age error. The single outlier with a SRS score of 2 shows the most
negative brain age error. A negative brain age error indicates an older predicted brain age
compared to its chronological age. Participants with a SRS score higher than 10 have a
positive brain age error of bigger than 0. Although, SVR’s brain age errors are slightly
more correlated than GPR and RF, the correlation is insignificant.
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Figure 5: Brain age error of the four regression models versus SRS scores of male participants of the Leiden consotrium on individual development study. (A) Intercept-only
model, (B) Gaussian Process Regression, (C) Random Forest, (D) Neural Network and
(E) Support Vector Regression. SRS scores of participants is shown on the x-axis and
brain age error on y-axis.
4.2.2

Relation between SRS and brain age error in young females

Similarly as in males, intercept-only model varies in its age prediction among participants
scoring lower than 9 on the SRS test. However, in contrast to the other regression models,
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the higher scoring participants have negative brain age errors. These results imply an
older predicted age than their chronological age. In addition, intercept-only model has a
lower mean brain age error as well as standard deviation, see Table 5. Its correlation with
SRS is higher than in the males cohort but still not considered to be significant. Continuing the similarities between GPR and RF, their brain age error and relating them to
SRS scores are similar as can be seen back in Figure 6. For example, individuals with SRS
scores below 8 present positive as well as negative brain age error scores. Two participants
with a SRS score above 10 show positive values of brain age error of between 0 and 0.3.
Similar pattern can be seen in SVR as well as NN with a sole difference of higher brain
age errors in NN. These two participants might have a younger brain age compared to
their chronological age. Both GPR and RF their brain age errors are negatively correlated
with SRS scores. Their correlation differs only with 0.015. Single significant correlation is
found in GPR with a p-value of 0.034 which is below our limit of 0.05.
In contrast to the male participants, the brain age error scores in NN occur negative as
well as positive. Majority of the participants below SRS score of 8 have a positive brain
age error, except one participant with an SRS score of 1 with a brain age error of -1.2.
Based on these values, these individuals appear to have a younger brain age.
Similarly to RF and GPR, most individuals in SVR with a SRS score below 8 are distributed between positive and negative brain age error and higher scoring individuals have
a brain age error between 0 and 0.5. Each model shares an almost similar pattern of brain
age errors predicted for higher SRS scoring female participants. Furthermore, SVR has
the lowest negative insignificant correlation among the regression models, see Table 5.
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Figure 6: Brain age error of the four regression models versus SRS scores of female participants of the Leiden consotrium on individual development study. (A) Intercept-only
model, (B) Gaussian Process Regression, (C) Random Forest, (D) Neural Network and
(E) Support Vector Regression. SRS scores of participants is shown on the x-axis and
brain age error on y-axis.
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5

Discussion

Our objective was to observe brain patterns that are related to autistic traits and test
the hypothesis that outliers in overall brain development are more prevalent in males
compared to females. In order to detect these brain patterns, we predicted the brain age
with regression models using structural brain data from a twin dataset. Using multiple
accuracy measerements, SVR was the most accurate on the male cohort and GPR on
the female cohort. Males were predicted to be on average younger than their real age. In
order to relate the severity of autistic traits in the form of SRS scores, with their brain
development, we calculated their brain age error. We did not find significant correlation
between brain age error and the SRS scores. In addition, our results did imply more variance among males as their mean brain age error was higher than their female counterparts.
Different optimal models are found within our results for both sexes, GPR for females
and SVR for males. Their MSE was the lowest among the models and their mean brain
age were the closest to the mean chronological age of each of the respective sexes. Our
sex-differentiated models tie well with previous studies(42; 43) wherein they trained sexspecific brain age model and applied them to the same as well as opposite sex. In Erus et
al (2015), T1 images of typically developed participants (8-22 years old) were segmented
with an in-house pipeline. With SVR they predicted a MAE of 1.291 years on males and
female-model with MAE of 1.264 years on females. Their accuracy decreased when these
sex-models were used on the opposite sex. The male-models overestimates brain age of
females and vice versa, especially among the younger individuals within their dataset. If
sex differences in brain models were neglectable, sex-specific models would have predicted
the same values in both sexes. In short, studies(42; 44) have suggested that sex difference
is prominent in brain development and might have lead us to different optimal models for
each sex.
Additionally, we found specific model types to be more accurate in certain sexes. Most
studies (45; 46; 47; 43) wherein they corrected for the sex-related differences reported that
GPR outperformed SVR. In Niu et al (2019), GPR performed better in both sexes compared to SVR. However, this difference was smaller in males than in females with a
difference of 0.010 years in MAE on a dataset within the age range of 8-21 years(43) . In
contrast to our study, they did not use MSE or an extra accuracy measurement. Even
though MAE was in both sex cases the lowest in GPR, it can not be concluded whether
GPR did overall perform better than their SVR. However, difference in performance based
on MAE have been minor. This is in line with our results which show small differences in
performance between GPR and SVR for both sexes. This slight difference can be due to
multiple factors, including the used dataset. Whether the specific model type is related
to the slightly better performance in a certain sex has yet to be explored.
Based on our results, variance in males are higher compared to females but no model
showed positive significant correlation with SRS scores. Lack of correlation between brain
age error and severity of autism among majority of our models is in line with other studies
(48; 49)
. In Tunç et al (2019), they found no significant differences in correlation between
ASD severity and brain age error using sex-models. With a young age-range of 6-25 years
old, they trained an SVR on Freesurfer segmented T1 scans in order to predict brain age
as well as our so-called ’brain age error’ on typically developed participants. A similar
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conclusion was reached by Hus et al (2012) wherein they yielded no sex-differences on the
raw SRS scores of same-sex siblings between 6 and 11 years old. Nonetheless, one of the
SVR models in Tunç et al (2019) was correlated with brain age error. Participants with
older predicted brain age showed the least ASD severity and younger predicted brain age
more severity. These findings are directly in line with our high-scoring participants (SRS
score > 9) which are the most so-called ’severe’ ASD cases within our dataset and were
predicted, independed of sex, to have younger predicted brain age. In short, age plays a
more important role than sex in correlation of predicted age with severity of autistic traits.
Limitations of our study include the lack of utilization of our twin dataset. During
this study, we treated our twins as family-independent individuals and neither correct or
used the similarities and environmental factors. Our focus was not on the brain development differences between twins but rather between ’regular individuals’. Both types of
twins share high similarity in their genetic background and translation into their brain
physiology(50; 51; 52) . In order to correct for the impact of environmental as well as genetic
factors between twins, Structural Equation Modeling (SEM)(53) can be used. SEM uses
a combination of regression principles and factor analysis and have been applied in twin
studies(47) during training process of models. Implementation of SEM could provide us
with insight into the sex-differences and variance in brain development as well as relationship with autistic traits of both twin types.
As aforementioned, most brain age studies (47; 54) have been done on participants with
adults or older cohorts. Age ranges used were at least 25 years, higher than our maximum
of 4 years. Regression models used in these models have performed with low MAE on the
given cohort. They have been able to capture the aging process as well as maturation process of adult and elderly individuals. As these processes are captured at different phases,
more distinct patterns may be found with their models. In addition, more distinct pattern leads to a higher accuracy in age prediction. However, our participants’ overall brain
maturation process is measured in a smaller time lapse. While changes in brain structure
occur among children within our age range, these are less distinguishable for regression
models than in the aforementioned studies. Although, it is uncertain to conclude whether
and how much the performance of our regression models have been affected by lack of
age range. In short, increasing number of timepoints or age range might improve overall
accuracy of our models.
In regards with improvement of our models, we utilized Grid Search as our optimization
algorithm. Multiple optimization methods exist. Two optimization techniques for SVR introduced in Cherkassky et al (2004)(55) and Chalimourda et al (2004)(56) have been used
in Franke et al (2010)(57) instead of Grid Search and 10-fold cross-validation. They motivated their choice of optimization technique as it would be less computationally expensive
and in order to produce sample-dependent parameters. Both techniques resulted with an
accurate MAE of between 4 and 5 years in a dataset consisting of two datasets of individuals between 19-86 years old and 20-59 years old. Our SVR can be optimized using the
discussed algorithms to see whether its performance improves on both cohorts.
Whilst we used an optimization algorithm, our regression models still performed with
overall low accuracy. One of the most common potential explanations is the used number
of features. We did not exploit feature selection and reduction in our study. Removal
of features during feature selection can lead to a better understanding of their overall
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influence and contribution on the regression model. Furthermore, partially relevant features can provide noise, introduce overfitting and more computational expensive process
of training and testing a model. One example is Sparse Group Lasso (SGL)(58; 59) . It is
able to detect groups within features that are related to the outcome variable and select
the most influential features within those groups. Aycheh et al (2018)(60) have used SGL
to improve the MAE of their GPR from 4.063 to 4.053. However, considering the used
age range is between 45 and 91, the improvement is minor. Despite the fact that these
techniques reduce noise and increase accuracy, it can decrease the performance of models.
Certain regression models have been designed to handle high dimensional dataset and use
that information. Reducing the number of features could impair such models significantly.
Although there is a probability of reducing the performance of our regression models, it
is worth to expand on.
Our RF and GPR models predicted the brain age of younger individuals to be older and
vice versa. This phenomenon is named ‘systemic bias‘ and has reoccurred in multiple age
prediction models(47; 61; 62) . Systemic bias tend to cause noise within brain age prediction
and its error calculation. Associating the brain age error with cognitive or psychological
disorders can be highly influenced due to bias. Recent study(46) has shown that systemic
bias is unrelated to imbalance of sample size as well as potential noise within the dataset.
In order to test whether systemic bias is purely due to data or type of prediction model,
Liang et al (2019), used GPR, NN, SVR and Ridge Regression on healthy participants
(N=2026) between 6-89 years old. All four models presented systemic bias within their age
prediction on their FreeSurfer segmented scans. As of now, cause of this phenomenon is
still unknown but studies have bypassed it by utilizing linear mixed models(43; 63) . Linear
mixed model have been used in order to correct for the bias as well as sex differences(63) .
In future work, linear mixed models can be used in order to correct for the systemic bias
in age prediction of our models.
Increasing in popularity as a brain age prediction framework is brainAGE(57) . It utilizes
a machine learning method named Relevance Vector Machine(64) in order to make an age
estimation based on structural MRI data of given individual. Advantage of brainAGE
is its ability to capture the brain maturation of children as well as adults and elderly.
BrainAGE has proven to be scanner-independent and does not decrease in its age prediction performance if different scanners have been used. As of now, brainAGE performed
with a decent accuracy among different studies with varying goals(65; 66; 67) . However,
we did not use brainAGE during our study as our focus lies on testing models and while
brainAGE is based on a regression model, it is considered to be a framework. Even though
we did not apply brainAGE in our study, it might be worth exploring whether its prediction accuracy would be on our twin dataset and if similar patterns with SRS would be
found.
In conclusion, we were able to create age prediction models for a young twin dataset. Based
on accuracy, SVR had the best performance on males and GPR in females. Using these
models, we found variance to be more prevalent in males compared to females according
to average brain age error and deviation. We found positive brain age errors in individuals
with high SRS scores (>9) in both sexes but these were not significantly correlated. Based
on younger predicted age as well as higher variance in males, our results indicate that
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bigger brain development deviation might be related to mild autistic traits.
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