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Summary

The present doctoral thesis is focused on describing the effects that different
environmental and genetic modulators have on white matter pathways and its
consequences measured with diffusion tensor imaging. We chose to focus on two
examples of each type of modulators. Firstly, we selected as environment
modulating factors: pollutants and video games. On one side, pollution as an
external factor that enters passively the brain and may influence developmental
trajectories. And on the other hand, we used video games as a good example of
active behavior that can modify white matter tracts through practice. Secondly,
Down syndrome and Prader-Willi syndrome were selected as representative
genetic syndromes that may interfere on white matter growth because, although
Down syndrome has higher incidence rate than Prader-Willi syndrome, both
show behavioral and cognitive alterations, indicating an abnormal brain
development. The results of this doctoral thesis lead to the conclusion that white
matter pathways development is not an immutable process and it can be
modified by diverse modulators. In the same way, diffusion tensor imaging is a
good-quality technique to capture and identify those white matter changes
through life.

XV



XVi



1. INTRODUCTION






1. Introduction

1.1 White Matter

Imagine if we could peek through the skull to see what makes one brain different
than another. Or discover which anatomical traits might be driving a person’s
genetic disease. Currently, imaging techniques are helping to observe such
evidence and it’s revealing interesting findings: a large variety of genetic and
environmental modulators may modify the maturation pathways of white matter
tracts and generate different consequences through life.

Briefly, gray matter is where mental computation takes place and memories are
stored. The cortex is the “topsoil” of the brain; it is composed of densely packed
neuronal cell bodies. Underneath it, there’s bedrock of “white matter” that fills
approximately 45% of the human brain (Zhang et al,, 2000; Liu et al, 2017).
White matter is composed of millions of communication cables, each one
containing an axon, coated with a white fatty substance called myelin. Like the
trunk lines that connect telephones in different parts of a country, this white
cabling connects neurons in one region of the brain with those in other regions.

To understand how white matter works, we must understand its growth process.
White matter development follows the principles of general development: grows
first and subsequently maturates. Actually, the axon wrapping occurs at different
ages. Myelin is prevalent only in a few brain regions at birth, expands in spurts
and is not fully laid until age 25 or 30 in certain sites. Myelination generally
proceeds in a wave from the back of the cerebral cortex to its front as we grow
into adulthood. The frontal lobes are within the last places where myelination
occurs (Figure 1). These regions are responsible for higher-level reasoning,
planning and judgment - skills that only come with experience.

For decades neuroscientists exhibited little interest on white matter. They
considered the myelin to be mere insulation and the axons inside it little more
than passive passageways. But scientists are now realizing that we have
underestimated the importance of white matter in the proper transfer of
information among brain regions. New studies show that the extent of white
matter varies in people who have been influenced by different experiences or
who have certain dysfunctions or pathologies (Pujol et al., 2011; Via et al., 2014).

1.2 White Matter Modulators



With this new perspective about white matter, it is not hard to imagine how
faulty transmission could lead to brain abnormalities (Soriano-Mas et al., 2011).
After decades of searching gray matter for the causes of mental disabilities,
neuroscientists now have evidence that white matter plays important role (Pujol
etal, 2004).

Figure 1. Gray matter maturation between ages 5 and 20. The side bar shows a color
representation in units of gray matter volume (Gogtay et al, 2004). A few axons are covered with
myelin at birth. More are insulated over time, from the back of the cerebral cortex to the front. The
sequence here depicts the pruning of neurons and the relative increase in myelin. Basic functional
areas such as vision (back) are completed before age 4, followed by language and, last self-control

(forehead).

The development of white matter pathways is not immutable trough life and it
can be influenced by diverse modulators. In the following text we’re going to
focus on environmental and genetic factors according to the main goals of this
thesis.

First, we’re going to describe relevant findings to date about the effects of
different ambient modulators have on white matter development and its
consequences. We've chosen to focus on two examples of environment factors:
pollutants and video games. On one side, pollution is an external factor that
enters passively the brain and potentially may influence development



trajectories. And on the other hand, video gaming is a good example of active
behavior that can modify brain development.

Secondly, we'll explain the effect of two genetic pathologies on white matter
pathway development through life. We've chosen Down syndrome and Prader-
Willi syndrome as representative genetic syndromes that may interfere on white
matter growth because, although Down syndrome has an incidence rate higher
than Prader-Willi syndrome, both show behavioral and cognitive alterations,
indicating an abnormal brain growth and maturation.

1.2.1 Environment

Although white matter development is a process determined by nature, it’s not
exempt to be modified in response to certain experiences and environmental
exposures. Many findings suggest that some experiences influence myelin
formation and that supports learning and improvement of skills (Bavelier et al,,
2012). But, do all the experiences and environmental elements bring us benefits?

1.2.1.1 Pollutants

One of six children has a developmental disability and in most cases these
disabilities affect the nervous system. The most common neurodevelopmental
disorders include learning disabilities, sensory deficits and developmental delays
(Boyle et al., 1994), processes closely related to the white matter.

The developing human brain is inherently much more susceptible to injury
caused by toxic agents than is the brain of an adult (Dobbing et al., 1968). The
susceptibility of infants and children to industrial chemicals is further enhanced
by their increased exposures, augmented absorption rates and diminished ability
to detoxify many exogenous compounds, relative to adults (Ginsberg et al., 2004).

Evidence has been accumulating over several decades that industrial chemicals
can cause neurodevelopmental damage. The possibility of a link between
chemicals and anatomical/functional brain abnormalities and widespread
neurobehavioral changes was raised by research showing that lead was toxic to
the developing brain across a wide range of exposures (Landrigan et al., 1975).
That report was in accord with other reports indicating that other environmental
pollutants were also toxic to early brain development (Grandjean et al., 2002)
and could modify brain maturation trajectory. Many studies have classified air
pollution as important developmental neurotoxicant (Grandejan et al., 2014). In
children, exposure to traffic-related air pollutants during pregnancy or infancy,
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when the brain rapidly develops, has been related to cognitive delays (Suglia et
al,, 2008; Perera et al., 2009; Guxens et al., 2012).

Children spend a large proportion of their day at school, including the period
when daily traffic pollution peaks. Many schools are located in close proximity to
busy roads, which increases the level of traffic-related air pollution in schools.
There’s currently very little evidence on the role of traffic-related pollution in
schools on cognitive function (Wang et al., 2009). However, some studies have
demonstrated that cognitive development is reduced in children exposed to
higher levels of traffic-related air pollutants at school (Sunyer et al.,, 2015; Van
Kempen et al., 2012; Clark et al., 2012).

1.2.1.2 Video Games

Given the dramatic increase in the everyday use of technology over recent
decades, interdisciplinary scholars have considered its impact on human
cognition and development (Greenfield et al.,, 1984; Hunt et al., 2012). Over the
last decades, effects of playing video games on human perception and cognition
have been intensely studied and debated (Oei et al., 2014).

An overview of the existing literature of playing video games indicates benefits
after action game play in many domains in reverse of what was thought about the
topic. Video game players have also been documented to have better
performance than non-gamers on several aspects of cognition such as visual
short-term memory (Anderson et al. 2011; Boot et al. 2008), spatial cognition
(Greenfield et al., 2009), multitasking (Green et al, 2006a), and some aspects of
executive function (Anderson et al., 2011). But the most notable benefits are
noted in reaction time and speed-accuracy trade-off, which corresponding brain
regions are closely linked with white matter pathways that are essential for the
acquisition of new skills through practice.

On the other hand, there’s growing evidence of the prevalence and length of the
problems of pathological video gaming. Several researchers have begun testing
scientifically the concept of pathological video game use, commonly called video
game “addiction” (Fisher et al, 1994). Most researchers have assumed that it
would be similar to pathological gambling. The parallel seems justifiable, because
both are assumed to be behavioral addictions that begin as entertainment that
can stimulate emotional responses and dopamine release (Koepp et al., 1998).
But playing is not pathological initially; it becomes pathological for some
individuals when the activity turns dysfunctional, harming the individual’s social,
occupational, family, school, and psychological functioning.



In summary, although there is some evidence to suggest that video gaming can
improve particular cognitive abilities in youth (Bavelier et al, 2012) other
evidence links it with conduct-related problems and increased risk toward
disorders of addiction (Anderson et al., 2010; Gentile el al., 2010).

1.2.2 Genetics

Neurodevelopmental genetic disorders are a group of disorders in which the
development of the central nervous system is disturbed. This can include atypical
brain development which can manifest as neuropsychiatric problems, impaired
motor function, learning and language disabilities or non-verbal communication
problems. Some neurodevelopmental disorders alter the trajectory of white
matter pathways and generate neuropsychiatric and cognitive consequences that
may be more evident in adulthood. Studying the characteristic abnormalities of
these disorders, many clues may emerge about biological mechanisms underlying
neurodevelopmental disorders.

1.2.2.1 Down Syndrome

Down syndrome, or trisomy 21, is a common chromosomal disorder and the
most common cause of intellectual disability (Nadel et al., 1999). Research in
Down syndrome has substantially progressed in the understanding of basic
mechanisms via which gene over expression interferes in that brain development
(Capone et al., 2001) but there’s a lack of information about the general
organization of the brain and its consequences (Pujol et al., 2014a). There are
surprisingly a few brain imaging studies of Down syndrome in children, maybe
because the main differences with healthy subjects are more evident in
adulthood when the brain is completely developed. In fact, there’re many studies
focused on adults and the risk of developing Alzheimer’s-like dementia (Stanton
etal, 2004).

In adult Down syndrome patients, a large number of in vivo MRI studies have
defined a different neuroanatomical pattern from healthy controls that parallel
post-mortem reports of Down syndome neuropathology (Schapiro et al., 1989;
Weis et al,, 1991; Kesslak et al., 1994; Raz et al,, 1995; White et al.,, 2003; Teipel et
al, 2004). Many of these studies have also reported hallmark pathologies of
Alzheimer’s disease; a finding which is consistent with the high rate of
occurrence of dementia in Down syndrome individuals over the age of 40
(Wisniewski et al., 1985). Moreover, main findings show that adults with Down
syndrome have lower white matter structure than healthy controls of the same
age, particularly in the frontal lobes (Powell et al.,, 2014; Head et al., 2016) and



that can be associated with executive decline evident on neuropsychological
testing (Hartley et al., 2014; Madden et al.,, 2009). These imaging studies have
provided further insight into the potential cognitive repercussions of some
structural alterations (Raz et al., 1995; Aylward et al,, 1999; lkeda et al., 2002;
Krasuski et al.,, 2002).

Despite these findings, to detect early subclinical symptoms of dementia in Down
syndrome patients is a challenge and it would be interesting to investigate
whether involutional changes in white matter pathways are detectable before
dementia becomes clinically evident to get an effective diagnosis and design
better interventions.

1.2.2.2 Prader-Willi Syndrome

Prader-Willi syndrome is a complex genetic disorder associated with multiple
clinical manifestations resulting from the failure of expression of paternal alleles
in the 15q11.2-q13 region of chromosome 15 (Grugni et al., 2016).

The syndrome shows a characteristic phenotype which encompasses neonatal
hypotonia and failure to thrive, progressive hyperphagia with early childhood-
onset obesity (if uncontrolled), developmental impairment with learning
disabilities, behavioral and psychiatric issues, dysmorphic features and
endocrine abnormalities (Cassidy et al, 2012). Most patients have reduced
growth hormone (GH) secretory capacity and hypogonadotropic hypogonadism,
suggesting hypothalamic-pituitary dysfunction (Burman et al., 2001).

The brain imaging studies that have been performed in these patients showed
that Prader-Willi syndrome is accompanied by abnormalities in specific areas of
the brain (Yamada et al., 2006; Mantoulan et al,, 2011; Ogura et al,, 2011; Ogura
et al, 2013). Some of the most important findings related to white matter are
reported below.

Some studies have demonstrated that there’re regional white matter
abnormalities in Prader-Willi syndrome brain. Interestingly, the observed water
diffusivity alterations which indicate developmental abnormalities in these areas
are consistent with the clinical features of Prader-Willi syndrome. There’s a
significant reduction in white matter values in a number of brain regions in
Prader-Willi syndrome than in controls based on a voxel-wise approach. A ROI-
based analysis of fractional anisotropy showed changes in the following regions:
the hypothalamus, right and left internal capsule, right and left cerebellum and all
of the sub-region of corpus callosum. The corpus callosum, hypothalamus and
right internal capsule have shown a significant reduction in fractional anisotropy



in Prader-Willi syndrome (Tant et al, 2009; Yamada et al., 2006). Thus, using
diffusion tensor imaging, focal abnormalities of white matter between Prader-
Willi syndrome and healthy subjects have been demonstrated. But, despite all the
Prader-Willi syndrome knowledge we currently have, there're some aspects that
remain poorly understood or inadequately managed, as the repercussion of white
matter alterations on cognitive function, behavioral and psychiatric symptoms.

1.3 White Matter Measurements

Despite there’re many techniques to explore white matter characteristics, as
specific regions of interest (ROI) or segmentation with voxel-based morphometry
(VBM), the most used technique to explore white matter is diffusion tensor
imaging (DTI). This technique allows us to visualize, at gross level, the rate of
diffusion of water along axons. It can therefore be used to explore axonal
pathways.

In DTI, the MRI signal decays when water is diffusing (Stejskal et al., 1965) and
it'’s possible to design an MRI protocol whose signals are reduced by water
diffusing in a particular direction. By measuring diffusion in a large set of
different directions (at least 6) we can identify the primary directions of water
diffusion in each voxel in the brain.

1.3.1 Diffusion Tensor Imaging

Diffusion tensor imaging is a noninvasive method that provides information
about microstructural properties of white matter (Le Bihan et al., 1985; Le Bihan
et al,, 2001) by measuring the magnitude, direction and anisotropy of water
molecules (Schmithorst et al., 2010). This method gives us many white matter
measurements, but we’re going to focus on fractional anisotropy because is the
most informative one about maturation levels of white matter pathways.

1.3.1.1 Fractional Anisotropy

Random motion of water molecules, also known as Brownian motion, can be
quantified and reflects intrinsic features of tissue microstructure in vivo
(Pierpaoli et al, 1996). In pure water or cerebrospinal fluid, the diffusion of
water molecules is unrestricted in all directions. This situation is referred as
“isotropic” and often represented as a spherical tensor (Lerner et al., 2014)
(Figure 2). But in brain tissue, water diffusion is substantially reduced by
structures such as myelin sheaths, cell membranes and white matter tracts. In
general, in white matter the diffusion of water molecules is less restricted along
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the long-axis of a group of aligned tissue fibers than perpendicular to it (Dong et
al, 2004). This condition of directionally-dependent diffusion is referred as
“anisotropic” and may be represented by an elongated ellipsoid tensor (Lerner et
al,, 2014) (Figure 2). The most commonly used measure for diffusion anisotropy
is fractional anisotropy (FA) that measures changes in ranges from 0 to 1
(Pfefferbaum et al., 2003; Assaf et al, 2008). As a result, DTI provides a great
framework for the acquisition, analysis and quantification of white matter
diffusion properties during development and the effects and consequences of
different modulators through life.
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Figure 2. The diffusion tensor is generally characterized by a 3D ellipsoid (a), representing the
diffusion isoprobability surface at the voxel level. The ellipsoid axes are oriented according to the
tensor eigenvectors, and their length depends on the tensor eigenvalues. In an isotropic tissue (b)
the ellipsoid is spherical, and the mean diffusivity depends on the tissue water content through the
density of hindering structures (c). In white matter, fibers are oriented in bundles, diffusion is
anisotropic (d), and the anisotropy increases with fiber density and decreasing membrane
permeability (e).
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2. Approach, Objectives and Hypothesis

2.1 Study I: Airborne Copper exposure in School
Environments Associated with Poorer Motor Performance
and Altered Basal Ganglia

2.1.1 Objectives

The development of white matter pathways is not immutable through life.
There're life stages, like childhood, where white matter is more susceptible to be
influenced by many environmental elements. A variety of air pollutants has been
identified as factors causing neural damage at toxic concentrations. However,
nowadays it's not totally clear that high levels of air pollutants are able to
generate permanent alterations in a developing brain. One of the pollutants
identified that may interfere with brain development is the copper. Although this
element is necessary for molecular metabolism, abnormal levels can produce
brain impairment.

Thus, the main goal of the present research was to investigate the neurotoxic
effects of airborne copper exposure in white matter pathways.

The aims of our study were:

I.  To test the potential harmful effects of cooper as an air pollutant in
children aged from 8 to 12 years.

II.  Using a specific approach for white matter measurement (DTI), to explore
potential repercussion on brain anatomy and architecture caused by
copper exposure.

III.  Using specific motor testing, to examine the impact of copper in various
motor skills, as speed and consistency of motor response.
IV.  To relate findings in DTI with alterations in motor skills.

2.1.2 Hypothesis

We hypothesized that children exposed to airborne copper will present poor
motor performance and changes in the structure of the basal ganglia.
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2.2 Study II: Traffic Pollution Exposure is Associated with
Altered Brain Connectivity in School Children

2.2.1 Objectives

Children are more vulnerable to the effects of environmental elements due to
their active developmental processes. Exposure to urban pollution has been
associated with alterations in children’s cognition and supported by a set of
studies showing significant association of pollutant exposure with inflammatory
and degenerative brain pathology.

Thus, we aimed to assess the extent of such potential effects of urban pollution on
white matter pathway maturation in children and its consequences in cognition.

In summary, the aims of this study were:

I.  To assess the impact of long-term exposure to urban pollution in a large
children sample aged from 8 to 12.
II.  Using diffusion tensor imaging approach, to explore white matter tract
architecture affected by long-term exposure to pollutants.
III. Using a selected cognitive assessment, to determine what potential
repercussions in cognition were detectable.
IV.  To relate findings in DTI technique with alterations in cognition.

2.2.2 Hypothesis
Our hypothesis was the potential brain effects of air pollution will be evident on

anatomical development during maturation processes and changes in water
diffusion within white matter tracts would appear.
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2.3 Study III: Video Gaming in School Children: How Much is
Enough?

2.3.1 Objectives

The benefits and risks of video gaming in young people remain unrated,
particularly as regards an optimal level of use. Although there’s some evidence to
suggest that video gaming can improve particular cognitive abilities through
practice, other evidence links it with conduct-related problems and increased
risk of addiction.

Thus, the goal of this study was to clarify the consequences of video game playing
on white matter architecture and its relationship with cognitive performance.

The main aims of our study were:

I.  Using a specific approach for detecting abnormalities on white matter
pathways (DTI), to explore potential repercussion on brain anatomy of
playing video games.

II.  Using specific motor testing, to examine the impact of video gaming on
motor skills.

[II.  To relate white matter findings with motor assessment outcomes.

2.3.2 Hypothesis

e We predicted that video gaming in school children, considered as a
training exercise based on repetitive use, would have a principal effect on
speed of mental processing.

e In the brain, video gaming could notably reinforce neural connections,

with a major effect on basal ganglia circuits, which are essential for the
acquisition of new skills through practice.

15



2.4 Study 1V: Anomalous White Matter Structure and the
Effect of Age in Down syndrome Patients

2.4.1 Objectives

Neural tissue abnormalities in Down syndrome are expressed at relatively late
developmental stages. In addition, aging is accelerated with an early presence of
neurodegenerative change. A large number of MRI studies have identified a
variety of anatomical and functional alterations. But white matter changes and
their functional significance have not been fully characterized yet. Nowadays, it’s
not evident whether the involutional effect on white matter structure is
detectable before dementia is expressed. If this were indeed the case, age-related
FA changes could serve as early markers of neurodegeneration.

Thus, we wanted to characterize white matter abnormalities in adult Down
syndrome patients using diffusion tensor imaging and to investigate whether
involutional changes in white matter structure could be used as markers for
dementia.

The aims of this study:
[.  To characterize white matter abnormalities in the brain of adult non-
demented Down syndrome patients using diffusion tensor imaging.
II. To investigate whether involutional changes in white matter structure
are detectable before dementia becomes clinically evident.
2.4.2 Hypothesis
We predicted that Down syndrome patients would exhibit both widespread FA

reduction in white matter and an accelerated aging effect, and that the alteration
would be associated with poorer cognitive performance.
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2.5 Study V: A Longitudinal Study of Brain Anatomy Changes
preceding Dementia in Down syndrome

2.5.1 Objectives

Neuroimaging research is prominent in indicating that demented Down
syndrome patients indeed show brain alterations in systems with typical
degeneration in Alzheimer’s disease (Emerson et al., 1995; Haier et al.,, 2008;
Beacher et al. 2009; Powell et al, 2014). Nevertheless, studies are still not
conclusive in distinguishing baseline Down syndrome dense brain pathology
established during brain development from ongoing degenerative changes at
time of progression to dementia.

Thus, the main goal of this research was to characterize Down syndrome patients
at risk to develop dementia measuring changes in white matter structure and
their relationship with cognitive deterioration.

In summary, the aims of this study were:

[.  To characterize white matter abnormalities in the brain of Down
syndrome patients at risk of dementia using diffusion tensor imaging
IL. To match Down syndrome cognitive impairment progression with the
well-established cognitive decline progression in Alzheimer’s disease.
[II. To relate white matter changes identified by DTI with cognitive
impairment progression.

2.5.2 Hypothesis

We hypothesized that brain in older Down syndrome individuals displays many
of the neuropathological features found in Alzheimer’s disease and it could
indicate a direct link between a genetic anomaly and neurodegeneration that may
potentially contribute to elucidate the pathogenesis of Alzheimer’s disease.
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2.6 Study VI: Abnormal Hypothalamus and related Brain
Regions in Prader-Willi syndrome evaluated by Diffusion
Tensor Imaging (DTI)

2.6.1 Objectives

Prader-Willi patients present several neuroendocrinological abnormalities, such
as growth hormone deficiency, hypogonadotropic hypogonadism and
hyperphagia, as the result of possible involvement of the hypothalamo-
hypophyseal system. There’s growing evidence suggesting abnormalities in white
matter developmental trajectory. But few studies have explored this issue.
There’s only one research in Prader-Willi patients using DTI and it was not
focused on the hypothalamo-hypopshyseal region (Yamada et al, 2006). So,
specific white matter alterations in Prader-Willi syndrome remain unknown.

Thus, the objective of the present study was to evaluate the hypothalamus and
related brain regions in adult patients with Prader-Willi syndrome using DTI.

The main aims of our study were:

I.  Using a specific approach for detect abnormalities on white matter
pathways (DTI); characterize white matter abnormalities in
neuroendocrinological related areas.

[I.  To relate white matter abnormalities with eating behavior related
hormones in Prader-Willi syndrome patients.

2.6.2 Hypothesis

We predicted the presence of structural abnormalities in white matter
connecting the hypothalamus with related brain structures that may underlay
clinical features of Prader-Willi syndrome patients.
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3. Methods

The present thesis consists of five studies and one set of preliminary results
examining cognitive functions and structural and functional brain characteristics
in normal and pathological brain development samples. To do so, we studied
three different samples and we used different cognitive and MRI approaches. All
the studies were approved by the ethics committee of the Hospital del Mar
(Barcelona) and all the subjects or their family gave written informed consent
prior to participation in the studies. A detailed description of the samples
characteristics, methodological approaches, cognitive and/or behavioral test and
MRI methods are detailed within each study.

3.1 Study Samples

The healthy children in school age sample was developed in the context of a
large-scale project designed to assess the effects of environmental factors on
brain development children (BREATHE, European Commission FP7-ERC-2010-
AdG, ID 268479). A totally of 2.897 children, from 39 schools in the city of
Barcelona, were invited to participate in the MRI study via post, email or
telephone. 810 of them gave initial positive response. The study sample was
consecutively recruited from this group with the aim of including children from
all participating schools. Parents of 491 children were directly contacted. Consent
to participate was finally not obtained in 165 cases, 27 children were lost before
the assessment and 21 children were not eligible because of dental braces. The
finally selected group included 278 cases. A total of 263 children completed the
imaging protocol (mean age 9.7 + 0.9; range 7.9-12.1). Additional cases were
excluded on the basis of image quality criteria in each specific MRI analysis (see
chapter 4).

The Down syndrome sample involved 68 Down syndrome participants (mean age
36.3 = 10.9; range 17-61). Candidates were recruited by Specialized Service in
Mental Health and Intellectual Disability (SEMS-DI, Girona; TESDAD, Barcelona)
from the community via parent organizations. Individuals with seizure or
neurological disease (other than Down syndrome), psychiatric disorder
(including autism spectrum disorder), non-stable medical conditions and current
psychoactive medication were not eligible for the MRI assessment. Participants
were selected from a large group of Down syndrome subjects on basis of having >
18 years, Down syndrome confirmed by karyotype, QI mild-moderate, no drug
treatment that could bias the results obtained, capability to understand MRI
instructions, follow the commands and remain still, as well as optimal attitude
and the willingness (participants and parents) to participate. Maternal ethnicity
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was Caucasian in all cases. No participant was taking psychotropic medication
(see chapter 4).

The Prader-Willi syndrome sample involved 30 (mean age 27.4 + 8.0; range 18-
47) adults with Prader-Willi syndrome from the Genetic, Pediatrics and
Endocrinology Departments of Corporacié Sanitaria Parc Tauli of Sabadell,
Barcelona, Spain (the clinical referral centre for Prader-Willi syndrome) and the
Specialized Mental Health and Intellectual Disability Service, Parc Hospitalari
Marti i Julia of Salt, Girona, Spain. The Catalan Association of Prader-Willi
Syndrome of Barcelona and the Prader-Willi Syndrome Foundation of Madrid
also assisted with recruitment. Patients younger than 18 years, those who had
non-stable medical conditions and those considered unable to follow MRI
instructions were not eligible to participate in the study. Genetic testing to
confirm the chromosome 15 anomaly was repeated in all patients at the time of
inclusion in the study. Blood samples we’re collected for genomic DNA extraction
and for karyotype. In each case, Prader-Willi syndrome was confirmed by
methylation-specific polymerase chain reaction (MS-PCR) with an absence of
paternal allele at 15q11-q13, and the deletion status was established by
fluorescence in situ hybridization (FISH) (see chapter 4).

3.2 Cognitive and Behavioral Assessment
A cognitive assessment was performed in all studies.

In the first sample (healthy children), cognitive development was assessed
through long-term change in working memory and attention. From January 2012
to March 2013, children were evaluated every 3 months over four repeated visits,
using computerized tests in series lasting approximately 40 min in length.
Working memory and attention functions were selected because they grow
steadily during preadolescence (Anderson et al., 2002; Rueda el al,, 2005). The
computerized tests chosen (the N-back task on working memory (Anderson et al.,
2002) and the Attentional Network Test [ANT]) (Rueda et al., 2004) have been
validated with brain imaging (Thomason et al.,, 2009; Rueda et al., 2004) and in
the general population. Groups of 10-20 children were assessed together,
wearing ear protectors, and were supervised by one trained examiner per 3-4
children. For the N-back test, different N-back loads (up to 3-back) and stimuli
(colors, numbers, letters, and words) were examined. For analysis here, we
selected 2-back and 3-back loads for number and word stimuli as they showed a
clear age-dependent slope in the four measurements and had little learning
effect. Numbers and words activate different brain areas. The 2-back test predicts
general mental abilities (working memory), while the 2-back test also predicts
superior functions such as fluid intelligence (superior working memory) (Shelton
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el al.,, 2010). All sets of N-back tests started with colors as a training phase to
ensure the participant understands. The N-back parameter analyzed was d prime
(d), a measure of detection subtracting the normalized false alarm rate from the
hit rate: (Z hit rate — Z false alarm rate) x 100. A higher d’ indicates more accurate test
performance. Among the ANT measures, we chose hit reaction time standard
error (HRT-SE) (standard error of reaction time for correct responses) (Conners
et at, 2000)—a measure of response speed consistency throughout the test—
since it showed very little learning effect and the clearest growth during the 1
year study period among all the ANT measurements. A higher HRT-SE indicates
highly variable reactions related to inattentiveness.

The second sample (Down syndrome) received a comprehensive medical,
psychiatric, neuropsychological and laboratory evaluation. Cognitive status was
evaluated by Kaufman Brief Intelligent Test, Second Edition (K-BIT) (Kaufman,
2004). Candidates were assessed neuropsychologically by Wechsler Adult
Intelligence Scale (WAIS), Neuropsychological Integrated Program for persons
with Intellectual Disabilities (PIEN-ID) (Esteba-Castillo S.Neuropsicologia del
trastorno del desarrollo intelectual con y sin origen genético [Tesis Doctoral].
Bellaterra: Universidad Auténoma de Barcelona. Facultad de Medicina; 2015),
Rey-Osterrieth Complex Figure (ROCF), Behavioral Rating Inventory of Execute
Function (BRIEF), CAMDEX-DS, Tower of London (TOL), Color Trail Test (CTT),
Aberrant Behavior Checklist (ABC Scale) and Adaptive Behavior Scale Residence
Community-2 (ABS-RC2).

The third sample (Prader-Willi syndrome) received a selective testing to identify
the presence and severity of characteristic symptoms related to obsessive-
compulsive behavior in Prader-Willi syndrome, including the Compulsive
Behavior Checklist (Gedye et al., 1992) which was used to confirm the presence
of various compulsive symptoms grouped in several categories: ordering,
completeness/incompleteness, cleaning/tidiness, checking/touching and deviant
grooming. Additionally, the Yale-Brown Obsessive Compulsive Scale (Y-BOCS;
Goodman et al,, 1989) was used to provide a complementary assessment of the
severity of target compulsions identified using the Compulsive Behavior
Checklist. To target compulsive eating behavior we used the Hyperphagia
Questionnaire (Dykens et al., 2007) a 13-item instrument specifically designed to
measure food-related preoccupations and problems in Prader-Willi syndrome, as
well as the severity of these concerns.

3.3 Neuroimaging Approach
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Image acquisitions for all studies were performed in Neuroradiology Section,
Radiology Service at the Hospital del Mar (Barcelona, Spain) according to the
specific study protocol.

In summary, A 1.5 Tesla Signa Excite System (General Electric, Milwaukee, WI,
USA) equipped with an eight-channel phased-array head coil and single shot
echoplanar imaging (EPI) software was used. Diffusion-weighted scans were
obtained using spin echo single-shot echo-planar sequences of 25 directions with
a B-factor of 1000 s/mm2.Acquisition parameters were repetition time 8300ms;
echo time 94 ms; thickness 5 mm, no gap; pulse angle 90-208 ; field of view 26
cm; 128x128 acquisition matrix reconstructed into a 256x256 matrix, and scan
duration was 3m52s. Twenty-six slices were prescribed parallel to the anterior-
posterior commissure line covering the whole brain. Participants were instructed
to relax, stay awake and lie still.

3.3.1 Diffusion Tensor Imaging (DTI)

DTI was processed using Functional MRI of the Brain (FMRIB) Software Library
5.0 (FSL), developed by the Analysis Group at the Oxford Centre for FMRIB
(Smith et al,, 2004). Diffusion-weighted images were ere aligned to the BO image
using affine registration and corrected for motion and eddy current distortions
(“Eddy Current Correction” option in the FMRIB Diffusion Toolbox [FDT] version
2.0 in FSL). A whole-brain mask generated with FSL Brain Extracting Tool was
applied to DTI images. Subsequently, we estimated fractional anisotropy (FA)
maps using FDT in FSL after local fitting of the diffusion tensor model at each
voxel (“dtifit”). FA maps were then aligned to a common target (FMRIB58_FA
template) using Tract-Based Spatial Statistics (Smith et al., 2006), re-sliced to a
Imm x 1mm x 1 mm anatomical resolution and normalized to standard MNI
space via the FMRIB58_FA template using the FMRIB’s Non-linear Registration
Tool (Figure 3).

To complement the analysis and assist interpretation of the FA results, we
carried out a directional analysis of water diffusion along each (x, y, z) axis
separately. We used the diffusion tensor estimated by FSL “dtifit” algorithm to
determine diffusion strengths. Geometrically, the procedure involved
determining the radius of the arbitrarily oriented ellipsoid along the spatially
fixed x, y, and z axes using basic 3D quadratic geometry. As the eigenvectors and
eigenvalues were previously normalized to MNI space in all subjects, we were
able to carry out group-level voxel-wise analyses.
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Figure 3. Diffusion tensor imaging (DTI) protocol applied in the studies.

3.4 Statistical Analysis

Subsequently, individual anatomical, diffusion tensor imaging and functional
connectivity maps were included in second-level (group) analyses. Results were
considered significant with clusters of 1.032 mL (e.g, 1,032 voxels with a
resolution of 1 x 1 x 1 mm) and height threshold of P< 0.005, which satisfied the
FWE (family-wise error) rate correction of Prwe< 0.05 estimated using Monte
Carlo simulation (Pujol et al., 2014c).
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4. Results
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Abstract

Introduction: Children are more vulnerable to the effects of environmental elements. A
variety of air pollutants are among the identified factors causing neural damage at toxic
concentrations. It is not obvious, however, to what extent the tolerated high levels of air
pollutants are able to alter brain development. We have specifically investigated the
neurotoxic effects of airborne copper exposure in school environments. Methods: Speed and
consistency of motor response were assessed in 2836 children aged from 8 to 12 years.
Anatomical MR, diffusion tensor imaging, and functional MRI were used to directly test the
brain repercussions in a subgroup of 263 children. Results: Higher copper exposure was
associated with poorer motor performance and altered structure of the basal ganglia.
Specifically, the architecture of the caudate nucleus region was less complete in terms of
both tissue composition and neural track water diffusion. Functional MRI consistently
showed a reciprocal connectivity reduction between the caudate nucleus and the frontal
cortex. Conclusions: The results establish an association between environmental copper
exposure in children and alterations of basal ganglia structure and function.
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4.1.1 Introduction

Brain development is extraordinarily complex and extends into adulthood to
achieve maximum effectiveness in cognition and skills (Pujol et al., 1993; Paus et
al, 2005). Nonetheless, both the complexity and duration of such a process
expose developing children to the potentially harmful effects of environmental
elements. A variety of air pollutants are among the identified factors causing
neural damage at toxic concentrations (Grandjean et al., 2014). It is not obvious,
however, to what extent the tolerated high levels of urban air pollutants are able
to generate subtle, subclinical alterations in the developing brain in school-age
children.

Copper is an air pollutant that may potentially interfere with brain development.
Although this element is necessary for cellular metabolism, abnormal copper
levels lead to relevant brain impairment (Scheiber et al., 2014). The deleterious
effect of an excess of copper is well-known from Wilson’s disease, an inherited
metabolic disorder affecting the basal ganglia with symptoms usually evident
from preadolescence onward and mainly in the form of deficient motor control
(Bandmann et al.,, 2015). We have tested the potential harmful effects of copper
as an air pollutant in children aged from 8 to 12 years using specific motor
testing and brain structural and functional imaging. Exposure to airborne copper
at school was estimated for 2836 children in the city of Barcelona. Both the speed
and consistency of motor response were measured to test the integrity of motor
function in the whole sample. High-resolution 3D MRI, DTI (diffusion tensor
imaging), and functional MRI were used to directly test the potential
repercussion on brain anatomy, architecture, and function in a subgroup of 263
children.

4.1.2 Methods
Participants

This study was developed in the context of the BREATHE project (The European
Commission: FP7-ERC-2010-AdG, ID 268479) aimed at assessing the impact of
long-term exposure to traffic-related air pollutants on school children. A total of
2897 children participated in the whole survey from 39 representative schools of
the city of Barcelona (Sunyer et al. 2015). A group of 2836 children completed the
behavioral testing (mean age at the study end, 9.4 years; SD 0.9; and range 7.9-
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12.1 years) and served to test the effect of copper on motor function. From this
sample, 1564 families were invited to participate in the MRI study via post, e-
mail, or telephone, and 810 of them gave an initial positive response. The
recruitment of this group was consecutive with the aim of including children
from all participating schools. Parents of 491 children were directly contacted.
Consent to participate was finally not obtained in 165 cases, 27 children were
lost before the assessment and 21 children were not eligible because of dental
braces. The finally selected MRI group included 278 participants, 263 of whom
completed the imaging protocol (mean age of 9.7 years, SD 0.9 and range, 8.0-
12.1 years) and served to test direct effects of copper on brain. Study design and
participant selection is fully described in Sunyer et al. (2015). Table 1 reports the
characteristics of the study samples. All parents or tutors signed the informed
consent form approved by the Research Ethical Committee (No. 2010/ 41221/1)
of the IMIM-Parc de Salut MAR, Barcelona, Spain, and the FP7-ERC-2010-AdG
Ethics Review Committee (268479-22022011).

Copper Exposure

Each school was measured twice during 1-week periods separated by 6 months,
in the warm (year 2012) and cold (year 2012/2013) periods. Indoor air in a
single classroom and outdoor air in the courtyard were measured
simultaneously. Several pollutants were measured during class time (Amato et
al, 2014; Rivas et al, 2014; Sunyer et al, 2015). Copper specifically was
measured during 8 h (09:00-17:00 h) in particulate matter with an aerodynamic
diameter <2.5 Im (PM2.5) collected on filters with high-volume samplers (MCV
SA, Spain). After acid digestion of the filter, copper concentrations were
determined via ICP-MS (inductively coupled plasma mass spectrometry). Yearly
school air pollution levels were obtained by averaging the two 1-week
measurements. This study was focused on outdoor (courtyard) copper
measurements, as they are more directly related to urban pollution, which is the
primary interest of this project. All children had been in the school for more than
18 months (and 98% more than 2 years) at imaging assessment, which was
carried out after the pollution measurement campaigns.

Behavioral Measurements

Behavioral assessment was focused on testing speed and consistency of motor
responses. We used the computerized “Attentional Network Test,” child version
(Child ANT) (Rueda et al., 2004), which was developed to specifically assess
children’s motor speed during attentional challenge. Among the ANT
measurements, we used the overall “reaction time” to measure speed and
“reaction time standard deviation” to measure trial-to-trial consistency of motor
responses. A higher reaction time standard deviation indicates higher reaction
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time variability, which increases with reduced executive and attentional
resources depending on the integrity of frontal-basal ganglia circuits (Bellgrove
et al, 2004; MacDonald et al, 2006; Langner et al, 2013). Normal children
become efficient in sustained motor responses during the preadolescent age
period contemplated in our study (MacDonald et al., 2006).

The procedure used to administer the task is fully described in a previous report
(Forns et al.,, 2014). The Child ANT takes approximately 20 min to complete.
Groups of 10-20 children were assessed together wearing ear protectors and
were supervised by one trained examiner per 3-4 children. The task required to
respond to a target (yellow-colored fishes) presented on a computer screen by
pressing a key. The whole task contains cues to test different attentional aspects,
but outcome measurements for the current study were limited to median
reaction time and standard deviation expressed in milliseconds from the correct
responses obtained across the 128 trials of the task (four separate blocks of 32
trials each). Commission and omission errors were also registered. Cases with
more than 30% commission or omission errors were excluded from further
analyses (total nine cases in the whole sample and two cases in the MRI sample).

Table 1. Characteristic of Study Samples

Whole Sample MRI Sample
(n=2836) (n=263)
Gender 49.5% girls 48.3% girls
50.5% boys 51.5% boys
Age, years, mean =SD (range) 9.4+09 9.7£0.9
(7.9-12.1) (8.0-12.1)
Overall school achievement, 5-point scale 3.5+£1.1(1-5) 3.7£1.0 (1-5)

Difficulties score (SDQ), range 0-40

8.4 +5.2 (0-32)

8.8 £ 5.3 (0-25)

Obesity:
Normal 72.1% 71.4%
Overweight, BMI 225-29.9 kg/m? 18.5% 18.4%
Obesity, BMI = 39 kg/m? 9.4% 10.2%
Mother education (5-point scale, 5=University) 4.4 +0.8(1-5) 4.5+0.8(1-5)
Father education (5-point scale, 5=University) 4.4+0.8(1-5) 4.4 +0.8(1.5)
Vulnerability index® - Home 0.45 +0.21 0.43 £0.21
(0.06-1.0) (0.06-0.90)
Vulnerability index® - School 0.42 +0.21 0.43+0.22
(0.13-0.84) (0.13-0.84)

Public/Non public school
Task performance:

36% vs. 64%

43% vs. 57%

Reaction time (mean of medians, msec) 671.5+124.6 650.6 £ 119.9
(389-1277) (431-1091)
Reaction time standard deviation (msec) 235.7+91.1 2229+91.2
(60.6-598.6) 77.5-571.6)
Commission errors (number) 4.0 (3.1%) £ 4.2 4.3 (3.4%) +5.0
(0-50) (0-49)
Omission errors (number) 1.4 (1.1%) +3.6 1.6(1.3)+3.9
(0-94) (0-44)

BM], body mass index; SDQ, Strengths and Difficulties Questionnaire

! Neighborhood socioeconomic status vulnerability index based on the level of education, unemployment and
occupation at census tract (Atlas de vulnerabilidad de urbana de Espafia, 2012).
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Contextual Behavioral Assessment

Sociodemographic factors were measured using a neighborhood socioeconomic
status vulnerability index (based on the level of education, unemployment, and
occupation at the census tract) (Atlas de Vulnerabilidad Urbana de Espafia, 2012;
http: //www.fomento.gob.es/. . ./AtlasVulnerabilidadUrbana/) according to both
school and home address. Parental education was registered for both parents
using a 5-point scale (1 illiterate/2 less than/3 primary/ 4 secondary/5
university). Standard measurements of height and weight were performed to
define overweight and obesity (de Onis et al. 2009). Parents completed the SDQ
(Strengths and Difficulties Questionnaire) on child behavioral problems
(Goodman et al,, 2001). A “difficulties” score ranging from 0 to 40 was generated.
Overall school achievement was rated by teachers using a 5-point scale (from the
worse = 1 to the best = 5).

MRI Acquisition

A 1.5-Tesla Signa Excite system (General Electric, Milwaukee, WI) equipped with
an eight-channel phased array head coil and single-shot EPI (echoplanar
imaging) software was used. The imaging protocol included high resolution T1-
weighted 3D anatomical images, DTI, and a functional MRI sequence acquired in
the resting state.

High-resolution 3D anatomical images were obtained using an axial T1-weighted
three-dimensional fast spoiled gradient inversion recovery prepared sequence. A
total of 134 contiguous slices were acquired with repetition time 11.9 msec, echo
time 4.2 msec, flip angle 15°, field of view 30 cm, 256 x 256 pixel matrix, and slice
thickness 1.2 mm.

Diffusion tensor imaging was obtained using spin-echo single-shot echo-planar
sequences of 25 directions with a B-factor of 1000 sec/mm? Twenty-six slices
were acquired with repetition time 8300 msec, echo time 94 msec, thickness 5
mm, no gap, pulse angle 90°, field of view 26 cm, and 128 x 128 acquisition
matrix reconstructed into a 256 x 256 matrix. The functional MRI sequence
consisted of gradient recalled acquisition in the steady state with repetition time
2000 msec, echo time 50 msec, pulse angle 90°, field of view 24 cm, 64 x 64-pixel
matrix, and slice thickness 4 mm (interslice gap, 1.5 mm). Twenty-two
interleaved slices were prescribed parallel to the anterior-posterior commissure
line covering the whole brain. A 6-minutes continuous resting-state scan was
acquired for each participant. Children were instructed to relax, stay awake, and
lie still without moving, while keeping their eyes closed throughout. This scan
generated 180 whole-brain EPI volumes. The first four (additional) images in
each run were discarded to allow magnetization to reach equilibrium.
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Image Preprocessing
Anatomical 3D

All the anatomical images were visually inspected before analysis by a trained
operator to detect any motion effect. A total of 10 children were discarded as a
result of poor quality images and thus the final sample for the 3D anatomical
analysis included 253 children. Anatomical 3D data were processed in two
separate analyses assessing different anatomical characteristics.

Gray and white matter tissue concentration and volume at a voxel level were
measured using Statistical Parametric Mapping (SPM8)
(http://www. fil.ion.ucl.ac.uk/spm, Welcome Department of Cognitive Neurology,
London, UK, 2008). SPM VBM (voxel-based morphometry) algorithms with
DARTEL registration were used with the following processing steps:
segmentation of anatomical images into gray and white matter tissue probability
maps in their native space; estimation of the deformations that best align the
images together by iteratively registering the segmented images with their
average; finally, generating spatially normalized and smoothed segmentations (5
x 5 x 5 FWHM) using the deformations estimated in the previous step. The
analyses were performed with scaling by Jacobian determinants (estimates of
volume change during the normalization) to consider tissue volume and without
Jacobian scaling to assess the relative concentration of gray matter and white
matter. Normalized images were finally transformed to the standard SPM
template, resliced to 1.5 mm resolution in MNI (Montreal Neurological Institute)
space.

Cortical thickness measurements across the whole cortex were obtained using
FREESURFER tools (http:// surfer.nmr.mgh.harvard.edu/). Processing steps
included removal of non-brain tissue, segmentation of the subcortical white
matter and deep gray matter volumetric structures, tessellation of the gray and
white matter boundary, registration to a spherical atlas which is based on the
individual cortical folding patterns to match cortical geometry across subjects,
and creation of a variety of surface-based data. Cortical thickness is calculated as
the closest distance from the gray/white boundary to the gray/CSF boundary at
each vertex on the tessellated surface (Fischl et al., 1999).

Diffusion Tensor Imaging

Diffusion tensor imaging was processed using FMRIB (functional MRI of the
brain) Software Library 5.0 (FSL), developed by the Analysis Group at the Oxford
Centre for FMRIB (Smith et al., 2004). Diffusion-weighted images were corrected
for motion and eddy current distortions (“Eddy Current Correction” option in the
FMRIB Diffusion Toolbox [FDT] version 2.0 in FSL), and a whole brain mask was
applied using the FSL Brain Extracting Tool. A further rigorous image quality

34



control was carried out to identify potential residual effects of head motion,
which involved the visual inspection of each DTI slice for all 25 DTI volumes in all
participants. Volumes with slices with signal loss (greater than ~ 10%) or
residual artifacts were identified by an expert researcher. DTI full examinations
showing one or more degraded images in more than five volumes were
discarded. A total of 76 children were removed from the DTI analysis on the basis
of this criterion (in addition to 10 cases showing gross image degradation). The
final DTI sample involved 177 children showing a mean * SD of 23.5 (94%) + 1.9
optimal quality volumes. Subsequently, we estimated FA (fractional anisotropy)
maps using FDT in FSL after local fitting of the diffusion tensor model at each
voxel (“dtifit”). Next, diffusion data were processed using tract-based spatial
statistics (Smith et al., 2006). Each FA dataset was re-sliced to a Imm x Imm x
Imm anatomical resolution and normalized to standard MNI space via the
FMRIB58_FA template using the FMRIB’s nonlinear registration tool.

To complement the analysis and assist interpretation of the FA results, we
carried out a directional analysis of water diffusion along each (x, y, z) axis
separately. We used the diffusion tensor estimated by FSL “dtifit” algorithm to
determine diffusion strengths. Geometrically, the procedure involved
determining the radius of the arbitrarily oriented ellipsoid along the spatially
fixed x, y, and z axes using basic 3D quadratic geometry. As the eigenvectors and
eigenvalues were previously normalized to MNI space in all subjects, we were
able to carry out group-level voxel-wise analyses.

Functional MRI

Preprocessing was carried out using SPM8 and involved motion correction,
spatial normalization, and smoothing using a Gaussian filter (full-width half-
maximum, 8 mm). Data were normalized to the standard SPM-EPI template and
re-sliced to 2-mm isotropic resolution in MNI space.

The following procedures were adopted to control for potential head motion
effects: (1) Conventional SPM time-series alignment to the first image volume in
each subject. (2) Exclusion of 24 children with large head motion (boxplot-
defined outliers) (Pujol et al. 2014b).

The finally analyzed sample therefore included 239 children. (3) Both motion-
related regressors and estimates of global brain signal fluctuations were included
as confounding variables in first-level (single-subject) analyses. (4) Within-
subject, censoring-based MRI signal artifact removal (Power et al, 2014)
(scrubbing) was used to discard motion-affected volumes. For each subject,
interframe motion measurements (Pujol et al., 2014b) served as an index of data
quality to flag volumes of suspect quality across the run. At points with
interframe motion >0.2 mm, that corresponding volume, the immediately
preceding and the succeeding two volumes were discarded. Using this procedure,
a mean * SD of 11.2 (6.2%) * 13.8 volumes of the 180 fMRI sequence volumes
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were removed in the analyzed sample. (5) Potential motion effects were further
removed using a summary measurement for each participant (mean interframe
motion across the fMRI run) as a regressor in the second- level (group) analyses
in SPM (Pujol et al,, 2014Db).

Functional connectivity maps were generated using procedures detailed in
previous reports (Harrison et al., 2013; Pujol et al., 2014a). Maps representative
of frontal lobe functional connectivity were obtained by locating seed regions at
the medial-dorsal, lateral (right and left), and medial-anterior aspects of the
frontal cortex using coordinates taken from previous literature (Fox et al., 2005)
converted to MNI: medial-dorsal (x = -2,y = -2,z =55), right lateral (x =45,y =3,
z = 15), left lateral (x =-45,y = 5, z = 9), and medial-anterior (x =1,y = 54, z = 26).
Additional maps were generated from the results obtained in the structural
(anatomical and DTI) analyses. The seed regions were centered at the left
caudate nucleus at three anterior-posterior levels covering the part of the head
of the caudate nucleus showing significant copper effects on its structure (MNI
coordinates [x =-12,y=20,z=4],[x=_12,y=14,z=9],and [x=-12,y =8,z =
12]). For each of the striatal locations, the seed region was defined as a 3.5-mm
radial sphere (sampling ~ 25 voxels in 2 mm isotropic space). This was
performed using MarsBaR ROI (region of interest) toolbox in MNI stereotaxic
space (Brett et al. 2003). Signals of interest were then extracted for each seed
region, respectively, by calculating the mean ROI value at each time point across
the time series. To generate the seed maps, the signal time course of a selected
seed region was used as a regressor to be correlated with the signal time course
of every voxel in the brain in order to generate first-level (single-subject) voxel-
wise statistical parametric maps (contrast images). The maps were estimated for
each seed separately. A high-pass filter set at 128 sec was used to remove low-
frequency drifts below ~0.008 Hz. In addition, we derived estimates of white
matter, CSF, and global brain signal fluctuations to include in the regression
analyses as nuisance variables.

Statistical Analysis

A multiple linear regression was used to estimate the source of copper and the
relative contributions were given as standardized b values. A linear regression
was used to estimate the association of copper measurements with motor
performance. b values are reported as time increments (msec) for each copper
measurement unit (ng/m?). Imaging data were analyzed using SPM. Individual
anatomical (Jacobian-modulated and non-modulated white and gray matter and
cortical thickness), DTI, and functional connectivity maps were included in
second-level (group) analyses to map voxel-wise the correlation across-subjects
between individual brain measurements and individual copper exposure (the
measurements obtained in the school of each participant). Results were
considered significant with clusters of 1.032 mL (e.g, 129 voxels with a
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resolution of 2 x 2 x 2 mm) at a height threshold of P < 0.005, which satisfied the
FWE (family wise error) rate correction of Prwe< 0.05 according to recent Monte
Carlo simulations (Pujol et al., 2014c). Maps in figures are displayed at ¢t> 2.3.

4.1.3 Results
Copper as an Air Pollutant

Copper measured in fine particles (PM; s) from school playgrounds showed a
mean of 8.7 ng/m> (SD, 3.0; range 3.7-13.8). According to the correlation with
specific tracers, the main source of copper was road traffic, but a significant
contribution was the result of industrial activity. An additional third source was
identified in relation to the close proximity (mean * SD, 90 + 58 m) of seven
schools to busy overhead-wire railway lines. For instance, a multiple regression
accounted for 70% variance of copper measurements including elemental carbon
as a single road traffic tracer (Amato et al. 2014) (standardized S = 0.66, P<
0.00001), zinc as a single industry tracer (Amato et al. 2014) (standardized § =
0.31, P=0.002), and train proximity (standardized § = 0.20, P = 0.037).

Relationship of Copper Exposure with Children’s Performance

Higher copper exposure was associated with poorer motor performance in
children. Although in terms of the whole sample (n = 2827 after nine exclusions),
the association was significant for motor response speed (reaction time, f = 2.2
and P = 0.006), the effect was more robust on motor response consistency
(reaction time standard deviation, § = 2.9 and P < 0.00001). Such a negative
relationship with reaction time variability was significant in the group of children
receiving MRI (n = 261 after two exclusions; f=4.2 and P = 0.026). Table 1 shows
descriptive statistics.

Neuroimaging Results

Three-dimensional anatomical (T1-weighted) MRI and DTI were used to assess
the potential association of copper exposure with alteration in the fine brain
structure. Copper was associated with higher gray matter concentration (i.e., a
higher proportion of gray matter in the tissue) in the striatum, specifically in the
caudate nucleus (Fig. 4 and Table 2), with no effect on tissue volume. This finding
potentially expresses a relative reduction of striatum white matter (i.e., of white
matter “striae” that actually give the corpus striatum its anatomical name). No
other significant alterations were identified with 3D anatomical MRI with the
exception of an area of increased cortical thickness in the supplementary motor
area of the left hemisphere (data not shown).
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Figure 4. Correlation of copper measurements with brain tissue composition. Higher gray matter
(presumably expressing lower white matter) concentration in the caudate nucleus bilaterally. The
right hemisphere corresponds to the right side of axial and coronal views.

Results from the DTI analysis were highly consistent with the anatomical results
(Fig. 5, Table 2). Copper was associated with an increase of neural tissue FA. This
DTI measurement may express the extent to which an anatomical structure is
composed of white matter tracts showing one dominant direction. In brain
regions containing tracts with a single direction, FA increases as a result of brain
maturation. Nevertheless, in complex structures with tracts crossing in different
directions, higher FA may denote less mature or less structured tissue (Douaud et
al,, 2011; Jones et al., 2013). In our analysis, higher copper levels were associated
with higher FA in white matter close to the caudate nucleus and in the caudate
nucleus itself. This region is anatomically characterized as showing superior-
inferior, posterior-anterior, and lateral-medial crossing white matter tracts (see
Fig. 6 and Kotz et al., 2013). Within this scenario, a less mature structure will
show higher FA (the effect of copper in our study).

A voxel-wise correlation analysis with behavior measurements helped to
establish the nature of the identified changes associated with copper exposure.
Reaction time and, mostly, reaction time variability showed significant positive
correlation with FA of white matter adjacent to the caudate nucleus (Fig. 5). Thus,
in the direction of copper exposure findings, slower children and the children
with less consistent motor response exhibited higher FA in this region.

To investigate copper effects on the neural track architecture in the caudate
nucleus region, we analyzed tissue diffusion along the three orthogonal (x, y, z)
directions separately. Higher copper exposure was associated with a complex
combination of diffusion changes in the caudate nucleus region, with distinct
sectors showing reduced diffusion in one or more directions (Fig. 7). In other
words, copper was related to changes in the complex architecture of neural tissue
diffusion, further supporting the notion that white matter pathways in the
caudate nucleus region may be affected by copper exposure.
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Table 2. MRI correlations results.

Cluster Xy z t
size, ml
Copper vs. Gray matter concentration
R Caudate nucleus - positive correlation 4.09 8,19,3 3.12
L Caudate nucleus - positive correlation 4.09* -3,16,6 3.12
Copper vs. Fractional anisotropy
R Caudate nucleus - positive correlation 1.40 11,9,9 3.8
L Caudate nucleus - positive correlation 9.23 -8,9,10 3.9
R Suprecaudate white matter - positive correlation 9.23* -17, 20, 25 3.6
L Suprathalamic white matter - positive correlation 9.23* -20,-17, 28 3.4
R Corpus callosum - positive correlation 1.90 17,-40,13 3.8
Reaction time vs. Fractional anisotropy
L Supracaudate white matter - positive correlation 1.46 -15,11,21 3.6
Reaction time SD vs. Fractional anisotropy
L Supracaudate white matter - positive correlation 4.29 -17,10,19 3.9
R Supracaudate white matter - positive correlation 3.60 19, 15, 20 4.1
Copper vs. Funcional connectivity
Left caudate nucleus seed map
R Frontal operculum - negative correlation 5.85 48, 2,16 4.2
L Frontal operculum - negative correlation 3.30 -38,12,12 3.9
Right frontal operculum seed map
L Caudate nucleus - negative correlation 2.35 -14,22,8 3.9
R Caudate nucleus - negative correlation 1.39 16,22,10 3.1
Left frontal operculum seed map
L Caudate nucleus - negative correlation 1.30 -16, 24, 6 4.4
Frontal medial seed map
L Frontal operculum - positive correlation 3.29 -44,32,-2 3.2
L Auditory cortex - positive correlation 1.72 -50,-18,2 3.5
L Medial frontal cortex - positive correlation 1.42 -12,22, 44 3.9
R Visual cortex - negative correlation 12.81 14, -54, 2 3.8
Supplementary motor area seed map
L Supramarginal gyrus - positive correlation 1.08 -56, -34, 24 3.6

SD, standard desviation; * same cluster.
X, y, z coordinates given in MNI (Montreal Neurological Institute) space. Statistics at corrected threshold Prwe<
0.05 estimated using Monte Carlo simulations.

The functional significance of the identified basal ganglia changes was further
investigated by assessing functional connectivity in the basal ganglia network.
Functional connectivity MRI maps representative of frontal-basal ganglia circuits
were generated using coordinates taken from previous works and from the
current anatomical and DTI results centered at the caudate nucleus (see
Methods). The most relevant finding was the association of higher copper
exposure to a reciprocal reduction of functional connectivity between the
caudate nucleus and the frontal lobe operculum bilaterally (Fig. 8). This
association was consistent with the anatomical and DTI results and notably
specific in terms of functional anatomy. Remarkably, reduced caudate-to-frontal
operculum connectivity was the only significant finding in three functional
connectivity maps (see Table 2).
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The effect of potential confounders was tested for each significant finding
including age, sex, academic achievement, academic difficulties score, obesity,
parental education, home and school vulnerability index, and public/nonpublic
school category as covariates. No single confounder or combination showed a
significant effect. That is, decreases in f estimates after the inclusion of
confounders in a regression model were very small with no variables affecting
the primary results with f reductions >10%. Finally, potential alterations
associated with Mn (manganese) were also investigated, as this element may be
associated with basal ganglia alterations. We did not, however, find any
significant finding associated with manganese Moreover, the effect of copper had
a tendency to be more robust when adjusted by Mn (e.g., the primary correlation
between copper and motor response consistency showing f = 2.9 in the whole
sample, showed [ = 3.3 after entering Mn measurements as a covariate).
Similarly, the effect of copper remained (no § decrease > 10%) after additionally
adjusting by other representative elements (Table 3, i.e., C, Pb, Fe, and Sb).

y +10

Children's performance

f )
)

y+18 y+18

Reaction time SD Reaction time

Figure 5. Diffusion tensor imaging results. Higher copper levels correlated with higher FA
(fractional anisotropy) predominantly in caudate nucleus (top panel). The correlation with motor
performance (bottom panel) showed both slower reaction time and larger reaction time standard
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deviation associated with higher FA in white matter adjacent to the caudate nucleus. The right

“. . n

hemisphere corresponds to the right side. Y denotes “y” MNI coordinates.

4.1.4 Discussion

Airborne copper was significantly associated with poorer motor performance
and detectable brain damage in developing children. The alterations are highly
consistent with the known consequences of copper excess on the brain with basal
ganglia as the main target. The associations were demonstrated with copper
levels common in urban environments, thus suggesting a risk to large
populations with potentially significant implications for public health. Children
may be particularly vulnerable to copper as an agent capable of interfering with
brain development during critical developmental stages. Consistent with our
results, a recent study has reported a significant association between high copper
levels in blood and poorer cognitive performance in normal school children
(Zhou et al., 2015).

The B weights reported in Table 4 may help in determining the biological
relevance of behavior and imaging changes associated with air copper in our
study. While the change related to reaction time was small, the effect on motor
response consistency (measured as reaction time standard deviation) was more
important. For instance, the increase in one unit (ng/m?) of air copper predicts
an increase of 2.9 msec in reaction time standard deviation. Therefore, if the
range of copper measurements is 10 units, from the least (3.7 ng/m?) to the most
polluted school (13.8 ng/m?), the potential variation predicted is 29 msec, which
is approximately one third of the standard deviation of this motor performance
measurement (SD, 91 msec). The magnitude of the effect on the caudate nucleus
structure and function was of the same order. Overall, our conclusion is that the
effect of copper is subtle, but biologically meaningful.

In the current study, we have identified copper as one road traffic-related
pollutant. Traffic-related copper is thought to be mostly released from brake pads
(Hulskotte et al., 2007) and it was the main source in our study. A significant
proportion of copper, however, comes from industrial activity and a third source
seems to be the result of railway traffic. This is consistent with reports indicating
that the air in busy train stations contains large amounts of copper generated by
overhead train wire supplying electrical power (Kim et al., 2010; Loxham et al,,
2013). Although a normal oral diet contains a considerable amount (~1 mg) of
copper (Morris et al., 2006), our data suggest that relatively lower levels are
neurotoxic in chronic airborne exposures. Ingested copper is mostly
incorporated into ceruloplasmin (safe copper) and any excess is removed by
excretion into the bile (Madsen et al., 2007). There is evidence indicating that the
“toxic copper” is actually the circulating free (i.e., nonceruloplasmin bound)
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copper (Squitti et al., 2014c; Pal et al,, 2015), which is the only fraction capable of
penetrating the brain parenchyma (Zheng et al, 2012). Inhaled copper may
notably circumvent the liver regulation and safe binding to ceruloplasmin. So,
nonceruloplasmin-bound copper absorbed in the respiratory tract can more
easily enter the brain and achieve higher tissue concentrations.

Figure 6. Diffusion tensor imaging tractographic display of representative participant. The colors
are coded to show diffusion defined left-right tracts in red, anterior-posterior tracts in green and
superior-inferior tracts in blue. Note convergence of the three directions in our region of interest
(white rectangle).

Environmental copper has been proposed as a risk factor for neurodegenerative
disease (Morris et al. 2006; Caudle 2015; Pal and Prasad 2015). The highest
exposures occur through the inhalation of fumes generated from welding, as well
as metal mining and smelting activities. Long-term (20 years) occupational
copper exposure has been shown associated with 2.5-fold increase in risk for
Parkinson’s disease (Gorell et al., 2004; Caudle et al., 2015) and with a younger
age at onset (46 years) (Racette et al., 2001). However, manifest neurological
disease seems not to be a necessary outcome in occupational copper exposure,
which suggests different susceptibilities among individuals and the potential
interaction between a genetic predisposition and copper availability. This is
obvious in the paradigmatic Wilson disease where a similar genetic alteration
may correspond to a range of clinical severity and, on the other hand, the
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neurological disorder may be not expressed if copper intake is properly
controlled (Bandmann et al. 2015). Also, there is a possibility that the toxic
capacity of environmental copper excess saturates at relatively lower copper
levels (i.e, high environmental copper concentrations and very high
concentrations could generate similar brain damage if the assumption is correct).

Figure 7. Water diffusion direction changes related to copper. Correlation of copper measurements
with water diffusion along the three (x, y, z) axes separately and superimposed in a single RGB
color display (thresholded at P=0.001 in MRIcron). Color regions express sites where higher copper
levels were associated with diffusion for one or more directions. The most evident changes were
along the right-left (red), anterior-posterior (green) directions or both (yellow) (note that regions
with mixed effects show RGB composite colors). The right hemisphere corresponds to the right side
of axial and coronal views. x, y, z, denote MNI coordinates.

The neurotoxic action of copper via oxidative stress and mitochondrial injury
(Eskici et al., 2012; Bandmann et al., 2015) may also depend on tissue energy
consumption rates. In children, the highly energetic basal ganglia appear to be
the main target. This occurs in our study and in Wilson’s disease, in which the
lenticular nucleus (putamen and globus pallidus) was originally described with
the most dramatic pathological changes (Compston et al., 2009), although the
caudate nucleus may show the most severe reduction in glucose consumption
(Hermann et al.,, 2014). By contrast, a more persistent subtle excess of copper
throughout life could be responsible for protracted but widespread brain
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damage. In this context, an increasing amount of evidence indicates that copper
may play a causal role in late-onset neurodegenerative disorders (Bush et al,,
2003; Bandmann et al., 2015). For example, nonceruloplasmin-bound copper
levels are higher than normal reference values in up to 60% of Alzheimer’s
disease patients (Squitti et al., 2014c; Squitti et al, 2014b). Also, high-
nonceruloplasmin-bound copper concentrations were associated with an
increased rate of mild cognitive impairment conversion to full Alzheimer’s
disease (Squitti et al., 2014a). A prospective study revealed an association
between a diet simultaneously high in copper and saturated fats and cognitive
decline (Morris et al.,, 2006). In a variety of experimental animal studies, oral
copper intake resulted in significant amyloid f deposition and performance
decline (Alzheimer’s disease-like pathology), even at low concentrations (Pal et
al,, 2015).

Figure 8. Correlation of copper measurements with functional connectivity MRI. Within the frontal
operculum functional connectivity map (left panel), copper was associated with a connectivity
reduction between the frontal (seed) region of interest (green sphere) and the caudate nucleus.
Reciprocally, within the caudate nucleus functional connectivity map (right panel), copper was
associated with a connectivity reduction between the caudate nucleus seed region (green sphere)
and the frontal operculum.

Table 3. Potentially relevant airborne elements and their correlation with Cu.

Measures from 39 schools Mean + SD Range Corr, Shared variance
with Cur  (adjusted r? x 100)
values

Carbon (C), pg/m? 1.5+0.7 0.6-3.9 0.41 15%
Manganese (Mn), ng/m? 15.3+13.8 3.7-64.8 0.22 2%

Lead (Ob), ng/m? 8.1+2.8 43-16.8 0.46 19%

Iron (Fe) pg/m?® 0.6 +0.6 0.1-3.0 0.15 0.4%
Antimony (Sb), ng/m3 1.1+ 0.4 0.4-2.4 0.75 55%

Cu, copper; SD, standard deviation.
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In the broader context of traffic-related pollution, the effect of air pollutants may
be more dramatic when the exposure involves earlier developmental periods.
Indeed, Peterson et al. (2015) have provided evidence of brain structural
alterations in later childhood associated with prenatal pollutant exposure
affecting large areas of the left hemisphere white matter, and a less severe effect
associated with postnatal exposures at age 5 years. On the other hand, recent
studies have revealed that long-term ambient air pollution exposure may
ultimately affect brain tissue volume in older people (Chen et al,, 2015; Wilker et
al,, 2015).

A general limitation when assessing children with MRI is the potential effect of
head movements on image quality, particularly on functional MRI and DTI
acquisitions. We have considered this issue carefully and adopted several means
to rigorously control the effects of motion on functional MRI (see Methods). In
the case of DTI, we decided to exclude cases with detectable image degradation,
as no correction procedure is wholly efficient. A post hoc analysis on DTI using
less rigorous exclusion criteria (n = 242) showed similar but weakened DTI
results, indicating that the data obtained in the more selective sample (n = 177)
were most probably not the result of motion effects. Also, a higher MRI signal
may be obtained using a higher magnetic field (i.e., 3-Tesla magnets). Although
we did have the 3-Tesla option, the present study was developed using a 1.5-
Tesla magnet following the recommendations of the FP7- ERC Ethics Review
Committee to limit magnetic field strength in children.

4.1.5 Conclusions

Our study has revealed that apparently safe school environments may indeed to
expose developing children to the harmful effects of air pollutants. Tolerated
amounts of airborne copper were associated with poorer motor performance in
children in the city of Barcelona. The effect on motor performance was directly
associated with changes in the structure and function of the basal ganglia,
suggesting underdevelopment of the caudate nucleus complex neural
connections.
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Abstract

Children are more vulnerable to the effects of environmental elements due to their active
developmental processes. Exposure to urban air pollution has been associated with poorer
cognitive performance, which is thought to be a result of direct interference with brain
maturation. We aimed to assess the extent of such potential effects of urban pollution on
child brain maturation using general indicators of vehicle exhaust measured in the school
environment and a comprehensive imaging evaluation. A group of 263 children, aged 8 to
12 years, underwent MRI to quantify regional brain volumes, tissue composition,
myelination, cortical thickness, neural tract architecture, membrane metabolites, functional
connectivity in major neural networks and activation/deactivation dynamics during a
sensory task. A combined measurement of elemental carbon and NO, was used as a putative
marker of vehicle exhaust. Air pollution exposure was associated with brain changes of a
functional nature, with no evident effect on brain anatomy, structure or membrane
metabolites. Specifically, a higher content of pollutants was associated with lower
functional integration and segregation in key brain networks relevant to both inner mental
processes (the default mode network) and stimulus-driven mental operations. Age and
performance (motor response speed) both showed the opposite effect to that of pollution,
thus indicating that higher exposure is associated with slower brain maturation. In
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conclusion, urban air pollution appears to adversely affect brain maturation in a critical
age with changes specifically concerning the functional domain.

Keywords: Brain development, air pollution, functional MRI, functional connectivity

4.2.1 Introduction

Common to living beings, the brain development cycle is characterized by
primary growth and subsequent maturation. Maturation changes implicate
structure and function with anatomical shaping, progressive myelination of
neural tracks and fine-tuning of functional brain networks (Menon et al,, 2013;
Pujol et al, 2006; Toga et al, 2006). The highest-order events procure the
integration of brain areas into functional systems and the segregation of distinct
but interconnected large-scale networks (Uddin et al., 2010; Vogel et al,, 2010:
Dwyer et al,, 2014; Di Martino et al., 2014).

Developing children are at risk due to the potentially hazardous effects of
environmental factors (Paus, 2010). Long-term exposure to traffic-related air
pollution has been associated with alterations in children's cognition (Perera et
al,, 2009; Suglia et al., 2008; Wang et al., 2009). We have recently identified a
significant association between general markers of road traffic pollution and
slower cognitive growth in a large group of children (Sunyer et al.,, 2015).
Epidemiological studies, therefore, indicate that high levels of urban air pollution
may be dangerous to children, as they presumably interfere with brain
maturation processes. This hypothesis is largely supported by a set of studies in
both animals and humans showing significant associations of pollutant exposure
with inflammatory and degenerative brain pathology (Block et al., 2009;
Calderdn-Garciduefias et al., 2012). However, such an interference effect on brain
development has not been thoroughly investigated. We aimed to assess the
extent of potential repercussions of traffic pollution exposure on child brain
maturation using a variety of imaging measurements ranging from basic anatomy
to high-order functional integration. A group of 263 children, aged 8 to 12 years,
recruited from a large study assessing the impact of long-term exposure to urban
pollution in Barcelona city school environments (Sunyer et al., 2015) completed
the protocol.

Our hypothesis was that the potential brain effects of air pollution will be more
evident on the more detectable anatomical and functional maturation processes.
Whereas developmental changes in gray matter volume are less evident in this
age period, active myelination implicates increases of relative white matter
volumes, elevated choline compounds and water diffusion changes within white
matter tracts (Bliml et al.,, 2013; Toga et al., 2006; Yoshida et al., 2013). At the
functional domain, preadolescence is critical to the optimal assembling of large-
scale functional networks (Menon et al., 2013). Accordingly, the imaging protocol
included a high resolution 3D anatomical acquisition to measure regional
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volumes, brain tissue composition, myelination levels and cortical thickness.
Diffusion tensor imaging (DTI) measurements of fractional anisotropy served to
explore white matter tract architecture.

In vivo spectroscopy was used to grossly estimate precursors of membrane
components in white matter. Finally, functional MRI was used to test the integrity
of relevant networks using both resting-state functional connectivity and a task
activation/deactivation paradigm.

Selected cognitive assessment was also conducted to determine to what extent
potential repercussions were also detectable on children's performance in the
current study sample.

4.2.2 Methods
Participant Selection

This study was developed in the context of the BREATHE project (The European
Commission: FP7-ERC-2010-AdG, ID 268479). The general project design is fully
described in Sunyer et al. (2015). A total of 1564 families, from 39 schools in the
city of Barcelona, were invited to participate in the MRI study via post, email or
telephone, and 810 of them gave an initial positive response. The study sample
was consecutively recruited from this group with the aim of including children
from all participating schools. Parents of 491 children were directly contacted.
Consent to participate was finally not obtained in 165 cases, 27 children were
lost before the assessment and 21 children were not eligible because of dental
braces. The finally selected study group included 278 cases. A total of 263
children completed the imaging protocol (mean age of 9.7 years, SD 0.9 and
range, 8.0 to 12.1 years). Table 5 reports the characteristics of these participants.
Additional cases were excluded on the basis of image quality criteria in each
specific MRI analysis (see further).

All parents or tutors signed the informed consent form approved by the Research
Ethical Committee (No. 2010/41221/I) of the IMIM-Parc de Salut Mar,
Barcelona, Spain and the FP7-ERC-2010-AdG Ethics Review Committee (268479-
22022011).

Pollutant Exposure

Each school was measured twice during one-week periods separated by 6
months, in the warm (year 2012) and cold (year 2012/2013) seasons. Indoor air
in a single classroom and outdoor air in the playground were measured
simultaneously. Pollutants were measured during class-time using methods
previously described (Amato et al., 2014; Rivas et al., 2014; Sunyer et al., 2015).
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Elemental carbon was measured during 8 h (09:00 to 17:00 h) in particulate
matter with an aerodynamic diameter < 2.5 pm (PM2.5) collected on filters with
High-Volume samplers (MCV SA, Spain) using a Thermo Optical Transmission
method (Sunset Laboratories Inc.). We carefully followed the EUSAAR-2 protocol,
TOT Sunset Laboratories measurements, with a detection limit of 0.1 pg/m3 and
an uncertainty of * 5%. The air cleaning effect of High-Volume samplers may
underestimate absolute measurements of elemental carbon in poorly ventilated
indoors. In our study, however, elemental carbon penetration was almost
1(indoor/outdoor ratio 94.1% [95% CI 85.7%-102.4%]), which suggests a
permanent ventilation of the measured classrooms. Elemental carbon was
additionally measured in each classroom using the MicroAeth AE51 (AethLabs).
The correlation between elemental carbon measured through High-Volume
samplers and with the aethalometer was 0.95, supporting that High-Volume
sampler measurements may be adequate estimations of classroom elemental
carbon.

Table 5. Characteristic of the study sample (n=263)

Gender 48.3% girls 51.7% boys
Age, years, mean * SD (range) 9.7+0.9 (8.0-12.1)
Overall school archievement - 5 point scale 3.7+£1.0 (1-5)
Difficulties score (SDQ), range 0-40 8.8 + 5.3 (0-25)
Obesity:
Normal 71.4%
Overweight, BMI 85-94 18.4%
Obesity, BMI > 94 10.2%
Mother education (5-point scale, 5=University) 4.5+0.8 (1-5)
Father education (5-point scale, 5=University) 4.4+0.8(1-5)
Vulnerability index* - home 0.43 £ 0.21 (0.06-0.90)
Vulnerability index® - school 0.43 +0.22 (0.13-0.84)
Public/Non-public school 43% vs. 57%
Task performance, N-Back:
Working memory, 2-Back (detectability) 2.5+ 1.3 (-0.6-3.9)
Working memory, 3-Back (detectability) 1.5+1.1(-1.4-3.9)
Task performance, Attentional network test:
Reaction time (ms) 650.6 + 119.9 (431-1091)
Reaction time standard deviation (ms) 222.9+91.2 (77.5-571.6)
Commission errors (number) 4.3 (3.4%) + 5.0 (0-49)
Omission errors (number) 1.6 (1.3%) + 3.9 (0-44)
Alerting (ms) 53.1 £55.5 (-138-270)
Orienting (ms) 24.4 +53.8 (-204-191)
Intereference (ms) 39.4 £ 35.5 (-91-170)
Air pollution measurements?:
Outdoor elemental carbon (EC) year average (ug/m®) 1.4 £ 0.6 (0.6-3.99)
Outdoor NO, year average (ug/m?) 46.8 +12.0 (25.9-84.6)
Indoor elemental carbon (EC) year average (ug/m?) 1.2 £0.5(0.4-2.7)
Indoor NO, year average (ug/m?) 29.4 +£11.7 (11.5-65.6)
Overall air pollution indicatior (EC + NO, weighted average) 0.92 + 0.30 (0.42-1.92)

BM], body mass index; SDQ, Strengths and Difficulties Questionnaire.

1 Neighborhood socioeconomic status vulnerability index based on level of education, unemployment and
occupation at the census tract (Atlas de vulnerabilidad urbana de Espafia, 2012).

2 After excluding 3 children with outlier measurements.
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Nitrogen dioxide (NO,) was measured with passive dosimeters (Gradko). The
dosimeter was exposed during a period of 96 h (4 days) from Monday to
Thursday in each school in both the warm and cold campaigns. Weekly data from
both seasons were averaged to obtain a single measurement. Prior to the
campaigns, we tested Gradko NO, passive dosimeters in our urban background
monitoring station Palau Reial (with relatively low NO, concentrations) by
measuring during 4 days and comparing the results with simultaneous
chemiluminescence NO, online data. The results showed that sampling periods of
4 days were enough for ensuring a good precision. Also, during the whole
sampling campaign, NO, was measured each week (from Monday to Thursday)
with both the Gradko passive dosimeter and conventional chemiluminiscence
analyzers in this reference station. We obtained a correlation of Gradko = 0.85 x
chemiluminescence +3.6 (R2=0.7) for a mean of 37 ug NO,/m? and an
uncertainty of +17%.

We operationally selected elemental carbon and NO, to compute a general traffic
pollution indicator given their relation to vehicle exhaust emissions in the city of
Barcelona (Amato et al, 2014). Our interest here was not to identify specific
neurotoxic agents directly responsible for neuronal damage, but it was merely to
use a measurement globally representing exposure to this sort of air
contamination. NO; is highly correlated with elemental carbon in Barcelona and
shows the two typical rush hour peaks (Reche et al.,, 2011). Barcelona has a diesel
dominated vehicle fleet (with very high NO, emissions and a high NO,/NOyrate)
with a primary NO, driven daily pattern (Reche etal.,, 2011). In Barcelona, 80% of
the NO, emissions arise from road traffic (Catalonian Government Emission
Inventory, 2011-2015 Air Quality. http://airuse.eu/wp-
content/uploads/2012/10/Kick-off_Generalitat.pdf), and even if a fraction of NO,
is secondary, this is arising in a large proportion from

NO, emitted from road traffic as well (Grice et al.,, 2009). We did not use in this
study levels of ultrafine particles, which may be more directly related to the
potential neural damage, because in high cities such as Barcelona, levels of
ultrafine particles are highly influenced by photochemical nucleation usually
occurring at midday. This effect prevents a high correlation of ultrafine particle
levels with other traffic tracers (Brines et al., 2015; Reche et al., 2011).

To obtain more representative measurements, elemental carbon and

NO, were adjusted for temporal variability using whole-year data from a
background monitoring station in Barcelona (Sunyer et al., 2015). A single traffic-
related pollutant indicator was computed using the weighted average of
elemental carbon and NO, [(EC/group median) + (NO,/group median) / 2] of
pooled indoor and outdoor measurements from both cold and warm seasons. All
children had been in the school for more than 18 months (and 98% more than
two years) at imaging assessment, which was carried out after the pollution
measurement campaigns.
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Cognitive Performance Measurements

General cognitive assessment included working memory, motor response speed
and attention. Working memory was assessed using a computerized version of
the N-Back task (Anderson et al., 2002). Children's correct detections on 2-back
and 3-back loads for number items were used. Specifically, the n-back parameter
analyzed was “detectability”, a measure of detection subtracting the normalized
false alarm rate from the hit rate (Z hit rate-Z false alarm rate). A higher
detectability indicates more accurate test performance. Attention and speed of
motor responses were assessed using the computerized “Attentional Network
Test”, child version (Child ANT) (Rueda et al, 2004).We used the overall
“reaction time” to measure speed of motor responses and reaction time standard
deviation to measure trial-to-trial variability. A higher reaction time standard
deviation indicates lower executive and general attentional resources (Langner
et al,, 2013). The ANT task also uses a set of cued and congruent/incongruent
conditions to measure specific attention features such as “alerting”, “orienting”
and “interference”. Details for administering both ANT and N-Back tasks are fully
described in a previous report (Forns et al., 2014).

Additional Contextual Assessments

Socio-demographic factors were measured using a neighborhood socioeconomic
status vulnerability index (based on level of education, unemployment and
occupation at the census tract) (Atlas de Vulnerabilidad Urbana de Espafia, 2012.
http://www.fomento.gob.es/... /Atlas Vulnerabilidad Urbana/) according to both
school and home address. Distance from home to school was estimated based at
the geocoded postal address of each participant and school. Parental education
was registered for both parents using a 5-point scale (1 illiterate/2 less than/3
primary/4 secondary/5 university). Standard measurements of height and
weight were performed to define overweight and obesity (de Onis et al., 2009).
Parents completed the Strengths and Difficulties Questionnaire (SDQ) on child
behavioral problems (Goodman et al., 2001). A “difficulties” score ranging from 0
to 40 was generated. Overall school achievement was rated by teachers using a 5-
point scale (from the worse= 1 to the best = 5).

MRI and MR Spectroscopy Acquisition

A 1.5 Tesla Signa Excite system (General Electric, Milwaukee, WI, USA) equipped
with an eight-channel phased-array head coil and single-shot echoplanar imaging
(EPI) software was used. The imaging protocol involved an anatomical T1-
weighted 3D sequence, diffusion tensor imaging (DTI), MR proton spectroscopy
and functional MRI.
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High-resolution 3D Anatomical Images

High-resolution 3D anatomical images were obtained using an axial T1-weighted
three-dimensional fast spoiled gradient inversion recovery-prepared sequence. A
total of 134 contiguous slices were acquired with inversion time 400 ms;
repetition time 11.9 ms; echo time 4.2ms; flip angle 15%; field of view 30 cm; 256
x 256 pixel matrix; slice thickness 1.2 mm.

Diffusion Tensor Imaging (DTI)

Diffusion tensor imaging (DTI) was obtained using spin-echo single-shot echo-
planar sequences of 25 directions with a B-factor of 1000 s/mm? Twenty-six
slices were acquired with repetition time 8300 ms; echo time 94 ms; thickness 5
mm, no gap; pulse angle 90°; field of view 26 cm; 128 x 128 acquisition matrix
reconstructed into a 256 x 256 matrix.

Magnetic Resonance Spectroscopy

Proton (1 H) spectroscopy was performed using the fully automated Proton Brain
Exam-Single Voxel (PROBE-SV) software package (GE Medical Systems,
Milwaukee, WI) and a Stimulated Echo Acquisition

Mode (STEAM) pulse sequence with TR/TE=2000/30 ms and 128 signal
averages. Total acquisition time was 5m 4 s. The voxel showed a dimension of 23
x 14 x 14 mm and was always placed in the left frontal white matter with the aid
of high-resolution 3-D images. Orthogonal projections in the three planes assisted
the placement of the voxel. The major axis (23mm) was aligned along the
anterior-posterior direction in the frontal white matter. Care was taken to
minimally include gray matter and to place the voxel just above the caudate
nucleus between the cingulate cortex and the frontal cortex at the level of the
precentral sulcus.

The Functional MRI Sequences

The functional MRI sequences consisted of gradient recalled acquisition in the
steady state with repetition time 2000 ms; echo time 50 ms; pulse angle 90°; field
of view 24 cm; 64 x 64-pixel matrix; slice thickness 4mm/(inter-slice gap, 1.5mm).
Twenty-two interleaved slices were prescribed parallel to the anterior-posterior
commissure line covering the brain. Two fMRI sequences were acquired for each
participant including a 6-min continuous resting-state scan generating 180
whole-brain EPI volumes, and a 4-min sensory task generating 120 whole-brain
EPI volumes. The first four (additional) images in each fMRI run were discarded
to allow magnetization to reach equilibrium.

53



During the resting-state functional MRI, children were instructed to relax, stay
awake and lie still without moving, while keeping their eyes closed throughout.
The task-activation paradigm involved an ABABABAB block design alternating
four 30-s periods of rest (visual fixation to a cross) with four 30-s periods of
visual-auditory stimulation delivered using MRI compatible goggles and
headphones (VisuaStim Digital, Resonance Technology, USA). Subjects were
passively confronted with a set of facial images expressing happiness and with
music showing a rapid tempo (Beethoven Symphony No. 6 “Pastorale”).

~
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Figure 9. Correlations of urban pollution with functional connectivity in the medial frontal seed
map. Higher pollution levels were associated with higher functional connectivity between the
medial frontal (seed) region and the lateral frontal cortex (left panels), and lower functional
connectivity between the seed and both angular gyri (right panels). The right hemisphere
corresponds to the right side of axial and coronal views.

Image/Spectra Processing

3D Anatomical Images
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All the anatomical images were visually inspected before analysis by a trained
operator to detect any motion effect. A total of 10 children were discarded as a
result of poor quality images and thus the final sample for the 3D anatomical
analysis included 253 children. Anatomical 3D data were processed in two
separate analyses assessing different anatomical characteristics:

Gray and white matter tissue concentration and volume at a voxel level was
measured using Statistical Parametric Mapping (SPM8)
(http://www filion.ucl.acuk /spm, Wellcome Department of Cognitive
Neurology, London, UK, 2008). SPM voxel-based morphometry (VBM) algorithms
with DARTEL registration were used with the following processing steps:
segmentation of anatomical images into gray and white matter tissue probability
maps in their native space; estimation of the deformations that best align the
images together by iteratively registering the segmented images with their
average; finally, generating spatially normalized and smoothed segmentations (5
x 5 x 5 FWHM) using the deformations estimated in the previous step. The
analyses were performed with scaling by Jacobian determinants (estimates of
volume change during the normalization) to consider tissue volume and without
Jacobian scaling to assess the relative concentration of gray matter and white
matter. Normalized images were finally transformed to the standard SPM
template, re-sliced to 1.5 mm resolution in Montreal Neurological Institute (MNI)
space.

Cortical thickness measurements across the whole cortex were obtained using
FreeSurfer tools (http:// surfer.nmr.mgh.harvard.edu/). Processing steps
included removal of non-brain tissue, segmentation of the subcortical white
matter and deep gray matter volumetric structures, tessellation of the gray and
white matter boundary, registration to a spherical atlas which is based on
individual cortical folding patterns to match cortical geometry across subjects
and creation of a variety of surface based data. Cortical thickness is calculated as
the closest distance from the gray/white boundary to the gray/CSF boundary at
each vertex on the tessellated surface (Fischl et al., 1999).

Diffusion Tensor Imaging (DTI)

DTI was processed using Functional MRI of the Brain (FMRIB) Software Library
5.0 (FSL), developed by the Analysis Group at the Oxford Centre for FMRIB
(Smith et al.,, 2004). Diffusion-weighted images were corrected for motion and
eddy current distortions (“Eddy Current Correction” option in the FMRIB
Diffusion Toolbox [FDT] version 2.0 in FSL), and a whole-brain mask was applied
using the FSL Brain Extracting Tool. A further rigorous image quality control was
carried out to identify potential residual effects of head motion, which involved
the visual inspection of each DTI slice for all 25DTI volumes in all participants.
Volumes with slices with signal loss (greater than ~10%) or residual artifacts
were identified by an expert researcher. DTI full examinations showing one or
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more degraded images in more than 5 volumes were discarded. A total of 76
children were removed from the DTI analysis on the basis of this criterion (in
addition to 10 cases showing gross image degradation). The final DTI sample
involved 177 children showing a mean #+ SD of 23.5 (94%) + 1.9 optimal-quality
volumes. Subsequently, we estimated fractional anisotropy (FA) maps using FDT
in FSL after local fitting of the diffusion tensor model at each voxel (“dtifit”). Next,
diffusion data were processed using Tract-Based Spatial Statistics (Smith et al,,
2006). Each FA data set was re-sliced to a 1 mm x 1 mm x 1 mm anatomical
resolution and normalized to standard MNI space via the FMRIB58_FA template
using the FMRIB's Nonlinear Registration Tool.

Magnetic Resonance Spectroscopy

Metabolite relative measurements were performed on the Advantage Windows,
v. 4.2, workstation using the PROBE-SV software package, which includes
automatic processing of the raw data that permits immediate display and
evaluation of spectra. Measurements of choline-containing compounds (choline-
to-total creatine ratio) were used to test the association of air pollution with
membrane precursors in white matter (Bliiml et al., 2013). N-acetylaspartate
(NAA) spectra width and the ratio creatine-to-noise (root-mean-square ‘RMS’
noise) were used to assess spectra quality. The quality criteria to be retained for
statistical analyses were NAA line width (full width at half maximum of peak) of
0.09 ppm or less and creatine RMS noise of 8 or greater. A total of 34 participants
were excluded as a result of poor spectrum quality. The final sample for the
spectroscopy analysis included 229 children.

Functional MRI

Resting-state and task functional MRI preprocessing was carried out using SPM8
and involved motion correction, spatial normalization and smoothing using a
Gaussian filter (full-width half-maximum, 8 mm). Data were normalized to the
standard SPM-EPI template and re-sliced to 2 mm isotropic resolution in MNI
space.

The following procedures were adopted to control for potential head motion
effects: (i) Conventional SPM time-series alignment to the first image volume in
each subject. (ii) Exclusion of 24 children in the resting-state analysis and 39
children in the task-activation analysis with large head motion. That is, outliers
(and extremes) with regard to mean inter-frame motion were excluded using
conventional boxplot criteria (cases beyond the quartile Q3 by one-and-a-half Q3
Q1 interquartile range [SPSS 15.0; SPSS Inc., Chicago IL]). The finally analyzed
sample therefore included 239 children with valid resting-state and 224 children
with valid task assessment. (iii) Both motion-related regressors (a total of 6
realignment parameters, including 3 translation and 3 rotation first-order
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derivatives) and estimates of global brain signal fluctuations were included as
confounding variables in first-level (single-subject) analyses. (iv) Within-subject,
censoring-based MRI signal artifact removal (scrubbing) (Power et al., 2014) was
used to discard motion-affected volumes. For each subject, inter-frame motion
measurements (Pujol et al., 2014b) served as an index of data quality to flag
volumes of suspect quality across the run. At points with interframe motion >0.2
mm, that corresponding volume, the immediately preceding and the succeeding
two volumes were discarded. Using this procedure, a mean * SD of 11.2 (6.2%) *
13.8 volumes out of 180 fMRI resting-state sequence volumes and 14.9 (12.4%) +
15.8 volumes out of the 120 fMRI task volumes were removed. (v) Potential
motion effects were further removed using a summary measurement for each
participant (mean inter-frame motion across the fMRI run) as a regressor in the
second-level (group) analyses in SPM (Pujol et al., 2014b).

Resting-state fMRI. Four functional connectivity MRI maps were generated using
coordinates taken from a classical study (Fox et al.,, 2005), converted to MNI in
mm and located at the medial frontal cortex [x = 1, y = 54, z = 26], posterior
cingulate cortex [x = -2, y = =38, z = 38], dorsal frontal cortex [x=28, y=-10,
z=58] and supplementary motor area [x= -2,y = -2, z = 55]. The maps obtained
using the medial frontal cortex and the posterior cingulate cortex regions
typically include all the elements of the Default Mode Network (DMN),which is
highly active in inner mental processes and is negatively correlated
(anticorrelated) with networks participating in attention-demanding tasks (Kelly
et al.,, 2008). On the other hand, maps from the frontal cortex and supplementary
motor area regions both capture networks commonly participating in attention
demanding tasks. As classically described, the dynamic relationship between the
DMN and the anticorrelated task-related networks may reflect the largest-scale
functional organization in the brain (Fox et al, 2005; Kelly et al, 2008).
Interestingly, this network interaction maturates significantly in the age period
targeted in the present study (Sherman et al, 2014). Functional connectivity
maps were generated using procedures detailed in previous reports (Harrison et
al,, 2013; Pujol et al., 2014a). For each location, the seed region was defined as a
3.5mmradial sphere (sampling ~25 voxels in 2 mm isotropic space). This was
performed using MarsBaR region of interest (ROI) toolbox in MNI stereotaxic
space (Brett et al,, 2003). Signals of interest were then extracted for each seed
region respectively by calculating the mean ROI value at each time point across
the time-series. To generate the seed maps, the signal time course of a selected
seed region was used as a regressor to be correlated with the signal time course
of every voxel in the brain in order to generate first-level (single-subject) voxel-
wise statistical parametric maps (contrast images). The maps were estimated for
each seed separately. A high-pass filter set at 128 s was used to remove low
frequency drifts below ~.008 Hz. In addition, we derived estimates of white
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matter, CSF and global brain signal fluctuations (using standard masks in MNI

space from SPM) to include in the regression analyses as nuisance variables.

Table 6. Functional MRI results.

Non-adjusted Adjusted by age
and sex

Correlation with Air Pollution ml Xyz t xXyz t
Medial frontal seed map
L Lateral frontal cortex - positive correlation 5.1 -48 46 16 3.6 -5246 18 4.1
L Parietal cortex - negative correlation 2.6 -50-5844 3.5 -48 -56 44 3.2
R Parietal cortex - negative correlation 1.7 58-5646 35 58-56 46 3.2
Dorsal frontal seed map
L Parietal cortex - positive correlation 3.2 -32-6432 3.6 -32-64 32 3.5
R Lateral frontal cortex - negative correlation 3.4 50242 3.7 50242 3.5
R Insula - negative correlation 1.4 382-2 4.3 382-2 4.3
Posterior cingulated cortex seed map
R Lateral frontal cortex - positive correlation 1.5 5636-2 33 56 36 -2 3.2
Supplementary motor area seed map
L Prefrontal cortex - positive correlation 6.1 -28 38 28 4.4 -2838 28 4.6
R Prefrontal cortex - positive correlation 2.2 2248 34 3.5 2248 34 3.6
L Parietal cortex - positive correlation 3.5 -58-4636 33 -56 -46 36 3.4
R Parietal cortex - positive correlation 5.2 58-46 40 4.1 58-46 40 3.9
Anterior cingulate cortex - negative correlation 6.2  -14 34-12 3.6 -1436-12 3.7
Sensory task
R Somatosensory cortex - positive correlation 6.3 34 -44 64 3.7 34 -44 64 3.8
L Premotor cortex - positive correlation 1.4 -10 060 3.7 -10 060 3.6
Correlation with Age
Medial frontal seed map ml Xyz t
L Parietal cortex - positive correlation 10.7 -46 -70 52 4.9
Medial frontal cortex - positive correlation 1.5 -65248 3.3
Cerebellum - positive correlation 5.8 -22-48-32 4.6
L Lateral frontal/insula - negative correlation 9.7 -36220 4.8
R Lateral frontal/insula - negative correlation 10.4 40162 3.5
Correlation with Performance (motor speed)
Medial frontal seed map ml Xyz t
Medial frontal cortex - positive correlation 7.6 -10 46 26 3.6
L Frontal lateral cortex — negative correlation 1.6 -32 44 -4 3.9

X y z, coordinates given in Montreal Neurological Institute (MNI) space. Statistics at corrected Prwe< 0.05

estimated using Monte Carlo simulation. Cluster size in ml.

Task-activation fMRI. Functional interaction between brain systems may also be
inferred using fMRI task paradigms by assessing the segregation between
activated and deactivated areas during stimulation (Harrison et al., 2008; Pujol et
al., 2012). Deactivated areas during our sensory task include part of the DMN,
which are generally anticorrelated with networks participating in attention-
demanding tasks (Chai et al., 2014; Kelly et al., 2008), although the deactivation
pattern is not limited to the DMN. In the task analysis, single-subject (first-level)
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SPM contrast images were estimated for activations (stimulation condition N
rest) and deactivations (rest N stimulation condition). For these analyses, the
fMRI signal response at each voxel was modeled using the SPM canonical
hemodynamic response function.

Before the statistical analysis, all the processed images (anatomical 3D, DTI, and
functional MRI) were visually inspected to detect processing-induced artifacts
and verify the accuracy of anatomical segmentation and FreeSurfer surface
reconstructions.

Age-related increase Age-related decrease

Figure 10. Correlations of age with functional connectivity in the medial frontal seed
map. Age was associated with higher functional connectivity between the medial frontal
(seed) region and the left angular gyrus, medial frontal cortex and cerebellum (left
panels), and with lower functional connectivity between the seed and the lateral frontal
cortex/insula region bilaterally (right panels). The right hemisphere corresponds to the
right side of axial and coronal views.

Statistical Analysis

Data was treated as quantitative variables and the analyses involved cross-
correlations using SPM. After individual preprocessing of each imaging exam,
separate second-level analyses were carried out to map voxel-wise the
correlation across-subjects between individual brain images and individual age
and pollutant measurements (obtained in the school of each participant). The
correlations with pollutant measurements were performed both with and
without adjusting by age and sex. The set of individual brain images included
whole-brain estimates of regional white matter and gray matter volume and
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concentration, cortical thickness, DTI fractional anisotropy, resting-state
functional connectivity and task-activation/deactivation. The association with
choline-to-creatine metabolite ratio was obtained using simple bivariate Pearson
correlation. Total creatine was examined first for an association with traffic
pollution. We found no association. As mentioned, the number of participants
finally included in each analysis after exclusions on the

basis of image quality criteria was: anatomic T1-weighted images, 253; DTI, 177;
MR spectroscopy, 229; resting-state fMRI, 239; and sensory task fMRI 224.
Finally, three additional children with outlier pollutant measurements were
excluded from the correlation between brain measurements and air pollution.
Results were considered significant with clusters of 1.032 ml (e.g.,, 129 voxels
with a resolution of 2 x 2 x 2mm) at a height threshold of p < 0.005, which
satisfied the family-wise error (FWE) rate correction of Prwe< 0.05 according to
Monte Carlo simulations (Pujol et al, 2014c). Resting-state fMRI data were
additionally adjusted for multiple testing (four functional connectivity maps)
using Bonferroni (significant cluster size = 1.4 ml). Maps in figures are displayed
att>2.3.

4.2.3 Results

Traffic-related pollution at the children's schools was assessed using the
weighted average of two reliable vehicle exhaust indicators, namely particulate
elemental carbon and NO, (Methods). Table 5 reports ambient air concentrations
of the measured pollutants. According to these data, air pollution levels at school
in the city of Barcelona may be considered moderate-to-high when compared
with other areas (Cyrys et al., 2012; Eeftens et al., 2012).

This summary pollution index was then whole-brain correlated with several MRI
maps characterizing brain maturation. No significant association was identified
between air pollution and any anatomical, structural or metabolic brain
measurement. By contrast, the functional imaging analysis showed consistent
results.

Our functional approach involved the generation of connectivity maps
representative of key neural networks using coordinates taken from previous
works (see Methods). The map obtained using the medial frontal cortex (seed)
region of interest produced the most illustrative results. We found that traffic-
related air pollution was significantly associated with weaker functional
connectivity between regions belonging to the DMN (i.e., between the medial
frontal cortex and the angular gyrus bilaterally), indicating lower intra-network
integration (Fair et al., 2009). In addition, pollution also was associated with
stronger functional connectivity between the (medial frontal cortex) seed region
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and the frontal operculum at the lateral boundary of the DMN, indicating lower
network segregation (Fair et al., 2009) (Fig. 9 and Table 6).

a5 &

Pollutant-related decrease Age-related increase
Pollutant-related increase Age-related decrease

Figure 11. 3D rendering display of urban pollution and age effects in the medial frontal seed map.
Age and air pollution were associated with opposite effects on functional connectivity in notably
similar areas, thus indicating that higher exposure may interfere with the normal development of
functional connections.

The analysis of the correlation between children's age and functional
connectivity in the DMN was useful in establishing the detrimental nature of the
results (Fig. 10). Indeed, the age effect on functional connectivity in this network
was the opposite of the pollutant effect. Age was significantly associated with
stronger functional connectivity within the elements of the DMN (integration)
and significantly associated with weaker functional connectivity with the
bordering network (segregation), as shown in a previous longitudinal study
(Sherman et al, 2014). Fig. 11 illustrates the opposite effects of age and
pollutants using a 3D rendering display.

The analyses based on additional functional connectivity maps mirrored such
findings with results in the same direction. The maps included the DMN identified
from a seed region located in the posterior cingulate cortex (Table 6) and
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anticorrelated networks generated from dorsal frontal cortex (Supplementary
Fig. 1) and supplementary motor area seeds (Supplementary Fig. 2).

The potential effects of air pollution on brain function were further tested by
mapping the correlation between pollutant measurements and fMRI task
activations and deactivations. Air pollutants were significantly associated with
lower deactivations (rest N task map) during passive viewing and listening in the
supplementary motor area and somatosensory cortex (Fig. 12). No significant
findings were observed in the task N rest map.

Sensory Task

Activation

o\

Pollutant-related deactivation decrease

Figure 12. Sensory task results. One-sample group activation (top panel) and deactivation (middle
panel) maps showing brain response to passive viewing and listening. Air pollution was associated
with reduced deactivation in the supplementary motor area and somatosensory cortex included in
the deactivation map (bottom panel). The right hemisphere corresponds to the right side of axial
and coronal views.
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Motor speed-related increase Motor speed-related decrease

Figure 13. Correlations of performance (motor speed) with functional connectivity in the medial
frontal seed map. Faster responses were associated with higher functional connectivity within a
core region of the network (medial frontal cortex), and with lower functional connectivity in the
lateral boundary of the network. The right hemisphere corresponds to the right side of coronal
views.

To test whether measured pollution was associated with cognitive performance,
we used children's performance in working memory, motor response speed and
attention (Methods). The only significant result involved motor speed. Higher
pollution predicted slower reaction time in 248 participants with complete MRI
and behavioral testing (standardized § = 0.154; p = 0.015). A further imaging
analysis was performed to correlate children's reaction time with functional
connectivity in the DMN map (Fig. 13). Interestingly, a faster reaction time was
associated with stronger connectivity within the DMN (network integration) and
weaker connectivity in the frontal operculum (network segregation).

The effect of potential confounders was tested for each significant finding
including age, sex, academic achievement, difficulties scores, obesity, parental
education, home and school vulnerability index, distance from home to school
and public/non-public school category as covariates. Each potential confounder
was both individually entered into the model and combined with other
confounders. No single confounder or combination showed a relevant effect. That
is, decreases in f§ estimates after the inclusion of confounders in a regression
model were very small (mean * SD, 1.2% *1 .0%) with no variables affecting the
primary results with  reductions greater than 7%.
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4.2.4 Discussion

Vehicle exhaust-related air pollution exposure was associated with brain changes
of a functional nature, with no evident effect on brain anatomy, structure or
membrane metabolism. Children from schools with higher traffic-related
pollution showed lower functional integration and segregation in key brain
networks. Age and performance (i.e., motor response speed) both showed the
opposite effect to that of pollution on brain function, thus indicating that higher
exposure is associated with slower brain maturation.

The functional findings were highly consistent, as similar effects were observed
in different functional networks and the age-sensitive areas notably coincided
with the areas showing significant correlation with air pollution. Similarly, the
regions identified with the mapping of correlations with motor speed also
showed a notable correspondence with the anatomy of findings from both
pollutant and age analyses. Nonetheless, despite the evident effect on functional
connectivity, the overall brain repercussion may, to some extent, be considered
subtle, as changes did not involve any measurement of brain structure. In such a
context, one may speculate on the reversibility of the brain damage and the
potential effectiveness of actions addressed to reduce pollution. Epidemiological
data also support the notion of a subtle repercussion, as large samples are
required to demonstrate robust associations (Sunyer et al., 2015).

The effect of air pollution may, however, be more dramatic when the exposure
involves early developmental periods. Indeed, Peterson et al. (2015) have
provided evidence of brain structural alterations in later childhood associated
with prenatal pollutant exposure affecting large areas of the left-hemisphere
white matter, and a less severe effect associated with postnatal exposures at age
5 years. Also, recent studies have revealed that long-term ambient air pollution
exposure may ultimately affect brain tissue volume in older people (Chen et al,,
2015; Wilker et al,, 2015).

We have used a general marker of vehicle exhaust traffic-related air pollution
based on elemental carbon and NO,. Although this indicator reflects the amount
of pollution from the traffic source, carbon and NO, are not necessarily the agents
causing the toxic effect on the brain. Traffic pollution contains a variety of
elements with greater potential neurotoxicity, such as manganese, aluminum,
lead and copper (Amato et al., 2014). We have recently identified the effects of
airborne copper pollution, which is road traffic-related, although a significant
proportion also comes from industry, and a third source is the result of railway
traffic (submitted). Brain alterations associated with copper were neural system
specific and affected the basal ganglia with damage to both structure and
function. In contrast, our current study based on a general indicator does not
inform on which specific neurotoxicant or a combination thereof may be
responsible for the identified effect restricted to functional measurements.
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A concern in traffic pollution studies is potential residual confounding by socio-
demographic characteristics (e.g., when a relationship exists between proximity
to traffic and economically disadvantaged areas). In the city of Barcelona,
however, there was a small and inverse relation between air pollution and
socioeconomic vulnerability, with higher pollution levels in schools with lower
vulnerability (Sunyer et al, 2015). Also, we found no significant associations
between school pollution levels and parental education, employment or
educational quality. Besides, the associations between air pollution and fMRI
remained after adjusting for all the potential confounders (see Results), which is
opposed to a potential role of these variables.

A general limitation when assessing children with MRI is the potential effect of
head movements on image quality, particularly on functional MRI and DTI
acquisitions. We considered this issue carefully and adopted several means to
rigorously control the effects of motion (Methods). However, it is relevant to
emphasize that a rigorous control of potential head motion may introduce
spurious changes (e.g., regressing out global brain signal may introduce negative
correlations) or even remove changes related to genuine neural activity (Pujol et
al.,, 2014b). Also, a higher MRI signal may be obtained using a higher magnetic
field (i.e., 3-Tesla magnets). Although we did have the 3-Tesla option, the present
study was developed using a 1.5-Tesla magnet following the recommendations of
the FP7-ERC Ethics Review Committee to limit magnetic field strength in
children.

4.2.5 Conclusion

Although children's brains may be vulnerable at each developmental stage,
preadolescence is notably transcendent in establishing solid bases for large-scale
functional network organization. Urban traffic pollution appears to be capable of
affecting the normal development of the proto-adult brain and significantly
interfering with functional network maturation.
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Supplementary Figure 1. Correlations of urban pollution with functional connectivity in the dorsal
frontal seed map. Higher pollution levels were associated with higher functional connectivity
between the dorsal frontal (seed) region and the parietal cortex (left panels), and lower functional
connectivity between the seed and the lateral fontal cortex. Note that these results show the
opposite direction to that of the medial frontal analysis (main text Figure 1). The right hemisphere
corresponds to the right side of axial and coronal views.
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Supplementary Figure 2. Correlations of urban pollution with functional connectivity in the
supplementary motor area (SMA) seed map. Higher pollution levels were associated with higher
functional connectivity between SMA and both the parietal and anterior prefrontal cortex
bilaterally (left panels), and lower functional connectivity between SMA and both the anterior
cingulate cortex and hippocampus (left panels). The right hemisphere corresponds to the right side
of axial and coronal views.
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Abstract

Objective: Despite extensive debate, the proposed benefits and risks of video gaming in
young people remain to be empirically clarified, particularly as regards an optimal level of
use. Methods: In 2,442 children aged 7 to 11 years, we investigated relationships between
weekly video game use, selected cognitive abilities, and conduct-related problems. A large
subgroup of these children (n 5 260) was further examined with magnetic resonance
imaging approximately 1 year later to assess the impact of video gaming on brain structure
and function. Results: Playing video games for 1 hour per week was associated with faster
and more consistent psychomotor responses to visual stimulation. Remarkably, no further
change in motor speed was identified in children playing >2 hours per week. By comparison,
the weekly time spent gaming was steadily associated with conduct problems, peer conflicts,
and reduced prosocial abilities. These negative implications were clearly visible only in
children at the extreme of our game-playing distribution, with 9 hours or more of video
gaming per week. At a neural level, changes associated with gaming were most evident in
basal ganglia white matter and functional connectivity. Interpretation: Significantly better
visuomotor skills can be seen in school children playing video games, even with relatively
small amounts of use. Frequent weekly use, by contrast, was associated with conduct
problems. Further studies are needed to determine whether moderate video gaming causes
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improved visuomotor skills and whether excessive video gaming causes conduct problems,
or whether children who already have these characteristics simply play more video games.

4.3.1 Introduction

The pros and cons of video gaming in children remain openly debated (Baveliert
et al, 2011; Ferguson et al., 20154). Although there is some evidence to suggest
that video gaming can improve particular cognitive abilities in youth (Powers et
al, 2013; Bavelier et al., 2012), other evidence links it with conduct related
problems and increased risk toward disorders of addiction (Anderson et al,
2010; Gentile et al.,, 2011). One possibility is that video gaming per se is neither
good nor bad, but its level of use makes it so, which begs the question, how much
is enough?

We performed the current study in 2,442 school-age children to investigate
relationships between average weekly video game use and both cognitive
performance and conduct-related problems. Considering video gaming as a
training exercise based on repetitive use and on the basis of previous research
(Powers et al., 2013), we predicted that video gaming in school children would
have a principal beneficial effect on speed of mental processing (eg, reaction time
and chronometric measurements of attention) and a marginal influence on more
innate cognitive capabilities (eg, working memory) (Melby-Lervag et al., 2013;
Shipstead et al., 2012).

A subgroup of this population (n = 260) was further examined with magnetic
resonance imaging (MRI) approximately 1 year later to assess the impact of video
gaming on brain structure and function. In the brain, video gaming could more
notably reinforce neural connections, with a major effect presumably on frontal-
basal ganglia circuits, which are central for the acquisition of new skills through
practice (Doyon et al., 2003; Graybiel et al., 2008; Yin et al.,, 2006).

4.3.2 Methods
Participants

This study was developed in the context of a large-scale project designed to
assess the effects of environmental factors on brain FP7-ERC-2010-AdG, ID
268479). Study design and participant selection have been described in full detail
elsewhere (Sunyer et al,, 2015; Pujol et al, 2016).

In short, the BREATHE project recruited 2,897 children from 39 schools to form a
representative sample of children in Barcelona aged between 7 and 11 years
(Sunyer et al,, 2015). A representative subsample of 278 children was recruited
from the larger cohort to participate in neuroimaging. For the present video
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game study, we included children with complete cognitive and behavioral
evaluation, and excluded statistically defined extreme video gamers (n = 23
children playing = 18 hours per week). The final sample comprised 2,442
children (mean # standard deviation [SD] age at the baseline = 8.6 + 0.9 years,
range = 7.0-11.1 years, including 1,223 boys and 1,219 girls). The neuroimaging
subsample comprised 260 children (mean * SD age at baseline = 8.4 + 0.8 years,
range = 7.1-10.3 years, including 134 boys and 126 girls) with complete imaging
assessment, after the exclusion of statistically defined extreme video gamers (n =
3).

All parents or tutors signed the informed consent form approved by the Research
Ethical Committee (No.2010/41221/ I) of the Hospital del Mar Medical Research
Institute, Barcelona, Spain and the FP7-ERC-2010-AdG Ethics Review Committee
(268479-22022011).

Behavioral Measurements
Video Game Use

At baseline, parents were asked to estimate how much time (in hours) their child
was currently playing video games on an average weekday and weekend. A single
score was computed from these estimates to indicate average hours of play per
week. To document the video games most frequently used, 100 families from the
MRI group completed a follow-up questionnaire indicating which games were
most frequently played in the previous year. As shown in Table 7, 96% of
children played visuomotor skill-based games (eg, Super Mario Bros), full-body
active games (exergames; eg, Wii Sports), or both.

Cognitive Testing

The selected cognitive assessment included motor response speed, attention,
and working memory. Speed of motor responses and attention were assessed
using the computerized child version of the Attentional Network Test (ANT)
(Rueda et al.,, 2004). Overall reaction time was used to index speed of motor
responses to visual stimulation and its SD was used to index motor response
consistency as a measurement of sustained attention (Lagner et al, 2013).
Specific visual attention features additionally measured by the ANT task are
“alerting,” “orienting,” and “interference.” Commission and omission errors were
also registered. Cases with >30% commission or omission errors were excluded
from further analyses (total 9 cases in the whole sample and 2 cases in the MRI
sample). In the final whole sample, commission errors were 3.1% and omission
errors were 1.1%.

A computerized version of the N-Back task (Anderson et al,, 2002) was used to
assess working memory. “Detectability” (normalized hit rate minus normalized

71



false alarm rate) on 2-back and 3-back loads was used to overall index test
performance accuracy. See Forns et al., 2014 for more detail.

Behavioral Assessment

Parents completed the Strengths and Difficulties Questionnaire (SDQ) of child
behavioral problems (Goodman et al, 2001). The questionnaire includes 25
questions on psychological attributes, some positive and some negative, which
are rated from 0 to 2 points each. Responses are divided in 5 separate scales:
“emotional symptoms,” “conduct problems,” “inattention/ hyperactivity,” “peer
relationship problems,” and “prosocial behavior.” A “difficulties” score ranging
from 0 to 40 was generated by summing the scores for the scales 1 to 4. Parents
were also asked to report the average daily sleeping time (in hours) of their
children. Overall school achievement was rated by teachers using a 5-point scale
(from the worse = 1 to the best = 5).

Additional Contextual Assessments

A neighborhood socioeconomic status vulnerability index (Urban Vulnerability
Atlas of Spain, 2012; http://
www.fomento.gob.es/MFOM/LANG_CASTELLANO/DIRECCIONES_GENERALES/
ARQ_VIVIENDA/SUELO_Y_POLITICAS/OBSERVATORIO/Atlas_Vulnerabilidad_Ur
bana/), at both school and home addresses, was used as a composite measure of
sociodemographic factors including level of education, unemployment, and
occupation at the census tract. Parental education was registered using a 5-point
scale (1 = illiterate; 2 = less than primary; 3 = primary; 4 = secondary; 5 =
university).

MRI Acquisition

MRI was administered a mean 6 SD of 1.2 6 0.4 years after study baseline. A 1.5T
Sigma Excite system (General Electric, Milwaukee, WI) equipped with an 8-
channel phased-array head coil and single-shot echo planar imaging (EPI)
software were used. The imaging protocol included high-resolution T1- weighted
3-dimensional (3D) anatomical images, diffusion tensor imaging (DTI), and a 6-
minute functional MRI sequence acquired in the resting state with eyes closed.
Acquisition parameters for the 3 sequences are fully described in a previous
report (Pujol et al,, 2016).
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Table 7. Frecuency of Video Games used as a Percentage.

Game Use, %
Visuomotor skill-based Games® 78
Plataforms
Mario Bros/ Super Mario Bros/ Luigi/ Super Mario Galaxy 46
Donkey Kong 12
Sports Simulation
FIFA 33
Pro Evolution Soccer 8
Inazuma Eleven 8
NBA 4
Driving Simulation
Mario Karts 7
Formula 1 3
Gran Turismo 2
Shooting
Call of Duty 2
Fighting
Dragon Ball 2
Adventure with Action
Lego City 5
Grand Theft Auto 2
Full-Body active games/exergames’ 58
Wii Sports 48
Just Dance 20
Mario Party 17
Wii Party 4
Adventure/Strategy Games* 49
Animal Crossing 12
Pokemon 11
Minecraft 6
Dogz/Horsez 4
Others 12
Visuomotor skill-based Games and/or full-body Active Games 96
Adventure/Strategy Games alone 4

Based on reports from 100 families indicating up to 3 games played the most in the year before magnetic
resonance imaging.
* Alone or combined.

Image Preprocessing
Anatomical 3D

After visual inspection by a trained operator, images from 9 children were
discarded as a result of poor image quality, and thus the final sample for the
anatomical analysis included 251 children. Statistical parametric mapping (SPM)
voxel-based morphometry algorithms with DARTEL registration were used to
measure gray and white matter tissue concentration and volume at a voxel level.
The preprocessing steps are detailed elsewhere (Pujol et al, 2016). Such a
preprocessing approach implied the generation of a study-specific template.
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Normalized images were transformed to the standard SPM template, re-sliced to
1.5mm resolution in Montreal Neurological Institute (MNI) space.

DTI

The Functional MRI of the Brain (FMRIB) Software Library 5.0 (FSL), developed
by the Analysis Group at the Oxford Centre for FMRIB (Smith et al., 2004) was
used to process DTI images. Image quality control was rigorous in this study. A
total of 86 children were removed from the DTI analysis on the basis o
suboptimal image quality (see Pujol et al13). The final DTI sample involved 174
children with a mean 6 SD of 23.5 (94%) 6 1.9 optimal-quality volumes.
Fractional anisotropy (FA) maps were estimated using FMRIB’s Diffusion
Toolbox in FSL after local fitting of the diffusion tensor model at each voxel
(“dtifit”). Tract-Based Spatial Statistics (Smith et al., 2006) was used to process
diffusion data. FA data sets were re-sliced to a 1mm 3 1mm 3 1 mm anatomical
resolution and normalized to standard MNI space via the FMRIB58_FA template
and the Nonlinear Registration Tool.

Functional MRI

Preprocessing was carried out using SPM8 and involved motion correction,
spatial normalization, and smoothing using a Gaussian filter (full-width half
maximum = 8mm). Data were normalized to the standard SPM-EPI template and
resliced to 2mm isotropic resolution in MNI space.

The comprehensive procedures adopted to control for potential head motion
effects are fully described in our previous report (Pujol et al., 2016). In short, the
procedures included: (1) conventional SPM time-series alignment; (2) exclusion
of 24 children with outlier head motion (mean interframe motion > 0.12mm; the
finally analyzed sample therefore included 236 children); (3) use of both motion-
related regressors and estimates of global brain signal fluctuations as
confounding variables in first-level analyses; (4) within-subject, censoring-based
MRI signal artifact removal (scrubbing) (Power et al., 2014; Pujol et al,, 2014a);
and (5) use of the mean interframe motion across the functional MRI run for each
participant as a regressor in the second-level analyses (Pujol et al., 2014b).

Based on the results obtained from the anatomical and DTI assessments, our
functional connectivity analysis was focused on the left basal ganglia. To
systematically explore basal ganglia, we targeted 4 key sub-regions: the dorsal
and ventral aspects of both caudate nucleus and putamen. Based on a widely
applied method for mapping basal ganglia functional connectivity, the regions of
interest (or “seeds”) were centered at MNI coordinates (in millimeters): (1)
dorsal caudate nucleus (x =-13,y =15,z =9); (2) dorsal putamen (x =-28,y=1, z
= 3); (3) ventral caudate nucleus, corresponding approximately to the nucleus
accumbens (x=-9,y =9, z = -8); and (4) ventral putamen (x =-20,y =12,z = 23)
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(Pujol et al., 2014b; Di Martino et al., 20174; Harrison et al., 2009; Harrison et al.,
2013). The procedures adopted to generate functional connectivity maps from
the selected regions are detailed in our previous report (Pujol et al., 2016).

Statistical Analysis
Behavioral Data

Student t test was used to compare sex and age group means as to hours of play
per week. Analysis of variance (ANOVA) adjusted by age and sex (ANCOVA) was
used to compare gamers and non-gamers as to the behavioral variables.
Assumptions under the ANCOVA were met in these analyses including
homogeneity of variance, homogeneity of regression slopes of covariates, and
non-collinearity. Linear regression adjusted by age and sex was used to assess
the relationship between video game playing time and behavioral variables
within the user group. Bonferroni correction was applied to account for multiple
testing within each analysis. Only probability values < 0.006 (0.05/8) were
considered significant. Finally, to easily illustrate the identified associations of
gaming with behavior variables, the data were plotted as discrete groups on the
basis of playing time in hours (Fig. 14 and 18).

Imaging Analyses

ANOVA with age and sex as covariates (ANCOVA) and cross-correlations were
estimated using SPM. Separate second-level (group) analyses were carried out
for whole-brain estimates of regional white matter and gray matter volume, DTI
fractional anisotropy, and resting-state functional connectivity. The behavioral
results obtained in the large sample helped to guide the subsequent imaging
analysis. Specifically, 3 groups of children were defined on the basis of video
game use: 45 non gamers, 113 low-use gamers (playing 1-2 hours per week), and
102 high-use gamers (playing 3 or more hours per week). The cutoff between
low and high use corresponds to the median of time of play per week in all
gamers. In each case, ANCOVA allowed us to first identify brain areas showing
overall differences among these groups. From each analysis, a plot was then
generated using brain measurements extracted at representative peak
differences to characterize the direction of findings with no bias. That is, the 3-
group model allowed us to fairly capture any change combination among the 3
groups (non-playing, low use, and high use) in a single model sensitive to both
the effect of playing versus non-playing and the effect of low versus high use.
Finally, post hoc whole-brain t tests were used to compare non gamers with high-
use gamers. In addition, we mapped voxelwise the correlation across subjects
between individual brain images and the child’s age at the time of MRI
acquisition.
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Results were considered significant with clusters of 1.032ml (e.g, 129 voxels with
aresolution of 2 x 2 x 2mm) at a height threshold of p < 0.005, which satisfied the
family wise error (FWE) rate correction of Prwr< 0.05 according to Monte Carlo
simulations (Pujol et al., 2014c).

4.3.3 Results
Behavioral Results

The overall study sample comprised 428 non gamers and 2,014 gamers (i.e,
playing 1 hour or more per week). As a group, gamers played a mean of 4.0 + 2.9
hours per week (see Fig. 14 for participant distribution according to playing
time). Boys overall played video games 1.7 hours per week more than girls (95%
confidence interval [CI] = 1.4-1.9 hours). There was also a significant effect of
age, with older children (above sample median age) playing 0.4 hours per week
more than younger children (95% CI = 0.2-0.7 hours). Although the correlation
between age and gaming hours was significant in the whole group (p = 0.0004),
collinearity between both variables was very low (r=0.07, tolerance = 0.995).

No significant differences were found between gamers and non gamers as to
parents’ education. For example, 59.1% of mothers of gamers had university-
level education versus 61.0% in non gamers (chi-square = 0.5, p = 0.511). All
further statistical analyses were adjusted for sex and age (i.e, age and sex were
included as covariates in both group comparisons and correlations).

Video gamers showed faster motor response to visual stimulation (i.e, shorter
reaction time) than non gamers, with a mean group difference of 65 milliseconds
(Table 8). Such a difference was statistically robust (t = 8.1, p = 6e™*¢) and was
also significant in the smaller subsample of children who underwent MRI (t = 4.5,
p = 0.0001). Video game use was also associated with higher consistency of
motor responses, measured as reaction time SD (see Table 8). However, there
were no effects on specific attentional features or working memory. Remarkably,
most of the advantage in motor responsiveness was observed in children playing
1 hour per week (mean difference of 52 milliseconds with respect to nongamers),
with minimal further change observed after 2 hours per week (illustrated in
Fig.18).
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Figure 14. Participant distribution according to playing time.

By contrast, in the gaming group, the weekly time spent gaming was steadily
associated with higher scores in parental ratings of strengths and difficulties
(SDQ), particularly in regard to conduct problems (see Fig. 15), peer conflicts,
and reduced prosocial abilities (see Table 8). In our post hoc analyses, children
gaming in the range of 9 to 17 hours per week showed significantly more
behavioral problems than nongamers (e.g, conduct problems; ¢t = 3.3, p = 0.001).
In addition, the amount of time that was spent gaming was negatively associated
with sleeping time. However, as a group, gamers and non gamers did not differ as
to strengths and difficulties ratings. Interestingly, gamers showed significantly
higher school achievement scores (see Table 8).
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Video Game Use (hours per week) Video Game Use (hours per week)

Figure 15. Mean reaction time (left) and conduct scores (right) plotted for discrete playing time
groups. Both plots are adjusted by age and sex display 95% confidence interval estimates.
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A further analysis stratified by sex and age showed that the identified
associations were notably consistent across the subgroups. In both boys and
girls, most of the attained group difference in motor responsiveness was
observed playing 1 hour per week, as in the older children subgroup. It is
relevant, however, that further improvement was observed up to 3 to 4 hours of
play in the younger children. In each stratified group, differences between

gamers and non-gamers were highly significant (boys, p = 2e7'°; girls, p = 5e75;

younger, p = 3e™%; older, p = 9¢™°). However, such differences between gamers
and non-gamers were significantly stronger in girls compared to boys
(interaction t = 2.6, p = 0.008). No significant interaction was identified for age.
Similarly, gamers showed a significant linear correlation between playing hours
and conduct problems in each subgroup analysis (boys, p = 0.001; girls, p = 1e”>;
younger, p = 8e%; older, p = 0.002). No significant interaction was found in the
correlation analysis. Also, we found no significant differences between gamers
and non-gamers in any subgroup (boys, girls, younger, and older children) as to
conduct problems. All associations remained highly significant when analyses
were further adjusted for other potential confounding variables, including
parental education and neighborhood vulnerability index as the most
representative indicators of children’s close environment.

Imaging Results
Age and sex were included as covariates in all imaging analyses.
T1-Weighted 3D Anatomical Images

When examining differences among non-gamers and low- and high-use gamers in
white matter volume measurements (ANCOVA), significant results were
observed in a region adjacent to the ventral and lateral aspect of the striatum and
extending to the temporal lobe (Fig. 16 and Supplementary Table 1). A plot of
white matter volume measurements from the left ventral striatal region revealed
a similar increase of white matter volume in both low- and high-user groups
compared with nonusers. Fig. 16 illustrates this effect in post hoc comparison
between nonusers and high users. In addition, the primary ANCOVA identified
significant effects in the brainstem (see Supplementary Table 1), which were not
observed in the post hoc analysis. No significant results were obtained for gray
matter volume.

DTI Fractional Anisotropy
ANCOVA consistently showed significant differences among groups in a region

adjacent to the lateral aspect of the striatum (see Fig. 16, Supplementary Table
1). The plot of FA measurements from this left striatal region revealed a relevant
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FA increase, but only in the high-use group (see Fig. 16). Direct comparison of
non-gamers with high-use gamers confirmed the increase of FA in this region and
detected additional significant changes in the ventral striatal region bilaterally, as
well as the right thalamus and left occipital white matter.

Basal Ganglia Functional Connectivity

Video gaming was associated with higher functional connectivity in the putamen
and caudate nucleus maps (Fig. 17 and Supplementary Table 1). Specifically in
the putamen mabps, a significant connectivity increase was identified with the left
motor cortex and prefrontal cortex in both low- and high-use groups. In the
ventral caudate map, the most relevant finding involved the dorsal anterior
cingulate cortex (ACC), which demonstrated a strong effect in the high-use group
and an intermediate effect in the low-use group compared with non-gamers. The
post hoc analysis confirmed a robust connectivity increase with the ACC and
additionally with the left and right anterior insula region (Fig. 17 and
Supplementary Table 1).

ANCOVA i ANCOVA

I )

Non-gamers  Low use High use Non-gamers  Low use High use

Figure 16. Gaming group differences in white matter volume measurements (top left) and diffusion
tensor imaging fractional anisotropy (top right). Analysis of variance adjusted by age and sex
(ANCOVA) indicated significant changes adjacent to the striatum in both analyses. Mean and 95%
confidence intervals are plotted for each modality, reflecting regional peak differences among
gaming groups. The bottom left and right images illustrate corresponding differences identified
between non-gamers versus high-use gamers. The left hemisphere corresponds to the left side of
coronal views.
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Correlation Analysis with Age

White matter volume increased with age in the visual system and sensorimotor
projection tracts at the level of basal ganglia and thalamus, with no areas showing
negative correlations with age (Fig. 18). FA increased significantly with age
mostly in the internal capsule and basal ganglia. Therefore, the identified
associations of video gaming with white matter measurements were generally
consistent with the effects of age in terms of their positive direction and (partial)
anatomical overlap. Similarly, age was associated with higher functional
connectivity between the putamen and motor cortex in the area associated with
video game use, albeit significant only for right hemispheric effects. For the
ventral caudate, age was instead negatively associated with its functional
connectivity with a medial frontal area adjacent to the ACC region that was
positively associated with gaming use (and additionally with the upper brainstem
and amygdala).

DP vC

ANCOVA | ANCOVA

11
|

Non-gamers  Lowuse  High use

Connectivity (a.u.)

——

Functional Connectivity (a.u.)

I

Non-gamers  Lowuse  Highuse

Functio

Figure 17. Group differences in basal ganglia functional connectivity. Analyses of covariance
(ANCOVA) indicated significant changes in functional connectivity between the dorsal putamen
(DP) and motor cortex at the level of the frontal operculum. In the ventral caudate (VC) analysis, the
most relevant finding involved the anterior cingulate cortex. Mean and 95% confidence intervals
are plotted, reflecting regional peak differences among gaming groups Bottom left and right images
illustrate corresponding differences identified between non-gamers and high use gamers. The left
hemisphere corresponds to the left side of axial views.
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4.3.4 Discussion

In the cognitive domain, video game use was associated with faster motor
response to visual stimulation. Importantly, no further change in motor speed
was identified in children playing >2 hours per week, suggesting an early ceiling
effect for this measurement. Video games, overall, did not demonstrate more
problematic behavior that non-gamers, although, within the gaming group, we
observed a positive association between time weekly spent gaming and conduct
problems, peer conflicts, and reduced prosocial abilities, as well as a negative
association with sleeping time. At a neural level, structural and functional brain
changes associated with gaming use were most evident with respect to basal
ganglia circuitry.

Figure 18. Correlation of age with brain measurements. White matter volume (A) increased
significantly with age in projection tracts (and the visual system). Fractional anisotropy (B)
increased with age mostly in the internal capsule and basal ganglia. Age was associated with higher
functional connectivity between the putamen and motor cortex (C) and weaker functional
connectivity between the caudate nucleus and the medial frontal cortex (D) and additionally with
the upper brainstem (and amygdala).

Our cognitive assessment selectively measured processing speed, attention, and
working memory as primary cognitive domains of interest. In the literature, there
is some consensus that gaming may improve speed of information processing and
motor response (Powers et al., 2013; Latham et al,, 2013; Dye et al,, 2009);
however, the reported effects on executive function and working memory, as well
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as general intelligence, have been less consistent (Powers et al., 2013). For
example, working memory has been shown to improve in some studies, whereas
others reported only partial associations or negative results (Oei et al., 2013;
Black et al., 2014; Boot et al., 2008).

In our study, larger differences in reaction time than in working memory support
the contention that several abilities are more trainable than others with
commercial video games (Powers et al., 2013; Melby-Levag et al., 2013; Doyon et
al.,, 2003).

We observed an association between gaming use and changes in basal ganglia
circuits in the form of structural (white matter) and functional connectivity
increases. These findings are intuitive in many respects, as it is well known that
basal ganglia circuits are critical for procedural learning based on the acquisition
of new skills through practice (Melby-Levag et al., 2013; Shipstead et al.,, 2012;
Doyon et al,, 2003). Our results are also generally consistent with other imaging
studies reporting significant effects of gaming use on the frontobasal ganglia
system structure and function (Kim et al., 2015; Lorenz et al., 2015; Kiihn et al,,
2014a; Hyun et al,, 2013; Erickson et al., 2010). Specifically, Erickson et al., 2010
showed that the acquisition of skills on demanding video games may be predicted
by variations in the volume of the striatum. Children traditionally acquire
procedural skills through action, for instance in relation to sports and outdoor
games. Neuroimaging research now suggests that training with desktop virtual
environments is also capable of modulating brain systems that support
procedural learning. However, the type of video game is likely to be particularly
relevant with regard to the modulation of specific neural systems. For example,
the use of logic and “platform jumping” games has been associated with
anatomical changes implicating the hippocampal system in adults (Kiihn et al.,
2014b; Kihn et al.,, 2014c).

Reviews of the literature generally conclude that excessive video game use has
negative effects on some aspects of behavior in children (Bavelier et al., 2011;
Powers et al., 2013; Anderson et al., 2010; Straker et al., 2014). Most of the
identified problems relate to the extent to which gaming can become a behavioral
addiction, or to the violent content of some of the games themselves. We did not
include children with probable gaming addiction, and the amount of time spent
on playing in our population (mean = 4 hours per week, = range 0-17 hours) was
far less than the gaming level that has been associated with severe psychosocial
health disturbances. Despite this, gaming use in our study was positively related
to the presence of conduct problems, peer conflicts, and reduced prosocial
abilities. This finding is in agreement with the results of a national survey of 10-
to 15-year old children in the United Kingdom, in which gaming use of >3 hours
per day was associated with similar behavioral problems (Przybylski et al.,
2014). Thus, frequent video game use does appear to be associated with
behavioral problems in children even in the absence of a recognized gaming
disorder, although the direction of the relationship is less clear (Gentile et al,,
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2011). That is, children with peer conflicts and reduced prosocial abilities may
show a tendency to isolate and spend more time playing video games.
Conversely, highly frequent use likely consumes a proportion of the child’s
leisure time and invades other activities that may ultimately affect the normal
development of prosocial abilities.

Our study was limited in that we applied a selective cognitive and behavioral
assessment that did not comprehensively cover all domains. Also, we estimated
the time spent gaming from parental reports but with no formal assessment of
the fidelity of these reports in terms of their reliability and accuracy. It is also
relevant to mention that the estimation of video game use was based on a single
cross-sectional measurement. Finally, the type of video games played varied, and
we were unable to perform specific analyses stratified by game content or type.

4.3.5 Conclusion

In conclusion, we have investigated relationships between weekly video game
use, selected cognitive abilities, conduct-related problems, and brain correlates in
a large group of children. Relatively small amounts of video gaming were
associated with better performance in certain visuomotor skills and, by contrast,
a frequent use was associated with the presence of conduct problems. Whereas
motor response differences between gamers and nongamers were already
established with 2 hours per week of video gaming, conduct problems appear to
be more common in school children playing 9 hours weekly or more. It is
important to emphasize that this is a correlational study and, as such, does not
permit direct inferences regarding causal relationships. Further studies will be
needed to explore the extent to which better visuomotor skills and conduct
problems are a cause or consequence of gaming.

Acknowledgements

This work was supported by the European Research Council (grant number
268479; the BREATHE project). The Agency of University and Research Funding
Management of the Catalonia Government participated in the context of Research
Group SGR2014-1673. We thank C. Persavento, ]. Gonzalez, L. Bouso, M. Lopez,
and P. Figueras for their contribution to the field work; and the families and
schools participating in the study.

83



alleuuonsany)  senmoWlg  pue  sySuang=HQs ‘uouelsp  plepuels=Qs  CAIIqeRsle(=p [ealslul  @uspyuo)=[)  ‘paisnipy=(py
£96T=U,
80%=U,
011080100 [UoLIsjuoyg Jalye szummzmmm -
‘Alpanpadsal Hoeg-¢ PUE ¥oBQ-7 81EJ1PUI §F PUE g7 "88e pue xas £q paisn(pe alam sisd[eue syl [y

2000 0'E- 6E0'0- 1560 r'o- (91023 81'0-) 9000 (ogoapgleg (tgoiggles I01AEYSq [B120504]

Aransesaddy

F60°0 L1 £E0°D 69T°0 1 (ot'0 o2800-)6T0 (sgo30g)re (rvogelse [uonuaney]

EE'D i 0E0°D L8170 £'0- (tr0ozzode0o- (ozmsTleT (tzmset swoydwds Fuopowy

-9 =Z'C 1800 020 20 (ez'022600-) £OD Zr1omrdrr (10Tt 2ad LM SWR[Q0ag

2-°8 F'C co00 19970 0 (120 2 ET0-)#0°0 (t1mor)ot (BTomctleT swa[qoad 3onpuo)
25-95 0% 8810 £5E°0 &'0 (120 o0E0-) L2°0 (ogmrgles (remrglos 21025 5 [FI0L
22T =£'C- 620°0- 9400 2T (rooszooo-) oo (bg'6 03£C'R) 908 (£'6 m9c'6) £9°6 y‘ewpn Suides|g
08470 £0- Z00'0- 1000 L'E (e0'0- 23 92°0-) 610 ($9°g mcce) 09'E (1o 1EE) 1HE JUBLISABIYIE 00125
Jomeyag
FZT0 o Z10'0- 0120 E'T- (#0023 Z'0-) LO0- Jdetmzner JdZTEoTTT P lrowswSupiion gg
8110 91 c10'0- 620 T (o0 mz'0-) 800 (ezmzilee (ezmralee P ArowswSupjiom gz
1200 €T Z80°T 0FE0 01 (oTome-)e (99 03 08) €9 (z£ 0109) 99 S '9UBI818IU]
L5070 0z 01T CLC0 9'0- (goarr)e- (ge o3 1E)ce (0v mcE)ze sw Supusug
CF0'0 0z 19T'T 8210 oT- (zocr)o- (ec o1 98) 6% (0g ;3 ge) % sw Supdagy
19470 £0- 102°0- =50000°0 0% (sz :10T) 61 (tez o3 +9z) 192 (¥6z 3 8L7) 982 S (5 AWN UONIERY
619°0 o 6550 — I8 (13 o16¥) 59 (zog m 064) 962 (ceg o3 r¥8) 198 S AW UOIIEY
s)59], aaugo)

(%56) (17 %56]
uoapy oy ¥107=N  uval [p¥ ‘97E=N
d 1 d d 1 (956) sousaaffiq 543571 SaSNUON

$10°Z=N ‘s18s(] ‘SWIL

Aeld Ao UM UONIR[RII0N

uostredwon dnoin

AINSEI[]

"5)[NsSay [el0lARYa] '@ A[qe],

84



Supplementary Table 1. MRI results.

Cluster size, ml Xy z
White Matter Volume ANCOVA
L Ventral striatum region-anterior temporal 1.2 -293-15 F=7.2
Posterior mesencephalon 1.4 -3-39-18 F=6.3
Anterior pons 1.1 3-12-30 F=6.9
Post-Hoc High Users > Non-Users
L Ventrral striatum region-anterior temporal 6.1 -305-14 t=3.7
DTI Fractional Anisotropy ANCOVA
L Lateral Striatum Region 1.4 28216 F=9.6
Post-Hoc High-Users > Non-Users
L Lateral striatum region 1.5 -284 14 t=3.8
L Ventral striatum region 1.5 -1317 -6 t=4.0
R Ventral striatum region 1.4 1119-7 t=3.7
R Thalamus 1.7 16-22 11 t=3.9
L Occipital lobe 1.9 -24-684 t=3.7
Functional Connectivity
Dorsal Putamen Map ANCOVA
L Motor Cortex 1.2 -50-4 18 F=7.7
Post-Hoc High-Users > Non-Users
L Motor Cortex 6.7 -50-4 18 t=3.9
Ventral Putamen Map ANCOVA
L Lateral prefrontal cortex 1.9 -423218 F=9.8
Medial frontal cortex 1.3 -21650 F=7.1
Post-Hoc High Users > Non-Users
L Lateral prefrontal cortex 4.0 -42 3418 t=4.1
L Motor cortex 1.2 -58-4 14 t=3.3
Ventral Caudate Map ANCOVA
Anterior cingulate cortex 4.0 412 34 F=10.6
L Parietal operculum 2.2 -58-4 14 F=13.9
Post-Hoc High-Users > Non-Users
Anterior cingulated cortex 9.9 61034 t=4.5
R Anterior insula region 6.1 35160 t=4.0
R Anterior insula region 2.0 -4012 6 t=3.7

x y z, coordinates given in Montreal Neurological Institute (MNI) space. Statistics at corrected threshold PFWE <
0.05 estimated using Monte Carlo simulations.
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Abstract

Background: Neural tissue alterations in Down syndrome are fully expressed at relatively
late developmental stages. In addition, there is an early presence of neurodegenerative
changes in the late life stages. The aims of this study were both to characterize white matter
abnormalities in the brain of adult Down syndrome patients using diffusion tensor imaging
(DTI) and to investigate whether degenerative alterations in white matter structure are
detectable before dementia is clinically evident. Methods: Forty-five adult non-demented
Down syndrome patients showing a wide age range (18-52 years) and a matched 45-subject
control group were assessed. DTI fractional anisotropy (FA) brain maps were generated and
selected cognitive tests were administered. Results: Compared with healthy controls, non-
demented Down syndrome patients showed lower DTI fractional anisotropy (FA) in white
matter involving the major pathways, but with more severe alterations in the frontal-
subcortical circuits. White matter FA decreased with age at a similar rate in both DS and
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control groups. Conclusions: Our results contribute to characterizing the expression of
white matter structural alterations in adult Down syndrome. However, an accelerated aging
effect was not demonstrated, which may suggest that the FA measurements used are not
sufficiently sensitive or, alternatively, age-related white matter neurodegeneration is not
obvious prior to overt clinical dementia.

Keywords: neurodegeneration, MR, diffusion tensor imaging, accelerated aging.

4.4.1 Introduction

Although research in Down syndrome has substantially progressed in the
understanding of basic mechanisms via which gene overexpression interferes
with brain development, there is less information as to the general organization
of the adult brain and the effect of age (Wiseman et al., 2015; Ballard et al., 2016).
The brain contains billion of neurons that communicate with each other via axons
to create complex neural networks. The structural mapping of these networks is
essential for understanding brain function (Mori et al., 2006). However, although
new imaging techniques have emerged in recent years, our knowledge of
structural connectivity in Down syndrome is still limited.

Diffusion tensor imaging (DTI) is a non-invasive method that provides
information about the microstructural properties of brain tissue by measuring
the magnitude and direction of water molecule diffusion (Jones et al.,, 2013). In
white matter, the diffusion of water molecules is less restricted along the long
axis of a group of aligned tissue fibers than perpendicular to it. This condition of
directionally-dependent diffusion is referred to as “anisotropic”. The most
commonly used measure for diffusion anisotropy is fractional anisotropy (FA),
which serves to characterize white matter tracts by mapping directional diffusion
restrictions related mainly to fiber density, axonal diameter and myelination
degree (Mori et al,, 2006; Jones et al., 2013).

DTI has been used to characterize both age-related changes and disease (Madden
et al, 2009; Gens et al.,, 2016; Langley et al., 2016; Adluru et al., 2014). Results
from leading studies have shown that age-related changes are associated with FA
decreases (Madden et al, 2009). DTI findings have been validated by post-
mortem histological studies showing that advanced age is linked to alterations of
almost all white matter components. Segments of axons degenerate and swell,
myelin becomes less compact and glial cells accumulate cellular debris, form glial
scars and increase in number (Marner et al.,, 2003; Peters et al., 2002; Tang et al.,
1997).

In Down syndrome, a number of magnetic resonance imaging (MRI) studies have
identified a variety of anatomical (Shapiro et al., 1989; Weis et al., 1991; Kesslak
et al, 1994; Paz et al,, 1995; White et al,, 2003; Teipel et al., 2004) and functional
(Pujol et al.,, 2014a; De la Torre et al.,, 2016) alterations. The frontal lobes (White
et al, 2003; Teipel et al, 2004; Pujol et al,, 2014a; De la Torre et al.,, 2016;
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Carducci et al,, 2013) and related circuits (Pujol et al., 2014a; De la Torre et al,,
2016), as representative of late maturing structures, generally show the most
relevant alteration. By contrast, some studies have reported a relative
preservation of tissue volume in temporal and parietal regions (White et al,,
2003; Carducci et al., 2013; Pinter et al, 2001). Nevertheless, white matter
alterations and their functional significance have not been fully characterized
using FA measurements. There is one previous study indicating that white matter
in adult Down syndrome is abnormal in terms of FA, particularly when dementia
is clinically evident (Powell et al., 2014). Nevertheless, the number of Down
syndrome patients without dementia was small in this study (n=10) and the
study design did not allow a distinction between the effect of aging and pre-
existing changes. It is not currently evident whether the neurodegenerative effect
on white matter structure is detectable before dementia is expressed. If this were
indeed the case, age-related FA changes could serve as early markers of
neurodegeneration, which could be of high practical interest given the difficulty
in identifying the cognitive deficits related to dementia in a population with
significant baseline alteration in cognition (Wiseman et al., 2015; Ballard et al,,
2016).

The aims of this study were both to characterize white matter abnormalities in
the brain of adult non-demented Down syndrome patients using DTI and to
investigate whether degenerative changes in white matter structure are
detectable before dementia becomes clinically evident. We predicted that Down
syndrome patients would exhibit both widespread FA reduction in white matter
and an accelerated aging effect, and that the alteration would be associated with
poorer cognitive performance.

4.4.2 Methods
Participants

Sixty-eight Down syndrome patients were initially recruited in the study.
Candidates were recruited from the community via parent organizations and
underwent comprehensive medical, psychiatric, neuropsychological and
laboratory evaluation. Individuals with seizure or neurological disease (other
than Down syndrome) and non-stable medical conditions were not considered
eligible. Participants were selected on the basis of age (18 y.o. upwards), Down
syndrome confirmed by karyotype, capability to understand MRI instructions,
follow commands and keep still, and also optimal attitude and willingness
(patients and parents) to participate. Five patients did not complete the image
acquisition protocol and a further 18 subjects were ultimately excluded due to
head motion during MRI (see below).The final sample, therefore, included 45
relatively high-functioning Down syndrome patients (29 females, 16 males) with
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genotype-confirmed trisomy 21 and a mean * SD age of 35.3 + 10.8 years, range
18-52 (Table 9). The included and excluded patient subgroups did not
significantly differ as to age, performance IQ, semantic fluency and working
memory. Excluded patients, however, were predominantly males (6 females, 17
males).

A control group of 45 healthy volunteers were selected matched for age with the
patient sample (34.6 * 10.0 years, range 19-51) and showing similar sex
distribution (Table 9). Participants were either friends or family of subjects
participating in the current and other studies, or were recruited from local
advertisements. A complete medical interview was carried out to exclude
individuals with relevant medical or neurological disorders, cerebrovascular risk
factors, substance abuse, psychiatric disease or undergoing medical treatment. In
all included control subjects the brain showed a normal appearance on high
resolution anatomical MRI scans.

This study was conducted according to the principles expressed in the
Declaration of Helsinki. Anxiolytics were not administered in this study. The
study protocol was approved by the Clinical Research Ethical Committee of the
Parc de Salut Mar of Barcelona. Written informed consent was obtained from
parents and control subjects. Verbal or written assent was additionally obtained
from Down syndrome patients.

Cognitive Testing

Selected cognitive assessment in all Down syndrome patients included
Performance 1Q estimated with the Kaufman Brief Intelligent Test, Second
Edition (K-BIT) (Kaufman et al, 2004) matrices subtest as a general cognitive
assessment, the Wechsler Adult Intelligence Scale (WAIS) backward digit span
task as one of conventional measurements of working memory (Lanfranchi et al.,
2009), and semantic fluency as a sensitive measurement of verbal output (Del
Hoyo et al., 2015).

Additionally, each patient underwent comprehensive neurological and
psychiatric history and subsequent tailored neuropsychological testing to
clinically rule out the presence of dementia (and mild cognitive impairment- MCI)
in terms of cognitive deterioration overlapping with developmental cognitive
deficits associated with Down syndrome. Clinical diagnosis (or exclusion) of
dementia in Down syndrome by experienced clinicians is recommended as being
more accurate and reliable than operative diagnostic tools at a relatively early
stage of the disease (Sheehan et al, 2015). Nevertheless, apart from expert
clinical diagnosis (by SE and SdS), no patient met International Classification of
Diseases (ICD)-10 (World Health Organisation, 1992) or Diagnostic and
Statistical Manual of Mental Disorder-IV-Text Revision (DSM-IV-TR) (American
Psychiatric Association, 2000) criteria for dementia. A total of 3 patients,
however, did meet criteria for mild MCI (Petersen et al., 2011), adapted to adults
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with intellectual disability (Krinsky-McHale et al., 2013). The clinical diagnosis of
MCI in these 3 cases was established by an experienced neuropsychologist (SEC)
on the basis of (i) a report of cognitive impairment by the patient (confirmed by a
reliable informant) or by a reliable informant that implies a change from previous
capacities, (ii) abnormal performance in the corresponding neuropsychological
testing and (iii) no clinically relevant decline in overall adaptive skills and
insufficient ICD-10 and DSM-IV-TR criteria for dementia.

Table 9. Characteristics of study participants.

Down Syndrome Healthy Controls
Age (mean, SD years)? 35.3(10.8) 34.6 (10.0)
Gender (men / women) 16/29 19/26
Medical Background (%)
Cardiovascular 28% -
Respiratory 24.4% -
Metabolic /Endocrine 46.7% -
Ophthalmological 66.7% -
Otorhinolaryngological 6.7% -
Disability Lebels (%)PSM-IV-TR
Mild 57.8% -
Moderate 42.2% -
Severe 0% -
Profound 0% -
Knowledge (%)
[lliterate 51.1% -
Read / Write 48.9% -
Years of Schooling (mean, SD years) 9.3(3.9) -
Neuropsychological Assessment:
Performance 1Q, K-IT (mean, SD)® 60.5 (8.0) -
Semantic Fluency (mean, SD)¢ 9.8 (3.4) -
Digit Span Test (mean, SD)¢
Forward Span 2.7 (1.2) -
Backward Span 1.2 (1.1) -
Forward Score 3.3(1.5) -
Backward Score 1.2 (1.2) -
Total Score 4.5 (2.3) -

Key: SD, standard deviation.

Between-group differences for age were not significant (p=0.76).
K-BIT, Kaufman Brief Intelligent Test (2nd edition); matrices test.
Semantic fluency, animals in 1 minute.

Digit span, verbal short-term memory test.

[

a

MRI Acquisition
A 1.5 Tesla Signa Excite System (General Electric, Milwaukee, WI, USA) equipped

with an eight-channel phased-array head coil and single-shot echoplanar imaging
(EPI) software was used. Diffusion-weighted scans were obtained using spin-
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echo single-shot echo-planar sequences of 25 directions with a B-factor of 1000
s/mm2. Acquisition parameters were repetition time 8300 ms; echo time 94 ms;
thickness 5 mm, no gap; pulse angle 90° field of view 26 cm; 128 x 128
acquisition matrix reconstructed into a 256 x 256 matrix, and scan duration was
3 m 52 s. Twenty-six slices were prescribed parallel to the anterior-posterior
commissure line covering the whole brain. Participants were instructed to relax,
stay awake and lie still.

Image Preprocessing

DTI was processed using Functional MRI of the Brain (FMRIB) Software Library
5.0 (FSL), developed by the Analysis Group at the Oxford Centre for FMRIB
(Smith et al.,, 2004). Diffusion-weighted images were aligned to the BO image
using affine registration and corrected for motion and eddy current distortions
(“Eddy Current Correction” option in the FMRIB Diffusion Toolbox [FDT] version
2.0 in FSL). A whole-brain mask, generated with the FSL Brain Extracting Tool,
was applied to the DTI images. Subsequently, we estimated fractional anisotropy
(FA) maps using FDT in FSL by local fitting of the diffusion tensor model at each
voxel (“dtifit”). FA maps were then aligned to a common target (FMRIB58_FA
template) using Tract-Based Spatial Statistics (Smith et al., 2006), re-sliced to a
Imm x 1mm x 1 mm anatomical resolution and normalized to standard MNI
space via the FMRIB58_FA template using the FMRIB’s Non-linear Registration
Tool. All the images were visually inspected by a trained researcher before and
after the preprocessing steps to avoid the inclusion of poor-quality images. An
additional rigorous image quality control was carried out to identify potential
effects of head motion on raw images, which involved the visual inspection of
each DTI slice for all 25 DTI volumes in all participants. The effect of motion can
generally be observed as signal loss in the whole or a part of one slice compared
with the other slices. Volumes with slices showing signal loss (greater than ~
10% compared with slices normal in signal and measured using the conventional
MRIcron display tool) or residual artifacts were identified by an expert
researcher. DTI full examinations showing more than 5 degraded volumes were
discarded. A total of 18 participants were removed from the DTI analysis on the
basis of this criterion (in addition to 5 cases showing gross image degradation).
The final DTI sample involved 45 patients with a mean * SD of 23.0 (92%) + 1.6
optimal-quality volumes.

After the full pre-processing, FA maps were transferred to the SPM8 platform and
smoothed with an 8 mm Gaussian Kernel to carry out group statistical analyses.

Statistical Analyses

Individual FA maps were included in second-level (group) SPM analyses using 2-
sample t-test between the 45 Down syndrome patients and 45 healthy controls.
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Voxel-wise analyses in SPM were also performed to map the correlation between
age and whole-brain FA measurements in both groups. Finally, voxel-wise
analyses were performed to map the correlation between individual ratings in
the selected cognitive tests and FA measurements in the Down syndrome group.
Results were considered significant with clusters of 1.032 ml (1,032 voxels) at a
height threshold of p<0.005, which satisfied the family-wise error (FWE) rate
correction of PFWE< 0.05 according to Monte Carlo simulations (Pujol et al,,
2014c).

4.4.3 Results

Fractional Anisotropy Differences between Down Syndrome and Control
Subjects

Down syndrome patients showed a widespread white matter FA reduction
compared with healthy controls involving parts of the frontal lobes, semioval
centers, corpus callosum, external capsule, internal capsule, putamen, thalamus,
pyramidal tracts and brainstem (Table 10).Therefore, the major brain pathways
were affected, although the alterations were more severe in the frontal-
subcortical circuits (Fig. 19). For example, 21 out of 25 sub-clusters showing the
largest between-group differences (t > 5) involved the frontal-subcortical circuits
and only 4 did not (x* = 11.5, p< 0.001). In the opposite contrast, a region of
significantly larger FA was found in Down syndrome at the temporo-parietal
junction (Fig. 19).

Correlations with Cognitive Performance in Down Syndrome

No significant correlations were found between FA measurements and both
performance 1Q (K-BIT matrices) and working memory scores (WAIS digit span).
By contrast, FA showed significant positive correlation with semantic fluency
(i.e., lower FA values, poorer performance) in a variety of regions involving the
frontal lobes, corpus callosum, semioval centers, arcuate fasciculus, caudate
nucleus, external capsule, thalamus and hippocampus (Fig. 20 and Table 10).

Age-Related Effect on Fractional Anisotropy

In both groups, FA decreased as a function of age. Healthy controls showed FA
age-related changes in the frontal lobes, corpus callosum, basal ganglia (caudate),
thalamus, semioval centers, and pyramidal tracts (Fig. 21 and Table 10). In Down
syndrome, significant correlations with age were found in the frontal lobes, left
arcuate fasciculus, right external capsule and hypothalamus (Fig. 21 and Table
10). We found no significant between-group differences relating to the strength
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of the correlations (i.e., no significant correlation interaction), which is illustrated
in Fig. 22.

4.4.4 Discussion

Our results indicate that white matter in Down syndrome patients showed
generally lower FA compared with healthy participants. The most affected
structures were the frontal lobes, subcortical white matter and some parts of the
brainstem. Lower FA in Down syndrome was associated with poorer semantic
fluency, which illustrates a degree of correspondence between white matter
integrity and performance in patients. White matter FA did indeed decrease with
age in both study groups, but we did not find the expected accelerated age effect
in the Down syndrome group.

Down Syndrome < Control Subjects

Figure 19. Fractional anisotropy (FA) differences between Down syndrome and control subjects.
Down syndrome patients showed a general pattern of lower FA in white matter, although the
changes were more severe in the frontal-subcortical circuits (TOP). By contrast, regions with
significantly higher FA in Down syndrome patients than controls were limited to the temporo-
parietal junction (BOTTOM). The right hemisphere corresponds to the right side of axial and
coronal images.
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FA is a tissue measurement primarily independent of tissue volume that may
generally express the extent to which an anatomical structure is composed of
white matter tracts showing one dominant direction. In brain regions containing
tracts with a single direction, FA increases as a result of brain maturation (Jones
et al,, 2013; Douaud et al.,, 2011). In this context, our results indicate that Down
syndrome subjects have a less developed white matter structure than controls in
many white matter tracts. This is a remarkable finding due to the few studies
based on DTI in non-demented Down syndrome patients. Our results are
consistent with studies of brain anatomy showing generally reduced white
matter volumes in Down syndrome compared with healthy controls (Weis et al.,
1991; White et al, 2003). However, our data may further contribute to
characterizing white matter alterations in Down syndrome in that they would
indicate that the changes are not limited to general volume reductions, but may
also implicate a less developed structural connectivity pattern.

Although FA abnormalities involved the major brain pathways, the frontal-
subcortical circuits showed more severe alterations. As a general trend, the
results are consistent with the profile of cognitive deficits in Down syndrome
typically progressing with deep impairment in language production and
executive functions, which are cognitive domains notably dependent on the
frontal lobes (Chapman et al., 2000; Lott et al., 2010; Grieco et al., 2015).

We also observed that Down syndrome individuals showed higher FA at the
temporo-parietal junction. This observation is partly consistent with studies
reporting relatively larger white matter volume in temporal and parietal regions
(White et al,, 2003; Carducci et al., 2013; Pinter et al., 2001), which may reflect a
particular abnormality in white matter maturation. Indeed, in complex structures
with tracts crossing in different directions (as in the temporo-parietal junction),
higher FA may paradoxically denote less mature or less structured tissue (Jones
et al, 2013; Douaud et al,, 2011). The multimodal temporo-parietal junction is
certainly a complex area in terms of white matter connectivity. In Down
syndrome, the pattern of connectivity would seem to be incomplete at this level.
This event appears in parallel with a more general FA reduction in several other
brain structures. In this general effect, the alteration may denote poor
development of white matter pathways showing a predominant direction or a
simpler structure.

A relevant problem in evaluating cognitive abilities in Down syndrome is the
notable lack of consistency and reproducibility of ratings in some
neuropsychological tests (Silverman et al., 2010). We used the K-BIT matrices
subtest to estimate general intelligence, the digit span to evaluate working
memory and semantic verbal fluency to test verbal output. Only verbal fluency
was associated with FA alterations in Down syndrome in a rather general
manner, thus indicating a certain parallelism between the identified pattern of
white matter alterations and cognitive performance. Nevertheless, we failed to
find similar associations with performance 1Q and working memory. We now, a
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posteriori, consider that these tests are not perhaps the most suitable to reliably
predict brain alterations in Down syndrome. The development of more specific
and sensitive tools to evaluate cognition in Down syndrome, as recently proposed
(De Sola et al., 2015), could be helpful in future studies.

Semantic Fluency

Figure 20. Significant positive correlation between semantic fluency and fractional anisotropy (FA)
measurements in the direction of lower FA values, the poorer performance. The right hemisphere
corresponds to the right side of the images.

Our study did not find significant between-group differences in age-related white
matter changes. That is to say, although both groups suffered a variation of white
matter structure with age, there were no between-group differences. In our
Down syndrome group, none of the participants were diagnosed with
Alzheimer’s disease and only 3 patients had MCI according to clinical criteria.
Therefore, we were unable to demonstrate the anticipated premature aging
effects on white matter using FA measurements, which contrast with positive
findings in studies on familial Alzheimer’s disease (summarized in a recent report
(Sanchez-Valle et al., 2016). This brings us to the conclusion that DTI FA
measurements are perhaps not sufficiently sensitive to capture brain pathology
related to the acceleration of aging in subclinical populations. Alternatively, age-
related white matter neurodegeneration may be a later event, which is not
obvious prior to overt clinical dementia. In the study by Powell et al. (Powell et
al,, 2014), FA alterations were indeed more evident when dementia was clinically
evident in Down syndrome patients.

It is important to mention, however, that the identified FA decrease with age in
the control group is not the expression of the white matter structure involution
or degeneration occurring in the senile brain (also expressed in the form of
additional FA decrease (Madden et al., 2012), as age in the control group showed
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a mean of 34.6 years and range 19-51 years. Age-related FA changes may better
reflect the normal active evolution of white matter tracts in the adult brain. Our
findings are consistent with previous studies in normal populations showing FA
peaks from early 20s to late 30s and subsequent subtle FA decreases starting
around mid-adulthood with notably different timings across different tracts (Yap
et al,, 2013). FA studies in normal populations further emphasize early proposals
that white matter remodeling is a biological process active over the entire
lifespan (Yakovlev et al., 1961; Pujol et al., 1993).

Age effect - Control Subjects

Figure 21. Age-related effect on fractional anisotropy (FA). FA decreased as a function of age in
both control subjects and Down syndrome patients. No significant between-group differences were
identified.

One challenge in the assessment of DTI is the control of head-motion effects on
the measurement, which may be relevant in low-performance populations. We
have considered this issue carefully and adopted several means to rigorously
control such effects. We decided to exclude cases with detectable image
degradation, as no correction procedure is wholly efficient once the images have
been acquired. The regular use of MRI practice sessions with mock scanners may
minimize the problem in future studies. A post-hoc analysis on DTI using less
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rigorous exclusion criteria (n=54) showed similar but weakened DTI results,
indicating that the data obtained in the more selective sample (n=45) was most
probably not due to motion effects. Although accurate control of head motion
effects may be strength of the study, it is important to mention that strict
participant selection is also a limitation. In this context, our findings cannot
generalize to all Down syndrome population, but conclusions should be limited to
relatively highly performing individuals. A final limitation relates to using a 1.5-T
system, as opposed to a 3-T system with higher MRI signal.

0.35

0.30

Fractional Anisotropy- Right Frontal Lobe

0.20

20 30 40 50
Age (years)

Figure 22. Correlation between age and FA at the right frontal lobe. Down syndrome patient data
are represented by the dashed line and open circles, and control subject data by solid line and solid
circles.

4.4.5 Conclusions

Results from our imaging approach indicate that the brain in relatively high-
functioning Down syndrome patients shows generally lower FA, suggesting
underdevelopment of white matter tracts. The altered white matter structure
was associated with poorer performance at neuropsychological assessment.
Finally, age-related reduction of FA did not significantly differ between the
control group and our non-demented Down syndrome patients. Probably, the
adopted DTI approach was not sufficiently sensitive to detect alterations related
to the dementia process in subclinical stages of Alzheimer-like pathology. Further
studies should focus on the temporal evolution of white matter structure
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involution and the development of dementia in Down syndrome adults and
provide biomarkers for detecting early signs of premature aging.
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Table 10. Diffusion Tensor Imaging (DTI) fractional anisotropy (FA) results.

Cluster Xyz t(r) t*(r)
size, ml
Down < Controls
R semioval center 354.0%* 18 -7 53 6.3 5.9
L semioval center * -13 2 51 6.1 5.7
R frontal lobe * 20 45 15 7.9 7.5
L frontal lobe * -19 47 13 8.2 7.8
Corpus callosum * 430 -3 4.3 4.0
R putamen * 24 13 16 7.4 7.0
L putamen * -21 11 17 8.0 7.7
R thalamus * 10 -9 17 7.2 7.0
L thalamus * -11 -11 18 8.4 8.3
R pyramidal tract * 19 -18 -7 7.9 7.4
L pyramidal tract * -19 22 -6 9.2 8.7
Brainstem * 1-32 -23 8.3 7.8
Down > Controls
Temporo-parietal junction 6.7 37 -42 12 5.9 5.9
FA correlation - Semantic
fluency in DS
R frontal lobe 148.7* 27 48 4 4.4(0.6) 4.2 (0.6)
L frontal lobe * -14 24 33 4.9 (0.6) 4.6 (0.5)
Corpus callosum * 13 273 3.3(0.5) 3.3(0.5)
e D Brmoombm 09
: * -11 -2 43 4.5 (0.6) 4.3 (0.6)
L arcuate fasciculus * -30 13 14 5.4 (0.6 5.2 (0.6)
R caudate nuclleus * 13 27 3 3.3(0.5) 3.3(0.5)
E g;:efii;el ?;‘Ssi‘fi * -19 20 18 4.4 (0.6) 4.5 (0.6)
* 351 -2 4.4 (0.6) 4.2 (0.6)
L external capsule * -30 13 14 5.3 (0.6) 5.2 (0.6)
R thalamus * 8 -23 8 3.4 (0.5) 3.8(0.5)
L thalamus * -3-21 10 4.0 (0.5) 4.0 (0.5)
FA correlation - Age in healthy
controls
R frontal lob
L from lope 704.1* 24 48 7 42(-04)  4.2(-0.4)
Corpus callosum * -15 46 12 4.4 (-0.4) 4.4 (-0.4)
Thalamus * 5 30 4 4.0 (-0.4) 4.0 (-0.4)
R pyramidal tract . 1-207 3.8 (-0.4) 3.7 (-0.4)
L pyramidal tract * 13 -20 -25 4.0 (-0.4) 4.0 (-0.4)
* -15 -26 -13 3.5 (-0.4) 3.5 (-0,4)
FA correlation - Age in DS
patients
E fro“t‘il l;’be. | 4.0 19 42 17 3.8 (-0.4) 3.3(-03)
B e 2.4 -31 6 30 3.5 (-0.4) 3.2 (-03)
H eofhalzniils)srl; eion 55 3511 -2 3.0(-03) 3.0(-03)
yp 8 1.9 06 -2 3.4 (-0.3) 3.4 (-0.4)

Key; DS, Down Syndrome; * Same cluster; t*, without 3 patients with mild cognitive impairment-MCL. x y z
coordinates given in Montreal Neurological Institute (MNI) space. Statistics at corrected threshold Prwe< 0.05
according to Monte Carlo simulations.
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Abstract

Objective: We longitudinally assessed Down syndrome individuals at the age of risk to
develop dementia to measure changes in brain anatomy and their relationship to cognitive
impairment progression. Methods: Forty-two Down syndrome individuals were initially
included, of whom 27 (mean age 46.8 years) were evaluable on the basis of finishing the 2-
year follow-up and success in obtaining good quality MRI exams. Voxel-based morphometry
was used to estimate regional brain volumes at baseline and follow-up 3D anatomical
images. Longitudinal volume changes for the group and their relationship with change in
general cognitive status and change in specific cognitive domains were mapped. Results: As
a group, significant volume reduction was identified in the substantia innominata region of
the basal forebrain, hippocampus, lateral temporal cortex and left arcuate fasciculus.
Volume reduction in the substantia innominata and hippocampus was more prominent in
individuals that changed the clinical status from cognitively stable to mild cognitive
impairment or dementia during the follow-up. Of relevance, longitudinal memory score
change was specifically associated with volume change in the hippocampus, prospective
memory with prefrontal lobe and verbal comprehension with language-related brain areas.
Conclusions: Results are notably concordant with the well-established anatomical changes
signaling the progression to dementia in Alzheimer’s disease, despite dense baseline
pathology that developmentally accumulates in Down syndrome. This communality
supports the potential value of Down syndrome as genetic model of Alzheimer’s
neurodegeneration and may serve to further claim that Down syndrome patients are full
candidates to benefit from treatment research in Alzheimer’s disease.
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4.5.1 Introduction

Down syndrome (DS) or chromosome 21 trisomy is the most common genetic
cause of intellectual disability (Ballard et al., 2016). In addition to interference
with brain development, aging is also disturbed in DS with an early presence of
neurodegenerative changes (in virtually all DS individuals from 40 years of age)
and clinical dementia in up to 70% of cases by the age of 60 (Dekker et al., 2015;
Wiseman et al,, 2015). The brain in older DS individuals displays many of the
neuropathological features found in Alzheimer’s disease (Head et al., 2016). This
communality is of capital importance as it indicates a direct link between a
genetic anomaly and neurodegeneration that may potentially contribute to
elucidate the pathogenesis of Alzheimer’s disease (Wiseman et al., 2015).

Previous neuroimaging research is prominent in indicating that demented DS
patients indeed show brain alterations in systems with typical degeneration in
Alzheimer’s disease (Emerson et al., 1995; Teipel and Hampel, 2006; Haier et al.,
2008; Beacher et al., 2009; Powell et al., 2014; Sabbagh et al., 2015; Rafii et al,,
2015; Lin et al,, 2016). Nevertheless, existing cross-sectional studies are still not
conclusive in distinguishing baseline DS dense brain pathology established
during brain development from ongoing degenerative changes at time of
progression to dementia. We present a longitudinal study on DS patients at the
age of risk to develop dementia aimed at measuring changes in brain anatomy
and their relationship to cognitive deterioration.

4.5.2 Methods
Participants

Forty-two DS individuals were initially included in the study. Candidates were
recruited from the community via parent organizations and were selected on the
basis of age (40 years old upwards), DS confirmed by karyotype, capability to
understand and follow MRI instructions, and also optimal attitude and
willingness (participants and parents) to participate. Individuals with non-stable
medical conditions were not considered eligible. Eight participants were
excluded due to head motion during baseline MRI, 3 participants were lost in the
follow-up and 4 more were excluded due to head motion during follow-up MRI.
The final evaluable sample for MRI analysis included 27 relatively high-
functioning DS individuals (15 females, 12 males) with genotype-confirmed
trisomy 21 and a mean * SD age of 46.8 * 5.6 years, range 40-63 years (Table 11).
The included and excluded participant subgroups did not significantly differ as to
age, sex distribution, performance I1Q and specific neuropsychological testing.
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This study was conducted according to the principles expressed in the
Declaration of Helsinki. The study protocol was approved by the Clinical
Research Ethical Committee of the Parc de Salut Mar of Barcelona. Written
informed consent was obtained from parents. Verbal or written assent was
additionally obtained from Down syndrome individuals.

Table 11. Characteristics of study participants and cognitive testing.

Primary Sample (n=42) Final Sample (n=27)
Age (mean, SD years)® 46.0 (5.3) 46.8 (5.6)
Gender (men / women) 21/21 12/15
Medical Background (%)

Cardiovascular 28.6% 37.0%

Respiratory 11.9% 11.1%

Metabolic /Endocrine 57.1% 48.1%

Ophthalmological 71.4% 70.4%

Otorhinolaryngological 4.8% 7.4%
Disability Lebels (%) PSM-IV-TR

Mild 33.3% 29.6%

Moderate 66.7% 70.4%

Severe 0% 0%

Profound 0% 0%
Performance 1Q, K-IT (mean, SD)? 59.3(9.2) 60.7 (9.0)
Knowledge (%)

Illiterate 33.3% 29.6%

Read/Write 66.7% 70.4%

Primary Sample (n=42) Final Sample (n=27)
Cognitive Testing (mean, SD) Baseline Follow-up Baseline Follow-up
Memory-Word List Learning 24.3 (7.7) 25.8(8.8) 25.7 (7.2) 25.8 (8.5)
Verbal Comprehension 8.9 (2.4) 9.2 (2.4) 9.0 (2.6) 9.2 (2.0)
Block Construction 6.2 (2.3) 5.2 (1.9)* 6.1(2.3) 5.2 (1.9)*
Object Recognition 3.3(1.5) 3.8(1.3) 3.2(1.3) 3.8(1.2)
Prospective Memory 3.0 (1.4) 2.6 (1.9) 3.2 (1.4) 2.7 (1.7)

SD, standard deviation. aK-BIT, Kaufman Brief Intelligent Test (2nd edition); matrices test.
*significant score reduction at p< 0.01.

Clinical Assessment

Each participant underwent comprehensive medical, neurological and
psychiatric history and subsequent tailored neuropsychological testing to
clinically establish (or rule out) the diagnoses of mild cognitive impairment (MCI)
and dementia in terms of cognitive deterioration overlapping with
developmental cognitive deficits associated with DS. The diagnosis of MCI and
dementia was based on expert clinical judgment as it is recommended in DS
(Sheehan et al. 2015; Krinsky-McHale and Silverman, 2013). Operatively, a
diagnosis of MCI was established on the basis of (i) a report of cognitive
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impairment by the patient (confirmed by a reliable informant) or by a reliable
informant that implies a change from previous capacities, (ii) abnormal
performance in the corresponding neuropsychological testing and (iii) no
clinically relevant deterioration in adaptive skills and general cognition (Fenoll et
al, 2017). The diagnosis of dementia was established when the patient met MCI
criteria (i) and (ii), and (ii) showed perceptible worsening in adaptive skills in
association with memory impairment and at least one of the following: aphasia,
apraxia, agnosia or disturbance in executive functioning. At baseline, 2 DS
individuals met MCI criteria and no one for dementia.

Specific Neuropsychological Testing

To establish the correlation between regional brain volume changes over time
and cognitive decline, one neuropsychological test was selected for each major
Alzheimer’s disease domain: memory impairment, aphasia, apraxia, agnosia and
disturbance in executive functioning:

Memory. A version of the Rey Auditory-Verbal Learning Test (Geffen et al., 1990)
adapted for people with intellectual disability (Esteba-Castillo et al., 2017) was
used. The test measures learning, delayed recall and recognition. Only
performance on learning was used. Participants were read a list of 12 words and
were asked to evoke as many words as they could remember. The same list was
repeated over five trials. Word list learning over trials was measured as sum of
recalled words on trials 1 to 5.

Verbal Comprehension - Verbal Abstract Reasoning. This test combines an
adapted version of the conventional “similarities” subtest (4 items) used in many
intelligence batteries (participants are given two words or concepts and have to
describe how they are similar) with comprehension of verbal sentences (5 items)
reflecting different social situations (Esteba-Castillo et al., 2017). Each response
was rated as 0 (incorrect), 1 (partial) or 2 (correct) with total maximum scoring
of 18.

3D Block Construction. As a measurement of constructional apraxia, we used a
variation of the cubes subtest of the Developmental Neuropsychological
Assessment-NEPSY battery (Korkman et al, 1998) adapted for people with
intellectual disability (Esteba-Castillo et al., 2017). The participant used hand
movements to construct 3D block patterns with methacrylate cubes to match a
model. A total of 10 models were consecutively presented and scores of 1 were
given for each correct construction (maximum score, 10).

Object Recognition. The recognition of objects (unusual views) subtest of the
Cambridge Examination for Mental Disorders of Older People with Down's
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syndrome and Others with Intellectual Disabilities-CAMDEX-DS (Ball et al., 2006)
validated for Spanish population was used (Esteba-Castillo et al., 2013). The test
involves the recognition of objects (6 items) on pictures taken from unusual
angles. The number of correct answers was registered.

Prospective Memory. This task requires the interaction of executive and
mnemonic components to remember intentions (Fish et al., 2010). We used two
prospective memory items of the Rivermead Behavioral Memory Test (RBMT)
(Wilson et al,, 1985) adapted for people with intellectual disability (Esteba-
Castillo et al., 2017). In the first situation, the participant had to remember, after
a delay of 20 m with interference, to ask for setting the next hospital appointment
at the moment the explorer gives a cue. In the second situation, the participant
had to claim a previously hidden object also after a given cue. Scores are lower
when the number of cues given in each situation is higher (i.e., higher scores
indicates better performance). The sum of scores from both situations was used.

MRI acquisition

A 1.5-Tesla Signa Excite system (General Electric, Milwaukee, WI) equipped with
an eight-channel phased array head coil and single-shot echoplanar imaging
(EPI) software was used. High-resolution 3D anatomical images were obtained
using an axial T1-weighted three-dimensional fast spoiled gradient inversion
recovery prepared sequence. A total of 134 contiguous slices were acquired with
inversion time 400 ms, repetition time 11.9 msec, echo time 4.2 msec, flip angle
15°, field of view 30 cm, 256 x 256 pixel matrix, and slice thickness 1.2 mm. Each
participant received an MRI practice session with a specifically designed mock
scanner to allow habituation and minimize the probability of head motion during
actual MRI sessions.

Image Pre-Processing

All the anatomical images were visually inspected before analysis by a trained
operator to detect artefacts and any motion effect. Eight participants were
discarded at baseline and 4 at follow-up as a result of poor image quality. Gray
and white matter tissue volumes were estimated at a voxel level using Statistical
Parametric Mapping (SPM). SPM voxel-based morphometry (VBM) DARTEL
algorithms were used with the following processing steps: segmentation of
anatomical images into gray and white matter tissue probability maps in their
native space; estimation of the deformations that best align the images together
by iteratively registering the segmented images with their average; finally,
generating spatially normalized and smoothed segmentations (10x10x10 mm
FWHM) using the deformations estimated in the previous step. The analyses
were performed with scaling by Jacobian determinants (estimates of volume
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change during the normalization) to consider tissue volume. Normalized images
were finally transformed to the standard SPM template, re-sliced to 1.5 mm
resolution in Montreal Neurological Institute (MNI) space.

Image Analysis

As in a previous longitudinal assessment of brain volume changes over time
(Soriano-Mas et al,, 2011), we generated difference images (baseline voxel values
minus follow-up voxel values) for both gray matter and white matter segments
that served to map regional volume change in the whole sample (using one-
sample t-test) and to compare the degree of anatomical change between
individuals with and without cognitive deterioration during follow-up (using
two-sample t-test). In addition, we estimated voxel-wise the correlations
between volumetric longitudinal changes (i.e., the generated difference images)
and cognitive longitudinal changes (baseline cognitive scores minus follow-up
cognitive scores) using linear regression in SPM.

Results were considered significant with clusters of 1,701 ml (504 voxels) at a
height threshold of P < 0.005, which satisfied the FWE (family wise error) rate
correction of Prwe< 0.05 according to Monte Carlo simulations. Results below this
threshold are also reported (FWE small volume corrected) for the hippocampus,
which is a primary interest anatomical structure with a narrow section diameter.

4.5.3 Results
Behavioral Results

Study follow-up had mean duration of 23 months (SD, 2 months). Five
participants changed their clinical status from cognitively stable to MCI and 2
more from cognitively stable to dementia. Therefore, 26% of cases (n=7) in our
sample showed clinical evidence of cognitive impairment progression in a period
of approximately 2 years. In the whole group, score change for the selected
cognitive tests was not significant, except for constructional apraxia assessment
with Block Construction (Table 11).

Imaging Results

Significant gray matter volume reduction over time in the whole DS sample was
identified in a region located at the basal forebrain and ventral aspect of the basal
ganglia involving the substantia innominata, in the right orbitofrontal cortex and
in the lateral aspect of the right temporal lobe (Fig. 23 and Table 12). Changes in
the homologous temporal lobe region in the left hemisphere were not significant,
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although volume reduction was present at a lower cluster size threshold (Table
12). Significant white matter volume reduction was identified in a region
implicating the right hippocampus and in the left arcuate fasciculus (Fig. 23 and
Table 12).

DS individuals with cognitive impairment progression showed significant gray
matter volume reduction compared with the remaining sample also in the region
of the substantia innominata, and in the left hippocampus (Fig. 24 and Table 12).
Although less extensive, volume reduction in the substantia innominate region
notably overlapped with changes in the whole sample. Figure 1 shows a box-plot
of volume reduction in individuals with and without cognitive impairment
progression at the brain coordinate showing the largest (peak) volume reduction
in the whole sample.

In the analysis of correlations between anatomical and cognitive longitudinal
change, the following results were observed: a correlation between memory
score reduction and gray matter volume reduction in a small portion of the left
hippocampus and amygdala. A correlation between verbal comprehension score
reduction and gray matter volume reduction within the Wernicke area (and
related auditory cortex) and volume reduction in part of the left arcuate
fasciculus. A correlation between prospective memory score reduction and both
gray and white matter volume reduction in an extensive portion of the prefrontal
lobe bilaterally, bilateral gray matter volume reduction in the paracentral lobule,
and bilateral white matter volume reduction involving inferior temporal cortex
and the hippocampus (Fig. 25 and Table 12).

All these associations were observed in the expected positive direction (i.e.,
tissue volume reduction in parallel with cognitive score reduction). In addition,
the analysis generated two results in the opposite direction involving a negative
correlation between memory score change and volume change in the right
thalamus, and between object recognition score change and volume change in
white matter adjacent to the left caudate nucleus (Table 12).

4.5.4 Discussion

Despite challenges inherent to longitudinal assessments particularly in
individuals with a degree of intellectual disability, our study shows that
identifying brain anatomical changes that precede dementia in DS is feasible.
Significant volume reduction after two years was identified in the substantia
innominata region of the basal forebrain, the hippocampus, lateral temporal
cortex and left arcuate fasciculus. Volume reduction in the substantia innominata
and hippocampus was more prominent in the individuals showing variation in
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their general cognitive status during this period. Score change in different
cognitive domains correlated with anatomical changes in specific brain systems.
Of relevance were the associations of longitudinal change in the domain of
memory with hippocampus, prospective memory with the prefrontal lobe and
verbal comprehension with language-related brain areas.

Gray Matter reduction- Substantia Innominata

T
no yes

Cognitive Impairment Progression

Figure 23. Significant gray matter (top images) and white matter (bottom images) volume
reduction over time in the whole DS sample. The box-plot corresponds to volume reduction
(arbitrary units) for individuals with and without changes in their cognitive status at the brain
coordinates showing the greatest (peak) volume reduction in the whole sample. The right side of
coronal views corresponds to the right hemisphere. The sagittal image at the figure top
corresponds to the right hemisphere and the sagittal image at the figure bottom to the left
hemisphere.

Neurons of the cholinergic basal forebrain show neurofibrillary tangles in the
earliest and presymptomatic stages of Alzheimer’s disease (Theofilas et al., 2015;
Mesulam et al, 2004: Mesulam 2013), and both neurofibrillary tangle
accumulation and neuronal loss are parallel to the cognitive decline (Mesulam et
al,, 2004; Liu et al,, 2015). The nucleus basalis of Meynert is the major element of
the cholinergic complex located at the region of the substantia innominata below
the anterior commissure and basal ganglia (Liu et al., 2015). In young persons
with DS, the nucleus basalis contains fewer neurons than controls and the
difference may accentuate in older individuals (Casanova et al., 1985, Mann et al.,
1984) in whom developmental and degenerative changes are combined. In our
study, we have established a direct link between basal forebrain volume
reduction and cognitive decline in the early stages of dementia in DS. So, basal
forebrain degeneration may appear to be a marker of progression to dementia
also in DS.
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Figure 24. Regions showing significant gray matter volume reduction in DS individuals with
clinical evidence of cognitive impairment progression compared with the remaining sample. The
right side of coronal views corresponds to the right hemisphere.

Hippocampal volumetry is one of the most validated, accessible and widely used
biomarkers in Alzheimer’s disease, capable to reliably predict time-to-
progression from mild cognitive impairment to Alzheimer’s dementia (Mak et al.,
2016; Jack et al,, 2010). In cross-sectional studies, the hippocampus volume is
consistently smaller in young DS individuals compared with control subjects.
However, volume alteration again is more important in older and demented
individuals superimposed to the developmental deficiency (Teipel and Hampel,
2006; Aylward et al. 1999; Beacher et al,, 2009; Krasuski et al., 2002). Our results
indicate that longitudinal assessment of hippocampal volume in DS may
sufficiently distinguish the degenerative component from baseline alterations.
We are aware of only one longitudinal assessment of brain volumetry published
in DS, which precisely focused on the hippocampus. In the follow-up study by
Aylward et al. (1999), changes in hippocampus volume over time were not
statistically significant for either demented (n= 6) or non-demented (n= 13) DS
subjects probably due to the small sample size.
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Figure 25. Correlations between anatomical and cognitive longitudinal changes. The right side of
coronal views corresponds to the right hemisphere and all sagital views correspond to the left
hemisphere.

A set of neocortical areas with relevant vulnerability to Alzheimer’s disease
neuropathology have collectively been called the cortical signature of Alzheimer’s
disease based on that cortical thinning relates to symptom severity in the earliest
stages (Dickerson et al.,, 2009) and clinical progression (Verfaillie et al., 2016),
and may even be detectable in asymptomatic individuals nearly a decade before
dementia (Dickerson et al, 2011). Overall, the major elements of the cortical
Alzheimer’s disease signature were the superior prefrontal, inferior parietal and
anterior temporal cortices. Previous research has shown that individuals with DS
have a significantly greater age-related reduction in volume compared with
normal control subjects in regions corresponding broadly to the vulnerable
Alzheimer’s disease cortical signature with a particularly large effect in the
prefrontal cortex (Beacher et al.,, 2010). Our study shows a significant association
between longitudinal volume change in an extensive portion of the superior
aspect of the prefrontal lobe and prospective memory score change.

Prospective memory is a relatively complex task requiring the interaction of
mnemonic and executive components to remember intentions after delay and
interference (Fish et al,, 2010). Neuroimaging studies in normal subjects have
shown a consistent activation of the prefrontal lobe during prospective memory
paradigms (Burgess et al.,, 2011). Our results suggest that prospective memory
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could reflect the functional status of the prefrontal lobe during the progression to
dementia in DS, despite being one of the most developmentally affected brain
structures (Pujol et al, 2014a; Fenoll et al, 2017). Longitudinal behavioral
studies also support that frontal lobe symptoms, in the form of disturbance in
executive functioning, are early signs of dementia in DS (reviewed in Dekker et
al.,, 2015).

The only apparently non-consistent findings in our study were the negative
correlation between volume change in the thalamus and verbal comprehension
score change, and between white matter adjacent to the left caudate nucleus and
visual recognition. We consider that they may correspond to spurious
associations, but paradoxically larger (Fortea et al., 2010) or relatively preserved
(Benzinger et al., 2013) caudate nucleus volumes were also identified in mutation
carriers in familial AD before dementia.

One challenge in MRI studies in populations with intellectual disability is
avoiding excessive head motion during the acquisition. In this sample we used
MRI practice sessions with a specifically designed mock scanner to minimize the
problem. In addition, we decided to exclude cases with detectable image
degradation, as no correction procedure is wholly efficient once the images have
been acquired. Although accurate control of head motion effects may be strength
of the study, strict participant selection is also a limitation. In this context, our
findings cannot generalize to all DS, but conclusions should be limited to
relatively highly performing individuals. A final limitation relates to using a 1.5-T
system, as opposed to a 3-T system with higher MRI signal.

4.5.6 Conclusions

Volume changes identified in our longitudinal assessment and their associations
with cognitive impairment progression are overall notably consistent with the
well-established anatomical changes signaling the progression to dementia in
Alzheimer’s disease. So, brain involution in the older DS individuals seems to
approach Alzheimer’s disease degenerative process despite taking place in a
complex situation with dense baseline pathology and a high potential for
interactions between developmental and age-associated changes. Brain systems
early affected in Alzheimer’s disease as the basal forebrain, hippocampus and the
prefrontal lobe were selectively affected in DS preceding dementia in our study.
Lastly, we would also emphasize the bidirectional implications of our findings,
firstly giving support to the potential value of DS as genetic model of Alzheimer’s
disease-type neurodegeneration, and then serving to further claim that patients
at risk for developing dementia in DS are full candidates to benefit from
treatment research in AD
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Table 12. Regional brain volume change and correlation with change in cognitive scores.

Volume Reduction Number of XV z ¢
Whole Sample voxels (ml) Y

Substantia Innominata Region (gray matter) 2,358 (8.0) 1.50-10.5 5.9
R Lateral Temporal Cortex (gray matter) 573 (1.9) 49.5-18-10.5 4.3
L Lateral Temporal Cortex (gray matter) 316 (1.1)* -63-18-6 4.0
R Orbitofrontal Cortex (gray matter) 550 (1.9) 19.537.5-21 5.4
R Hippocampus Region (white matter) 1,375 (4.6) 27 -33-6 5.0
L Arcuate Fasciculus (white matter) 1,314 (4.4) -43.530-7.5 5.8
Volume Reduction

Cognitive Impairment Progression Group >

Remaining Sample

Substantia Innominata Region (gray matter) 907 (3.1) 01.5-10.5 4.8
L Hippocampus (gray matter) 365 (1.2) -30-25.5-13.5 41
Correlation Between Change in Volume and

Change in Cognitive Score

Memory- Word List Learning

L Hippocampus-Amygdala (gray matter) 444 (1.5) -25.5-25.5-10.5 3.9
R Thalamus (gray matter) 665 (2.4) 10.5-16.51.5 -4.2
Verbal Comprehension

L Wernicke Area (gray matter) 759 (2.6) -49.5-15-10.5 4.0
L Arcuate Fasciculus (white matter) 1,402 (4.7) -36 030 4.0
Object Recognition

L Caudate Nucleus (adjacent white matter) 1,591 (5.4) -12181.5 -4.7
Executive Function-Prospective Memory

L Prefrontal (gray matter) 6,578 (22.2) -25.5637.5 5.3
R Prefrontal (gray matter) 2,773 (9.4) 3949.5225 4.3
Paracentral Lobule (gray matter) 4,850 (16.4) 12-1570.5 4.5
L Prefrontal (white matter) 5,154 (17.4) 19.516.5 24 6.5
R Prefrontal (white matter) 6,478 (21.9) 2431.518 6.9
L Inferior Temp/Hippocampus (white matter) 1,019 (3.4) -28.5-18-13.5 3.8
R Inferior Temp./Hippocampus (white matter) 2,079 (7.0) 39-28.5-21 3.9

Xy z, coordinates (mm) given in Montreal Neurological Institute (MNI) space.

Prwe < 0.05 estimated using Monte Carlo simulations. *subthreshold.
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4.6 Study VI: Preliminary Results

Abnormal Hypothalamus and related Brain Regions in
Prader-Willi syndrome evaluated by Diffusion Tensor

Imaging

4.6.1 Introduction

Prader-Willi syndrome (PWS) is a genetic disorder caused by the lack of
expression of the paternally inherited genetic material located in 15q11-q13. It is
characterized by neonatal hypotonia, intellectual disabilities, obesity and
behavioral disturbance. Patients present with several neuroendocrinological
abnormalities, such as growth hormone deficiency, hypogonadotropic
hypogonadism, and hyperphagia, as the result of possible involvement of the
hypothalamo-hypophyseal system. There’s growing evidence from structural and
functional studies that suggest abnormalities in white matter developmental
trajectory. But, few studies have explored this issue. To our knowledge there’s
only one research in Prader-Willi patients using DTI and it was not focused in the
hypothalamo-hypopshyseal region(Yamada et al., 2006). So, specific white matter
alterations in Prader-Willi syndrome remain unknown yet.

Thus, the objective of the present study was to evaluate the hypothalamus and
related brain regions in adult patients with Prader-Willi syndrome using DTI.

4.6.2 Methods

Twenty patients (11M, 9F, aged 28.3 * 7.4) with PWS and twenty age- and
gender-matched control subjects (11M, 9F, aged 28.1 + 7.0) were recruited for
this study. MRI data was acquired from all participants using a 1.5 Tesla Sigma
Excite system (General Electric, Milwaukee, WI, USA). Diffusion-weighted scans
were obtained using spin-echo single-shot echo-planar sequences of 25
directions with a B-factor of 1000 s/mm?2. Twenty-six slices were acquired with
repetition time [TR] 8300 ms; echo time 94 ms; thickness 5 mm, no gap; pulse
angle 90°; field of view 26 cm; 128 x 128 acquisition matrix reconstructed into a
256 x 256 matrix. The twenty-six slices were prescribed parallel to AC-PC line.

DTI images were preprocessed and Fractional Anisotropy (FA) maps were
calculated using Functional MRI of the Brain (FMRIB) Software Library 5.0 (FSL).
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Data was re-sliced to a 1mm x 1mm x 1 mm anatomical resolution and
normalized to standard MNI space. After, a smoothing (8mm) was applied and
voxel-wise two sample t-test was done between groups using SPM8.

Individual FA DTI maps were included in second-level (group) SPM analyses
using 2-sample t-test. Results were considered significant with clusters of 1.032
ml (1.032 voxels) at a height threshold of p<0.005, which satisfied the family-
wise error (FWE) rate correction of Prwe< 0.05 according to Monte Carlo
simulations.

4.6.3 Results

We found a significant reduction in FA values in a number of brain regions in
Prader-Willi syndrome patients than in controls (Fig. 26 and Table 13) based on a
voxel-wise approach. FA was significantly reduced in the lenticular nucleus
(bilateral), hypothalamus, amygdala and sub-genu. The observed diffusivity
characteristics indicate developmental abnormalities in these white matter areas,
which are highly consistent with the clinical features of Prader-Willi syndrome.

Prader Willi < Control Subjects

Figure 26. Fractional Anisotropy (FA) differences between Prader-Willi patients and control
subjects. FA is significantly reduced in the hypothalamus and anatomo-functionally connected
structures such as the amygdala, the striatum and the subgenual part of the anterior cingulate
cortex.

4.6.4 Conclusions
DTI results confirm the presence of extensive structural anomalies in white

matter connecting the hypothalamus with related brain structures may underlay
endocrinological disorders and hyperphagia in these patients.
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Table 13. Differences between groups.

Prader- Willi < Control Subjects
R Lenticular nucleus

L Lenticular nucleus
Hypothalamus

Amygdala

Sub-Genu

Cluster size, ml Xy z t
(voxels)
799270 20 4 -9 5.00
799270 -23 3 -12 4.65
799270 4 -11 -3 5.25
799270 -12 -8 -21 5.61
799270 -5 17 -12 4.80

xy z, coordinates given in Montreal Neurological Institute (MNI) space. Statistics at p <0.005.
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5. General Discussion

The importance of white matter status for correct brain functioning and its
influence on diverse cognitive domains is undeniable. Also, many studies have
revealed its susceptibility of being modulated by many genetic and
environmental factors. Specifically, neurodevelopmental genetic disorders alter
the trajectory of white matter pathways and generate neuropsychiatric and
irreversible cognitive consequences. But, although the main characteristics of
white matter development are determined by nature, they are not exempt to be
modified in response to certain environmental exposures. Main findings support
that some experiences can influence myelin formation and its influence on
improving skills.

Our DTI results about the pollutants influence on children confirms our initial
hypothesis; airborne copper is significantly associated with poorer motor
performance and detectable white matter damage in basal ganglia. Specifically,
in the direction of copper exposure findings, children with slower reaction time
and less consistent motor response exhibited changes in this region. These
alterations are highly consistent with the well-known consequences of copper
excess on the brain with basal ganglia as the main target. Although a normal oral
diet contains a considerable amount (~1 mg) of copper (Morris et al,, 2006), data
suggest that relatively lower levels are neurotoxic in chronic airborne exposures.
Long-term occupational copper exposure has been associated with increased risk
for Parkinson’s disease (Gorell et al. 2004; Caudle et al., 2015) and increased rate
of mild cognitive impairment conversion to full Alzheimer’s disease (Squitti et al.,
2014c; Squitti et al., 2014b). In this context, evidence indicates that copper may
play a causal role in late-onset neurodegenerative disorders (Bandmann et al.,
2015).

Our associations have been demonstrated with copper common levels in urban
environments, thus suggesting a risk to large populations with potentially
significant implications for public health. Children may be particularly vulnerable
to copper as an agent capable of interfering with brain development during
critical developmental stages. Consistent with our results, a recent study has
reported a significant association between high copper levels in blood and poorer
cognitive performance in normal school children (Zhou et al. 2015). Our
conclusion is that the effect of copper in basal ganglia is subtle, but biologically
meaningful.

Despite the results obtained with copper, we’ve not been able to find out the

impact of other pollutants on white matter pathways. We studied traffic-related
pollution using the weighted average of two reliable vehicle exhaust indicators,
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namely particulate elemental carbon and NO, and no significant association was
identified between the pollution index and our white matter measure (FA). By
contrast, the functional imaging analysis showed consistent results. The reason of
negative findings in DTI may be that vehicle exhaust-related air pollution
exposure was commonly associated with brain changes of functional nature, with
no evident effect on brain anatomy, structure or membrane metabolism.

Children from schools with higher traffic-related pollution showed lower
functional integration and segregation in key brain networks. Age and
performance both showed the opposite effect to that of pollution on brain
function, thus indicating that higher exposure is associated with slower brain
maturation. The functional findings were highly consistent, similar effects were
observed in different functional networks and the age-sensitive areas notably
coincided with the areas showing significant correlation with air pollution.
Fortunately, despite the evident effect on functional connectivity, the overall
brain repercussion may, to some extent, be considered subtle, as changes did not
involve any measurement of brain structure. So, we can speculate on the
reversibility of the brain damage and the potential effectiveness of actions
addressed to reduce pollution. The effect of air pollution may, however, be more
dramatic when the exposure involves early developmental periods and long-term
exposures. Also, recent studies have revealed that long-term ambient air
pollution exposure may ultimately affect brain tissue volume in older people
(Chen etal, 2015; Wilker et al., 2015).

On the other hand, our DTI video game findings showed that video game use was
associated with faster motor response to visual stimulation. At the neural level,
structural white matter changes associated with gaming use were most evident
in basal ganglia circuitry. There were significant differences among groups in a
region adjacent to the lateral aspect of the striatum. The plot of FA measurements
from this left striatal region revealed a relevant FA increase, but only in the high-
use group. Direct comparison of non-gamers with high-use gamers confirmed the
increase of FA in this region and detected additional significant changes in the
ventral striatal region bilaterally, as well as the right thalamus and left occipital
white matter.

The observed associations between video games use and changes in basal ganglia
circuits in the form of structural (white matter) and functional connectivity
increases support that several abilities are more trainable than others with video
games. It's well known that basal ganglia circuits are critical for procedural
learning based on the acquisition of new skills through practice (Doyon et al.,
2003). So, our results are generally consistent with other imaging studies
reporting significant effects of gaming use on the fronto-basal ganglia system
structure and function. Specifically, Erickson et al. (2010) showed that the
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acquisition of skills on demanding video games may be predicted by variations in
the volume of the striatum. Children traditionally acquire procedural skills
through action, for instance in relation to sports and outdoor games.
Neuroimaging research now suggests that training with desktop virtual
environments is also capable of modulating certain white matter brain systems
that support procedural learning.

In summary, by studying these two examples of environment modulators, we've
confirmed that white matter development is an active process influenced by
distinct active and passive environmental factors. Nevertheless, all white matter
modulators effects are not predictable or even reversible. It's well known that
neurodevelopment genetic diseases bring about a disturbed white matter
organization since birth that becomes more evident in adulthood.

Our findings in Down syndrome sample indicate that white matter in Down
syndrome patients shows generally lower FA compared with healthy
participants, suggesting underdevelopment of white matter tracts. The most
affected structures were the frontal lobes, subcortical white matter and some
parts of the brainstem. Lower FA in Down syndrome was associated with poorer
semantic fluency, which illustrates a degree of correspondence between white
matter integrity and performance in patients. White matter FA did indeed
decrease with age in both Down syndrome and healthy controls, but we didn’t
find the expected accelerated age effect in the Down syndrome group.

Our results are consistent with studies of brain anatomy showing generally
reduced white matter volumes in Down syndrome compared with healthy
controls (Weis et al., 1991; White et al., 2003). However, our data may further
contribute to characterizing white matter alterations in Down syndrome in that
they would indicate that the changes are not limited to general volume
reductions, but may also implicate a less developed structural connectivity
pattern. Although FA abnormalities involved the major brain pathways, the
frontal-subcortical circuits showed more severe alterations.

As a general trend, the results are consistent with the profile of cognitive deficits
in Down syndrome typically progressing with deep impairment in language
production and executive functions, which are cognitive domains notably
dependent on the frontal lobes (Lott et al, 2010). A relevant problem in
evaluating cognitive abilities in Down syndrome is the notable lack of consistency
and reproducibility of ratings in some neuropsychological tests. We used an
extensive neuropsychological assessment but only verbal fluency was associated
with FA alterations in Down syndrome in a rather general manner, thus
indicating a certain parallelism between the identified pattern of white matter
alterations and cognitive performance. Nevertheless, we failed to find similar
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associations with performance IQ and working memory. We consider now that
these tests are not the most suitable to predict brain alterations in Down
syndrome. The development of more specific and sensitive tools to evaluate
cognition in Down syndrome could be helpful in future studies.

Also, we didn't find significant results between-group differences in age-related
white matter changes. It means, although both groups suffered a variation of
white matter structure with age, there were no between-group differences. In
our Down syndrome group, none of the participants were diagnosed with
Alzheimer’s disease and only 3 patients had mild cognitive impairment according
to clinical criteria. Therefore, we were unable to demonstrate the anticipated
premature aging effects on white matter using FA measurements, which contrast
with positive findings in studies on familial Alzheimer’s disease. Probably, the
adopted DTI approach was not sufficiently sensitive to detect alterations related
to the dementia process in subclinical stages of Alzheimer-like pathology.

Despite challenges are inherent to longitudinal assessments particularly in
individuals with intellectual disability, our longitudinal study in Down syndrome
shows that identifying brain anatomical changes that precede dementia in Down
syndrome is feasible. Our results are focused on significant volumetric reductions
after two years in the substantia innominata region of the basal forebrain, the
hippocampus, lateral temporal cortex and left arcuate fasciculus. Nevertheless,
we didn't find significant changes in FA in these specific regions. The volume
changes identified in our longitudinal assessment and their associations with
cognitive impairment progression are overall notably consistent with the well-
established anatomical changes signaling the progression to dementia in
Alzheimer’s disease. So, brain involution in the older Down syndrome
individuals seems to approach Alzheimer’s disease degenerative process despite
taking place in a complex situation with dense baseline pathology and a high
potential for interactions between developmental and age-associated changes.
Brain systems early affected in Alzheimer’s disease as the basal forebrain,
hippocampus and the prefrontal lobe were selectively affected in Down
syndrome preceding dementia in our study. Lastly, we would also emphasize the
bidirectional implications of our findings, firstly giving support to the potential
value of Down syndrome as genetic model of Alzheimer’s disease-type
neurodegeneration, and then serving to further claim that patients at risk for
developing dementia in Down syndrome are full candidates to benefit from
treatment research in Alzheimer’s disease.

One of main criticisms someone could make to this research is why we didn’t

describe changes in white matter tracts measured with DTI if we've shown
volume reductions in white matter analyzed with VBM. Actually, we found
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significant FA reductions after two years in right temporal gyrus and right frontal
projection tracts (Fig.27) but are not coincident with our VBM results.

Figure 27.Significant FA reductions over time in the whole Down syndrome sample.

Despite this, our FA results match with a previous VBM study based on mild
cognitive impairment and healthy participants (Wang et al., 2010) that showed
significant clusters of reduced white matter volume in mild cognitive impairment
patients relative to controls in bilateral temporal gyrus, the right anterior
cingulate, the bilateral superior, medial frontal gyrus and right parietal angular

gyrus.

At present, the pathogenesis of the white matter abnormality in Alzheimer’s
disease and specially Down syndrome population remains certainly unclear.
Recent studies postulated that myelin breakdown is the primary process leading
to Alzheimer disease (Bartzokis et al, 2003). As we all know, extracellular
amyloid B-peptide (AB) oligomer deposition is an important early event in the
pathogenesis of Alzheimer disease. Scientific literature indicates that myelin can
be directly damaged by oligomerized AB (Marner et al., 2003). Furthermore,
homeostatic responses to this myelin breakdown increase intracortical toxicity
and might explain the progressive neuronal damage of Alzheimer disease.
However, the distribution of myelin breakdown is not global. Rather, the most
susceptible regions to neurodegeneration are the cortical association areas that
myelinate late in life (Braak et al., 2000; Bartzokis et al., 2004).

In our DTI results, the distribution of the white matter abnormalities in the brain
supports the myelin breakdown hypothesis. First, according to the theory, the
late-myelinating regions such as the temporal lobes and the nearby neocortical
association areas are the focus of the very first AB deposits and myelin
breakdown. Second, the frontal lobes and parietal lobes that myelinate late in life
are more susceptible to myelin breakdown than the occipital lobes. Our findings
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of white matter abnormalities distribution provide evidence of myelin damage
pattern that appears to be the reverse of myelination. The results of Wang et al.
(2010) are consistent with some previous studies of Alzheimer disease or MCI
using DTI method, which have reported white matter changes by the
measurement of FA value (Medina et al., 2006; Huang et al., 2007; Stahl et al,,
2007). Some studies used voxel-based methods to analyze DTI differences in
patients with Alzheimer disease, mild cognitive impairment and controls (Xie et
al, 2006). Many of them found impaired white matter integrity in the medial
temporal white matter, splenium of the corpus callosum, parietal lobe and
cingulum bundle with greater posterior than anterior involvement. Our findings
of impaired white matter regions including temporal gyrus and frontal
projections are consistent with previous mild cognitive impairment studies.
Sadly, these findings have not been replicable in Down syndrome patients with
mild cognitive impairment or Alzheimer-like dementia yet.

We’ve been talking about Down syndrome for a while, but, although Down
syndrome has higher incidence rate than other genetic diseases, it's not the only
neurodevelopmental disease that show behavioral and cognitive alterations,
suggesting an abnormal brain development. Our preliminary Prader-Willi results
confirm that the presence of extensive structural anomalies in white matter
connecting the hypothalamus with related brain structures may underlay
endocrinological disorders and hyperphagia in these patients. These and
previous findings on Down syndrome sample confirm the undeniable effect of
diverse neurodevelopmental diseases on white matter growth and maturation.

Limitations

A general limitation when assessing special populations like children or people
with intellectual disability is avoiding excessive head motion during the
acquisition. Specifically in Down syndrome sample we used MRI practice sessions
designed to minimize the problem.

In addition, we decided to exclude cases with detectable image degradation, as no
correction procedure was wholly efficient once the images have been acquired.
Although accurate control of head motion effects may be a strong point of the
study, strict participant selection is also a limitation.

Also, our DTI findings in Down syndrome sample cannot be generalized to all
Down syndrome patients because we used high performing individuals. So, our
conclusions should be limited to relatively highly-performing Down syndrome
individuals.
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A final limitation relates to using a 1.5-T system, as opposed to a 3-T system with
higher MRI signal, following the recommendations of the FP7-ERC Ethics Review
Committee to limit magnetic field strength in children.
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6. CONCLUSIONS
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6. Conclusions

The main conclusions of this thesis, derived from our studies, can be summarized
as follows:

I1.

I1I.

IV.

VI

Airborne copper is associated with poorer motor performance and basal
ganglia alterations in developing children.

Vehicle exhaust-related air pollution exposure is associated with
functional brain changes, with no evident effect on brain anatomy.

Video game playing is associated with faster motor response to visual
stimulation and changes in the basal ganglia circuitry. A excess of playing
is associated with conduct problems.

Down syndrome patients show generally lower FA, suggesting
undervelopment of white matter tracts.

Changes in regional brain volumes, but not in FA, in Down syndrome are
concordant with the well-established anatomical changes signaling the

progression to dementia in Alzheimer’s disease.

Prader-Willi patients show extensive structural anomalies in white
matter connecting the hypothalamus with related brain structures.
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7. Resumen Abreviado en Castellano

INFLUENCIA DE FACTORES GENETICOS Y AMBIENTALES
SOBRE LA ESTRUCTURA DE LAS VIAS DE SUSTANCIA BLANCA
MEDIDA CON TENSOR DE DIFUSION

7.1 Introduccion

7.1.1 Sustancia Blanca

Imaginemos que fuéramos capaces de echar un vistazo al interior de craneo y ver
qué es lo que hace a un cerebro ser diferente de otro, o qué caracteristicas
cerebrales anatémicas y funcionales estdn debajo de un trastorno genético.
Actualmente, disponemos de técnicas de imagen que nos permiten observar la
estructura y funcion cerebral que estan revelando grandes sorpresas como que
una gran variedad de moduladores genéticos y ambientales pueden modificar las
vias de desarrollo y maduracién de la sustancia blanca, generando diversas
consecuencias a lo largo de la vida.

Resumidamente, la sustancia gris se compone principalmente de cuerpos
celulares y por debajo de ella, est4 la sustancia blanca que ocupa casi la mitad del
volumen cerebral (Zhang et al., 2000; Liu et al., 2017). La sustancia blanca esta
compuesta por millones de “cables” que permiten la comunicacién a través de los
axones gracias la mielina.

Para entender cdmo funciona la sustancia blanca, es esencial comprender su
desarrollo. Los principios de maduracion de la sustancia blanca cerebral siguen
las leyes generales del desarrollo: crecimiento inicial y posterior maduracion. De
hecho, el proceso de envoltura del axén de produce en diferentes etapas. En el
nacimiento, encontramos muy poca cantidad de mielina y se va expandiendo
progresivamente por todo el cerebro hasta los 25-30 afios. Es un proceso que va
desde la parte posterior del cortex hasta la anterior. Los l6bulos frontales son los
ultimos en mielinizarse, por eso se dice que hasta pasados 20 afios no se
adquieren por completo las habilidades de razonamiento, planificacion y juicio.

Durante décadas los neurocientificos han mostrado relativamente poco interés
en la sustancia blanca, considerando la mielina como una mera capa aislante y a
los axones que estan en su interior como simples transmisores de informacion
pasivos. Sin embargo, en las ultimas décadas estd apareciendo un creciente
interés en lo que se refiere a la transmisién de informacién entre regiones
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cerebrales. Nuevos estudios revelan que la extensidn de sustancia blanca varia en
personas en funcidn de los diferentes ambientes a los que han sido expuesto o
ante la presencia de ciertas disfunciones y/o patologias (Pujol et al., 2011; Via et
al,, 2014).

7.1.2 Factores Moduladores de la Sustancia Blanca

Con esta nueva perspectiva sobre la sustancia blanca no es dificil imaginar cdmo
una transmisién defectuosa podria conducir a ciertas anomalias cerebrales
(Soriano-Mas et al., 2011). Después de décadas de intentar explicar las causas de
algunas discapacidades mentales mediante alteraciones de la sustancia gris,
nuevo estudios tienen pruebas de que la sustancia blanca juega un papel
destacado en ellas (Pujol et al., 2004).

El desarrollo de las vias de sustancia blanca no es un proceso inmutable a través
de la vida y puede ser influenciado por diversos factores. En el siguiente texto nos
centraremos en factores ambientales y genéticos de acuerdo a los objetivos
principales de esta tesis.

En primer lugar, vamos a describir los hallazgos relevantes hasta la fecha sobre
los efectos de diferentes moduladores ambientales sobre el desarrollo de la
materia blanca y sus posibles consecuencias. Hemos decidido centrarnos en dos
ejemplos de factores ambientales: los contaminantes y los videojuegos. Por un
lado la contaminacion, ya que es un factor externo que penetra pasivamente en el
cerebro y puede influir en las trayectorias de desarrollo. Y por otro lado, los
videojuegos que son un buen ejemplo de comportamiento activo que puede
modificar el desarrollo del cerebro.

En segundo lugar, explicaremos el efecto de dos patologias genéticas sobre las
vias de la sustancia blanca a través de la vida. Hemos escogido el sindrome de
Down y sindrome de Prader-Willi como sindromes genéticos representativos que
pueden interferir en el crecimiento de la sustancia blanca porque, aunque el
sindrome de Down tiene una tasa de incidencia superior al sindrome de Prader-
Willi, ambos muestran alteraciones cognitivas y conductuales, sugiriendo un
desarrollo y maduracion cerebral anémalos.

7.1.2.1 Ambiente

Aunque el desarrollo de la sustancia blanca es un proceso determinado por la
naturaleza, no estd exento de ser modificado en respuesta a ciertas experiencias y
exposiciones ambientales. Muchos hallazgos sugieren que algunas experiencias
influyen en la formacion de mielina que sustenta los procesos de aprendizaje y la
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mejora de habilidades cognitivas (Bavelier et al, 2012). Pero, ;todas las
experiencias y factores ambientales nos traen proporcionan beneficios?

7.1.2.1.1 Contaminantes

Uno de cada seis nifios tiene una discapacidad relacionada con el desarrollo y en
la mayoria de los casos éstas afectan al sistema nervioso. Los trastornos del
neurodesarrollo mas comunes incluyen alteraciones del aprendizaje, déficits
sensoriales y retrasos en el desarrollo (Boyle et al, 1994), procesos
estrechamente relacionados con la sustancia blanca.

El cerebro humano en desarrollo es mucho mas susceptible a lesiones causadas
por agentes toxicos que el cerebro de un adulto (Dobbing et al, 1968). La
sensibilidad de lactantes y nifios a los productos quimicos industriales se ve
reforzada por el grado de exposicion, las elevadas tasas de absorcion y la
disminucién de la capacidad de eliminar del organismo determinados
compuestos exdgenos, en relacion con los adultos (Ginsberg et al., 2004).

Durante varias décadas se han ido acumulado evidencias sobre que los productos
quimicos industriales pueden causar dafio en el desarrollo neurolégico. Un
estudio pionero sobre diversos contaminantes mostré que el plomo era una
sustancia tdéxica para el cerebro en desarrollo (Landrigan et al., 1975). A partir de
entonces, se plante6 la existencia de un vinculo entre sustancias quimicas y
anomalias anatémicas/funcionales cerebrales y cambios
neurocomportamentales generalizados. Estos resultados estaban de acuerdo con
otros tantos que indicaban que existian otros contaminantes ambientales que
también podian resultar téxicos durante el desarrollo temprano del cerebro
(Grandjean et al.,, 2002) y podrian ser capaces de modificar la trayectoria de
maduraciéon cerebral. Otros estudios han ido mas alla, clasificando la
contaminacién atmosférica como un importante neurotdxico para el desarrollo
(Grandejan et al., 2014). En los nifios, la exposicion a contaminantes atmosféricos
relacionados con el trafico durante el embarazo y la infancia, cuando el cerebro
se estd desarrollando rapidamente, se ha relacionado con diversos retrasos
cognitivos (Suglia et al., 2008; Guxens et al., 2012).

Los nifios pasan una gran parte de su dia en la escuela, incluyendo el periodo en
que la contaminacién diaria del trafico alcanza su punto maximo. Muchos
colegios se encuentran en las proximidades de carreteras muy concurridas, lo
que aumenta el nivel de contaminacién del aire. Actualmente, existe muy poca
evidencia sobre el papel de la contaminacién relacionada con el trafico sobre las
funciones cognitivas de los nifios en edad escolar (Wang et al, 2009). Sin
embargo, algunos estudios han demostrado que el desarrollo cognitivo se ve
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mermado en nifios expuestos a niveles altos de contaminantes relacionados con
el trafico durante su estancia en el colegio (Sunyer et al.,, 2015, Van Kempen et al,,
2012).

7.1.2.1.2 Videojuegos

Dado el aumento dramatico del uso diario de la tecnologia, diversas
investigaciones han considerado que tiene un impacto notable sobre la cognicién
y el desarrollo humano (Greenfield et al., 1984; Hunt et al., 2012). En las ultimas
décadas, estos efectos han sido intensamente estudiados y debatidos (Oei et al.,
2014).

Una vision general de la literatura existente sobre los videojuegos indica que
proporcionan beneficios en varios dominios cognitivos, contrariamente a lo que
se pensaba sobre el tema. Concretamente, se ha documentado que los jugadores
de videojuegos asiduos tienen un mejor rendimiento que los no jugadores en
varios aspectos de la cognicién como la memoria visual a corto plazo (Anderson y
otros, Boot et al., 2008), la cognicién espacial (Greenfield et al., 2009), capacidad
multitarea (Green et al, 2006a), y algunos aspectos de la funcidn ejecutiva
(Anderson et al., 2011). Sin embargo, los beneficios mas notables se observan en
el tiempo de reacciéon y el equilibrio entre la velocidad y la exactitud de
respuesta, que corresponden a regiones cerebrales estrechamente ligadas con
vias de sustanciablanca que son esenciales para la adquisicion de nuevas
habilidades a través de la practica.

Por otro lado, hay una creciente prevalencia de los problemas que presentan los
jugadores habituales. Varios investigadores han comenzado a probar
cientificamente el concepto de uso de videojuegos de forma patolégica, ligado a
una adiccién (Fisher et al, 1994). Se ha asumido que seria similar al juego
patoldgico. El paralelismo parece justificable porque se supone que ambos son
adicciones conductuales que comienzan como entretenimiento que pueden
estimular respuestas emocionales y liberaciéon de dopamina (Koepp et al., 1998).
A pesar de esto, los videojuegos no son una actividad patolégica inicialmente; se
convierten en patolégicos para algunos individuos cuando la actividad se torna
disfuncional, dafiando el funcionamiento social, ocupacional, familiar, escolar y
psicolégico del individuo.

En resumen, aunque hay algunas pruebas que sugieren que los videojuegos
pueden mejorar las habilidades cognitivas particulares durante la juventud
(Bavelier et al.,, 2012), otras estudios lo vinculan a la presencia de problemas
conductuales y un mayor riesgo de padecer trastornos relacionados con la
adiccién (Anderson et al., 2010, Gentile et al., 2010).
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7.1.2.2 Genética

Los trastornos genéticos del neurodesarrollo son un grupo de patologias en las
que se altera el desarrollo del sistema nervioso central. Esto produce un
desarrollo atipico cerebral que puede manifestarse a través de problemas
neuropsiquiatricos, deterioro de la funcion motora, problemas de aprendizaje,
alteracién del lenguaje o problemas de comunicacién no verbal. Algunos
trastornos del neurodesarrollo modifican la trayectoria de las vias de la sustancia
blanca y generan consecuencias neuropsiquiatricas y cognitivas que pueden ser
mas evidentes en la edad adulta. Al estudiar las anomalias de estos trastornos,
pueden surgir datos claves acerca de los mecanismos biolégicos subyacentes
estas patologias.

7.1.2.2.1 Sindrome de Down

El sindrome de Down, o trisomia 21, es un trastorno cromosoémico relativamente
frecuente y la causa mas comun de discapacidad intelectual (Nadel et al., 1999).
La investigacién en el sindrome de Down ha progresado sustancialmente en lo
que se refiere a la comprension de los mecanismos bioldgicos basicos a través de
los cuales la sobreexpresion genética interfiere en el desarrollo cerebral (Capone
et al, 2001), pero existe una falta de informaciéon acerca de la organizacion
general del cerebro y sus consecuencias a largo plazo (Pujol et al, 2014a).
Sorprendentemente, hay muy pocos estudios de neuroimagen hechos en
poblacién infantil con sindrome de Down, tal vez porque las principales
diferencias con sujetos sanos son mas evidentes en la edad adulta cuando el
cerebro esta completamente desarrollado. De hecho, existe una gran variedad de
estudios centrados en sindrome de Down adultos y en el riesgo de desarrollar
demencia de tipo Alzheimer (Stanton et al., 2004).

En los pacientes adultos con sindrome de Down, un gran nimero de estudios de
resonancia magnética han definido un patrén neuroanatémico completamente
diferente al de controles sanos, hallazgos que coinciden con informes post-
mortem realizados sobre la neuropatologia del sindrome de Down (Schapiro et
al, 1989, Kesslak et al, 1994, Raz et al.,, 1995, White et al,, 2003, Teipel et al,,
2004). Muchos de estos estudios también han reportado gran variedad
resultados relacionados con la enfermedad de Alzheimer en estos pacientes; un
hallazgo importante debido a la alta tasa de apariciéon de demencia en individuos
con sindrome de Down mayores de 40 afios (Wisniewski et al., 1985). Por otra
parte, los principales estudios muestran que los adultos con sindrome de Down
tienen, en general, una sustancia blanca mas desestructurada que los controles
sanos de la misma edad, particularmente en los l6bulos frontales (Powell et al.,
2014, Head et al,, 2016) que concuerda con un declive de las funciones ejecutivas
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evidenciable mediante pruebas neuropsicolégicas (Hartley et al., 2014, Madden
et al, 2009). Estos estudios de imagen han proporcionado una mayor
comprension de las posibles repercusiones cognitivas de algunas de las
alteraciones estructurales que tienen este tipo de pacientes (Raz et al, 1995;
Aylward et al., 1999; Ikeda et al., 2002, Krasuski et al., 2002).

A pesar de estos hallazgos, es un reto detectar los primeros sintomas sub-clinicos
de demencia en pacientes con sindrome de Down y seria interesante investigar si
los cambios involutivos en las vias de sustancia blanca son detectables antes de
que la demencia de que se manifieste clinicamente para obtener un diagndstico
eficaz y disefiar mejores intervenciones.

7.1.2.2.2 Sindrome de Prader-Willi

El sindrome de Prader-Willi es un trastorno genético complejo asociado a
multiples manifestaciones clinicas resultantes del fracaso de la expresion de
alelos paternos en la region 15q11.2-q13 del cromosoma 15 (Grugni et al., 2016)
en la mayoria de los casos.

El sindrome muestra un fenotipo caracteristico que abarca hipotonia neonatal,
fracaso en el crecimiento normal, hiperfagia progresiva con obesidad precoz (si
no se controla), deterioro del desarrollo con problemas de aprendizaje,
alteraciones conductuales y psiquiatricas, caracteristicas dismdrficas y anomalias
endocrinas (Cassidy et al, 2012). La mayoria de los pacientes tienen la capacidad
de secrecién de la hormona del crecimiento reducida e hipogonadismo
hipogonadotropico, lo que sugiere una disfuncién hipotadlamo-pituitaria (Burman
etal, 2001).

Los estudios de neuroimagen que se han realizado en estos pacientes revelan que
el sindrome de Prader-Willi se acompana de determinadas anomalias en areas
especificas del cerebro (Yamada et al., 2006, Mantura et al,, 2011, Ogura et al,,
2011, Ogura Et al,, 2013). A continuacién se presentan algunos de los hallazgos
mas importantes relacionados con la sustancia blanca.

Algunos estudios han demostrado que hay regiones cerebrales atipicas en el
sindrome de Prader-Willi. Curiosamente, las alteraciones observadas en la
difusividad que indican anomalias del desarrollo son coherentes con las
caracteristicas clinicas de sindrome. Hay una reduccién significativa de los
valores de FA en una serie de regiones cerebrales en el sindrome de Prader-Willi
que no estd presente en controles sanos. Un andlisis basado en regiones de
interés usando como medida la FA mostré cambios generalizados en las
siguientes regiones: hipotdlamo, capsula interna derecha e izquierda, cerebelo

138



derecho e izquierdo y todas las subregiones del cuerpo calloso (I, II, II[, VI y V).
Especificamente, el cuerpo calloso, hipotalamo y capsula interna derecha
presentaban una reduccion significativa de FA en los pacientes con Prader-Willi
(Tant et al., 2009; Yamada et al., 2006). Por lo tanto, se ha demostrado que la
utilizaciéon de imagenes de tensor de difusién permite detectar anomalias focales
en sustancia blanca entre pacientes con Prader-Willi y sujetos sanos. Pero a pesar
de todo el conocimiento sobre el sindrome de Prader-Willi que tenemos
actualmente, hay algunos aspectos que siguen siendo una incégnita, como la
repercusion de las alteraciones de sustancia blanca sobre la funcién cognitiva y
los sintomas psiquiatricos y comportamentales.

7.1.3 Medidas de Sustancia Blanca

A pesar de que existen muchas técnicas para explorar las caracteristicas de la
sustancia blanca como buscar diferencias especificas en determinadas regiones
de interés o la segmentaciéon de sustancia blanca realizada con morfometria
basada en voxel, la técnica mas utilizada para explorar la sustancia blanca es la el
tensor de difusion. Esta técnica nos permite visualizar, a grosso modo, la
velocidad de difusién del agua a lo largo de los axones. Por lo tanto, puede
utilizarse para explorar las diferentes vias de sustancia blanca.

En el tensor de difusién, la sefial de resonancia decae cuando el agua esta
difundiendo (Stejskal et al, 1965) y es posible disefiar un protocolo de
resonancia que detecte las direcciones primarias de la difusiéon del agua en cada
voxel del cerebro.

7.1.3.1 Tensor de Difusion

La imagen de tensor de difusién es un método no invasivo que proporciona
informacién sobre las propiedades microestructurales de la sustancia blanca (Le
Bihan et al, 1985, Le Bihan et al, 2001) midiendo la magnitud, direccién y
anisotropia de las moléculas de agua (Schmithorst et al. 2010). Este método nos
da muchas mediciones de la sustancia blanca, pero nos centraremos en la
anisotropia fraccional (FA) porque es la medida mas informativa sobre los
niveles de maduracion de las vias de la sustancia blanca.

7.1.3.1.1 Anisotropia Fraccional

El movimiento aleatorio de las moléculas de agua, también conocido como
movimiento browniano, puede ser cuantificado y refleja las caracteristicas
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intrinsecas de la microestructura del tejido in vivo (Pierpaoli et al,, 1996). En el
agua o liquido cefalorraquideo, la difusién de las moléculas de agua no tiene
restricciones. Esta situacion es denominada como "isotrépica" y a menudo
representada como una esfera (Lerner et al., 2014) (Figura 2). Pero en el tejido
cerebral, la difusién de agua se reduce sustancialmente por estructuras como
vainas de mielina, membranas celulares y tractos de materia blanca. En general,
en la sustancia blanca la difusidn de las moléculas de agua esta menos restringida
a lo largo del eje longitudinal de un grupo de fibras alineadas que en el eje
perpendicular a él (Dong et al., 2004). Esta condicién de difusiéon dependiente de
una direccién se denomina "anisotropica” y puede estar representada por una
elipsoide alargada (Lerner et al.,, 2014). La medida mas utilizada para medir la
anisotropia de difusién es anisotropia fraccional que mide los cambios en rangos
de 0 (difusion que es igual en todas las direcciones) a 1 (difusién
predominantemente en una direcciéon) (Pfefferbaum et al., 2003, Assaf et al,
2008). Como resultado, el tensor de difusiéon proporciona un gran marco para la
adquisicién, andlisis y cuantificacién de las propiedades de difusiéon de la
sustancia blanca durante el desarrollo y los efectos y/o consecuencias de
diferentes moduladores a lo largo de la vida.

7.2 Objetivos e Hipotesis

7.2.1 Estudio I: La Exposicion al Cobre Ambiental en la Escuela estd
asociado con un peor Rendimiento Motor Y Alteraciones en los
Ganglios le la Base

7.2.1.1 Objetivos

El desarrollo de las vias de sustancia blanca no es un proceso inmutable a lo largo
de la vida, existen etapas, como la nifiez, que son mas susceptibles de generar
cambios en consecuencia a la exposicion a distintos factores ambientales. Existe
una gran variedad de contaminantes ambientales que han sido identificados
como neurotoxicos a elevadas concentraciones. Sin embargo, actualmente no esta
determinado si pueden generar alteraciones permanentes en el cerebro en
desarrollo. Uno de los contaminantes que si interfiere en el neurodesarrollo es el
cobre. A pesar de que este elemento sea necesario para el metabolismo celular,
niveles anormales pueden producir dafio cerebral.

Asi pues, el objetivo principal de este estudio fue investigar los efectos
neurotoxicos de la exposicion al cobre en las vias de sustancia blanca.
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Entre los objetivos secundarios encontramos:

I.  Identificar los efectos perjudiciales de la exposicion al cobre ambiental en

nifos entre 8-12 afos.

II.  Explorar los potenciales efectos del cobre sobre las vias de sustancia
blanca.

I11. Examinar el impacto del cobre sobre varias habilidades motoras, como el
tiempo de la reacciéon y la consistencia de la respuesta motora.

IV.  Relacionar los hallazgos encontrados en DTI con las alteraciones en las
habilidades motoras.

7.2.1.2 Hipotesis

Hipotetizamos que los nifios expuestos al cobre ambiental presentarian un peor
rendimiento motor y cambios en la estructura de los ganglios basales.

7.2.2 Estudio II: La Exposicion a la Contaminacion producida por el
Trdfico esta asociada con Alteraciones de la Conectividad Funcional de
los Ninios en Edad Escolar

7.2.2.1 Objetivos

Los nifios son mas vulnerables a los efectos moduladores de factores ambientales
debido a su etapa de desarrollo. La exposicibn a ambientes urbanos
contaminados se ha asociado en numerosas ocasiones con alteraciones en la
cogniciéon infantil a causa de la respuesta inflamatoria que provocan
determinados contaminantes.

Asi pues, este estudio pretendia detallar el efecto que tiene en el desarrollo de las
vias de sustancia blanca la exposicion prolongada a contaminantes urbanos y sus
consecuencias sobre el rendimiento cognitivo.
En resumen, los objetivos de este estudio eran:

I.  Determinar el impacto de la exposicién a contaminantes urbanos en una
gran muestra de nifios entre 8-12 afios.

II.  Empleando la técnica del tensor de difusion, explorar los efectos que tiene
la exposicién continuada a contaminantes en sobre las vias de sustancia
blanca.
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I11. Utilizando una evaluacién cognitiva adecuada, determinar cudles son las
principales repercusiones cognitivas de la exposicion prolongada a
contaminantes.

IV.  Relacionar los hallazgos encontrados en neuroimagen con las
alteraciones en la cognicion.

7.2.2.2 Hipotesis

Nuestra principal hipodtesis era que los potenciales efectos de la contaminacién
ambiental serian mas evidentes durante el proceso de desarrollo cerebral y que
esto se tendria que reflejar como cambios de difusién del agua dentro de tractos
de sustancia blanca.

7.2.3 Estudio III: Videojuegos en Edad Escolar: ;cudnto es suficiente?

7.2.3.1 Objetivos

Los beneficios y riesgos de jugar a videojuegos en la poblacién infantil es un tema
que suscita gran debate, sobre todo a lo que se refiere en el tiempo éptimo de
uso. A pesar de que existen evidencias que sugieren que pueden mejorar
determinadas habilidades cognitivas que se adquieren con la practicas, existen
otras que afirman que es una fuente de problemas conductuales y que
incrementa el riesgo de desarrollar una adiccidn.

De este modo, el principal objetivo de este estudio se basé en determinar qué
consecuencias tiene jugar a videojuegos sobre la sustancia blanca cerebral y su
relacion con el rendimiento cognitivo.

Los objetivos secundarios incluyeron:

[.  Empleando una aproximaciéon adecuada para detectar cambios y/o
anomalias en la sustancia blanca (DTI), explorar las posibles
repercusiones de jugar a videojuegos sobre las vias de sustancia blanca.

[I. Usando una evaluacion motora adecuada, examinar el impacto de los
videojuegos sobre las habilidades motoras.

III.  Relacionar los hallazgos encontrados en sustancia blanca con los
resultados de la evaluaciéon motora.
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7.2.3.2 Hipotesis

Nosotros predecimos que jugar a videojuegos en edad escolar, entendiendo los
videojuegos como un entrenamiento basado en actividades repetitivas, tendrian
efecto sobre la velocidad de procesamiento de la informaciéon y tiempos de
reaccion.

A nivel cerebral, los videojuegos podrian reforzar vias de sustancia blanca, con un
impacto mayor sobre ganglios de la base, que son esenciales para la adquisicién
de nuevas habilidades mediante la practica.

7.2.4 Estudio 1V: Anormalidades en la Sustancia Blanca Cerebral y el
Efecto de la Edad en pacientes con Sindrome de Down

7.2.4.1 Objetivos

Las anormalidades en tejido neural de los sujetos con sindrome de Down se
hacen mas notables en las etapas tardias del desarrollo. Ademas, la aceleracion
del envejecimiento en estos pacientes concurre con la aparicién temprana de
enfermedades neurodegenerativas. Un amplio abanico de estudios de resonancia
magnética ha identificado una gran variedad de alteraciones anatémicas y
funcionales. Pero los cambios en sustancia blanca y su repercusion funcional
todavia permanecen sin caracterizar.

Asi pues, con este estudio se pretendia caracterizar las anormalidades de
sustancia blanca en adultos con sindrome de Down e investigar si estos cambios
podrian ser usados como marcadores de demencia en este tipo de pacientes.

Los objetivos de este estudio incluian:

[.  Caracterizar las anormalidades en sustancia blanca cerebral en sujetos
adultos no demenciados con sindrome de Down empleando la técnica de
tensor de difusion.

II.  Investigar si los cambios involucionales de la sustancia blanca estructural
son detectables antes del desarrollo de una demencia.

7.2.4.2 Hipotesis

Se predijo que los pacientes con sindrome de Down mostrarian una reduccién de
anisotropia fraccional de la sustancia blanca de forma generalizada y una
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aceleracion del envejecimiento, y que estas alteraciones podrian estar asociadas
con un mal rendimiento cognitivo.

7.2.5 Estudio V: Estudio Longitudinal sobre los Cambios Anatémicos
que preceden a la Demencia en el Sindrome de Down

7.2.5.1 Objetivos

La investigacion en neuroimagen indica que los pacientes con sindrome de Down
muestran alteraciones cerebrales tipicas de la degeneracion de la enfermedad de
Alzheimer (Emerson et al., 1995; Haier et al., 2008; Beacher et al. 2009; Powell et
al, 2014). A pesar de esto, los estudios no son concluyentes a la hora de
distinguir la patologia basal del Down de los cambios degenerativos que se
producen en la demencia.

Asi pues, el objetivo principal de esta investigacidn fue caracterizar a pacientes
con sindrome de Down con riesgo de desarrollar demencia mediante la medicién
de cambios en la estructura de la sustancia blanca y su relacién con el deterioro
cognitivo.

En resumen, los objetivos eran:

[.  Caracterizar los cambios de la sustancia blanca en pacientes con
sindrome de Down con riesgo de desarrollar una demencia.

II.  Relacionar la progresion del deterioro cognitivo de los pacientes con
sindrome de Down con el declive cognitivo caracteristico de la
enfermedad de Alzheimer.

[II. Relacionar los cambios identificados en sustancia blanca con la
progresion del deterioro cognitivo.

7.2.5.2 Hipotesis

Nosotros hipotetizamos que el cerebro de un paciente con sindrome de Down
mayor posee caracteristicas propias de la enfermedad de Alzheimer y esto podria
ser un punto de unién entre una anomalia genética y la neurodegeneracion que
podria contribuir a caracterizar la patogénesis de la enfermedad de Alzheimer.
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7.2.6 Estudio VI: Anomalias Hipotaldmicas y en regiones relacionadas
en el Sindrome de Prader-Willi evaluadas mediante Tensor de Difusion

7.2.6.1 Objetivos

Los pacientes con sindrome de Prader-Willi presentan graves alteraciones
neuroendocrinoldgicas, como déficit de hormona de crecimiento, hipogonadismo
hipogonadotrépico e hiperfagia, consecuencia de una posible alteraciéon del
sistema hipotalamo-hipofisario. Existe una creciente evidencia que apunta hacia
un desarrollo atipico de la sustancia blanca. Sin embargo, s6lo existe un articulo
centrado en este tema con este tipo de pacientes y no esta centrado en la region
hipotalamo-hipofisaria de interés (Yamada et al, 2006). Asi que las posibles
alteraciones en sustancia blanca en pacientes con Prader-Willi siguen siendo una
incognita.

Asi pues, el objetivo de este estudio fue evaluar el hipotdlamo y regiones
adyacentes en paciente adultos con sindrome de Prader-Willi empleando el
tensor de difusion.

Los objetivos de este estudio se resumen en:

I.  Usando un método capaz de detectar anomalias en las vias de sustancia
blanca, caracterizar las anomalias en sustancia blanca en regiones
relacionadas con estructuras con funcién neuroendocrinoldgica.

II.  Relacionar las anomalias en sustancia blanca con hormonas relacionadas
con la conducta alimentaria en pacientes con sindrome de Prader-Willi.

7.2.6.2 Hipotesis

Nosotros predecimos la presencia de anomalias estructurales en la sustancia
blanca que conectan el hipotalamo con areas adyacentes que podrian ser la causa
directa de las caracteristicas clinicas del sindrome de Prader-Willi.

7.3 Metodologia

La presente tesis consta de cinco estudios y unos resultados preliminares que
examinan las funciones cognitivas y las caracteristicas de imagen estructural y
funcional durante desarrollo normal y patoldgico. Para llevar a cabo esta tesis, se

145



han estudiado tres muestras diferentes y se han empleado tres aproximaciones
cognitivas y de imagen distintas. Todos los estudios fueron aprobados por el
comité de ética del Hospital del Mar (Barcelona) y todos los sujetos y sus
respectivas familias firmaron un consentimiento informado antes de ser
incorporados a las investigaciones. Una descripcion detallada de las
caracteristicas de las muestras, las aproximaciones metodoldgicas, las
valoraciones cognitivas y/o conductuales y las técnicas de resonancia estan
detalladas en cada estudio.

7.3.1 Muestras

La muestra de nifios en edad escolar se adquirié en el contexto de un proyecto a
gran escala disefiado para explorar los efectos de factores ambientales sobre el
desarrollo cerebral de los nifios (BREATHE, Comisién Europea FP7-ERC-2010-
AdG, ID 268479). Un total de 2.897 nifios de 39 escuelas de la ciudad de
Barcelona, fueron invitados a participar en el estudio de resonancia magnética
por correo postal, correo electrénico o por teléfono. 810 de ellos dieron una
respuesta positiva inicial. La muestra del estudio se recluté posteriormente de
este grupo con el objetivo de incluir a nifios de todas las escuelas participantes.
Se contact6 directamente con los padres de 491 nifios. El consentimiento para
participar finalmente no fue obtenido en 165 casos, 27 nifios se perdieron antes
de la evaluacién y 21 nifios no eran elegibles ya que eran portadores brackets
dentales. El grupo finalmente seleccionado incluyé 278 casos. Un total de 263
nifios completaron el protocolo de estudio (edad media 9.7 * 0.9; rango 7.9-
12.1). Otros casos fueron excluidos en base de criterios de calidad de imagen en
cada andlisis especifico de resonancia magnética (véase capitulo 4).

La muestra de individuos con sindrome de Down incluia 68 participantes con
sindrome de Down confirmado por cariotipo (edad media 36.3 + 10.9; rango 17-
61). Los candidatos fueron reclutados por el Servicio Especializado en Salud
Mental y Discapacidad Intelectual (SEMS-DI, Girona; TESDAD, Barcelona) a través
de organizaciones de padres. Los individuos con convulsiones o enfermedad
neuroldgica (que no fuera sindrome de Down), trastorno psiquiatrico
(incluyendo trastorno del espectro autista), condiciones médicas no estables,
toma de medicamentos psicoactivos y que no reunian los requisitos para la
evaluacion de la RM fueron excluidos. Los participantes fueron seleccionados de
un grupo grande de sujetos con sindrome de Down en base a tener >18 afios,
sindrome de Down confirmado por cariotipo, ningin tratamiento médico, QI leve
a moderado, buena capacidad de entender las instrucciones de resonancia
magnética y seguirlas, asi como la actitud y la disposicién 6ptima (participantes y
padres) para participar (véase capitulo 4).
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La muestra de pacientes con Prader-Willi comprendia 30 pacientes con sindrome
de Prader-Willi (edad media 27.4 * 8.0; rango 18-47) reclutados del
departamento de genética, pediatria y endocrinologia del Parc Tauli de Sabadell,
Barcelona (centro de referencia para el sindrome de Prader-Willi) y el servicio de
salud mental y discapacidad intelectual del Parc Hospitalari Marti i Julia de
Girona, Spain. Se descartaron del estudio pacientes menores de 18 afios con
condiciones médicas no estables e incapacidad para seguir las instrucciones
dentro de la maquina de resonancia magnética. Como criterio de inclusién, a
todos los participantes se les realizé un test genético para confirmar anomalias
en el cromosoma 15 (véase capitulo 4).

7.3.2 Evaluaciones Cognitivas y Conductuales

Una evaluacion cognitiva y/o conductual se realizé en todos los estudios (véase
capitulo 4).

En la primera muestra (nifios sanos), el desarrollo cognitivo se evalué mediante
el cambio a largo plazo en memoria de trabajo y atencién. Desde enero de 2012
hasta marzo de 2013, los nifios fueron evaluados cada 3 meses durante cuatro
visitas, utilizando pruebas computarizadas de 40 minutos de duracién. Se
seleccionaron pruebas de memoria de trabajo y atencién ya que maduran de
manera constante durante la pre adolescencia (Anderson et al., 2002, Rueda et
al,, 2005). Las pruebas computarizadas elegidas (la tarea “N-back” en la memoria
de trabajo (Anderson et al., 2002) y la prueba de red atencional [ANT]) (Rueda et
al, 2004) (Figura 28) han sido validados estudios de resonancia magnética
(Thomason et al., 2009; Rueda et al, 2004) y en la poblacién general. Los nifios
fueron evaluados en grupos de 10-20 nifios y habia supervision por un
examinador entrenado cada 3-4 nifios.

Para la prueba N-back, se examinaron diferentes cargas de N-back (hasta 3-back)
y estimulos (colores, nimeros, letras y palabras) (Figura 29). Los resultados de la
prueba N-back se analizaron en base a la medida d’, una medida de deteccién que
se obtiene restando a la tasa de aciertos la tasa de falsas alarmas: (Z tasa de aciertos
- Z tasa de falsas alarmas) x 100. A mayor d’, la actuacion en la prueba ha sido mas
precisa. De la prueba ANT se escogieron como medidas la desviacion estandar del
tiempo de reacciéon (HRT-SE) (Conners et al., 2000): medicion de la consistencia
en velocidad de respuesta durante toda la prueba, ya que se mostré6 muy poco
efecto aprendizaje y era la que mas claramente crecia durante el periodo de
estudio. Un mayor HRT-SE indicaba reacciones muy variables relacionadas con la
falta de atencidn.
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Figura 28. Descripcidn grafica del Test de Red Atencional (ANT), en su version infantil.

La segunda muestra (sindrome de Down) recibié una evaluacién integral médica,
psiquiatrica, neuropsicoldgica y de laboratorio. El estado cognitivo de los
pacientes se evalu6 mediante “Kaufman Brief Intelligent Test”, segunda edicién
(K-BIT) (Kaufman, 2004). Los candidatos fueron evaluados
neuropsicolégicamente a través del Wechsler Adult Intelligence Scale (WAIS), el
Programa Integral Neuropsicoldgico para personas con Discapacidad Intelectual
(PIEN-ID), Figura Compleja de Rey-Osterrieth (ROCF), Inventario Conductual
sobre Funcion Ejecutiva (BRIEF), CAMDEX -DS, Torre de Londres (TOL), Color
Trail Test (CTT), Lista de Conductas Aberrantes (ABC Escala) y la Escala de
Comportamiento Adaptativo (ABS-RC2).
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Figura 29. Descripcidn grafica del Paradigma N-Back empleado en la evaluacion cognitiva.
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A la tercera muestra (sindrome de Prader-Willi) se le aplicaron unas pruebas
selectivas para identificar la presencia y gravedad de los sintomas relacionados
con el comportamiento obsesivo-compulsivo en el sindrome de Prader-Willi,
incluida la Compulsive Behavior Checklist (Gedye et al., 1992) Para confirmar la
presencia de varios sintomas compulsivos agrupados en varias categorias: orden,
integridad, limpieza, control y conductas de aseo. Ademas, se utiliz6 la escala
obsesiva compulsiva de Yale-Brown (Y-BOCS, Goodman et al, 1989) para
proporcionar una evaluacion complementaria de la gravedad de las
compulsiones identificadas utilizando el cuestionario Compulsive Behavior
Checklist. Para abordar el comportamiento compulsivo relacionado con la
alimentacién se utiliz6 el Cuestionario de Hiperfagia (Dykens et al, 2007), un
instrumento de 13 items disefiado especificamente para medir los pensamientos
relacionados con alimentos asi como la gravedad de estos.

7.3.3 Neuroimagen

Las adquisiciones de imagenes para todos los estudios se realizaron en la Seccion
de Neurorradiologia, Servicio de Radiologia del Hospital del Mar (Barcelona,
Espafia) de acuerdo con el protocolo de estudio especifico.

En resumen, se utilizé un sistema Signa Excite 1,5 Teslas (General Electric,
Milwaukee, WI) equipado con una bobina de ocho canales. El protocolo de
estudio incluia imagenes de tensor de difusion (para mds detalles, véase capitulo
4). El protocolo de procesado de imagenes para cada tipo de secuencia esta
especificado en cada estudio y en el capitulo 3.

7.3.4 Analisis Estadisticos

Posteriormente, las imagenes anatémicas, el tensor de difusién y los mapas de
conectividad funcional se incluyeron en andlisis de segundo nivel (grupo). Los
resultados se consideraron significativos con clisters de 1.032 ml y un umbral de
P<0.005.

7.4 Resultados

7.4.1 Estudio I: La Exposicion al Cobre Ambiental en la Escuela estd
asociado con un peor Rendimiento Motor Y Alteraciones en los
Ganglios le la Base
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Respecto a al efecto que tienen distintos contaminantes presentes en el aire
sobre la cognicion, se objetivd que la exposicion a altos niveles de cobre (CU)
correlacionaban con un peor rendimiento motor. En términos de toda la muestra
(n = 2827 después de las exclusiones), la correlacién era significativa para la
velocidad de respuesta motora (TR, r = 0.05 p=0.006). Este efecto era incluso mas
robusto para la consistencia de la respuesta motora (Desviacion Estandar del TR,
r=0.09 p=0.0000008).

En la muestra que participé en la adquisicién del DTI mediante RM (n=253),
también aparecié correlacién positiva entre el TR y el CU (r = 0.14 p<0.05). De
manera que a mas altos niveles de exposicién al cobre, mas se incrementa el
tiempo de reaccion de los nifios.

A nivel de neuroimagen, el cobre se relacion6 con altos niveles de concentracion
de sustancia gris en el estriado, especificamente el nicleo caudado, sin efecto
sobre el volumen de sustancia gris.

En el analisis de resultados de DTI se relacioné el CU con un incremento del
tejido cerebral anisotropico (FA) en zonas especificas. Esta medida de DTI se
puede expresar como el grado en que una estructura anatémica se compone de
tractos de SB que presentan una direcciéon dominante. En las regiones del cerebro
que contienen vias en una sola direccion, la FA aumenta como resultado de la
maduracion cerebral. Sin embargo, en estructuras complejas que poseen tractos
que se cruzan en diferentes direcciones, una FA elevada puede denotar un tejido
menos maduro o menos estructurado (Douaud et al., 2001; Jones et al,, 2013). En
nuestros analisis, altos niveles de cobre se asociaron con una FA alta en la SB
cercana a los nucleos caudados (NC) o en los nticleos caudados en si. Esta region
estd anatémicamente compuesta por fibras en direccién superior-inferior,
posterior-anterior y lateral-medial (Kotz et al., 2013). Asi que, en este contexto,
una maduracion deficitaria en la estructura, mostraba un alto nivel de FA.

Para entender el significado funcional de estos cambios en los nicleos caudados
se llevaron a cabo andlisis de conectividad funcional. Se generaron mapas de
conectividad funcional usando coordenadas extraidas de anteriores trabajos y de
los resultados de las anteriores pruebas de imagen. El resultado mas relevante
fue la asociacion entre altos niveles de cobre y la reducciéon de la conectividad
funcional entre el nicleo caudado y el opérculo del 16bulo frontal. Esta asociacion
era consistente con los resultados anatémicos y de DTL.

Ademdas de los resultados de imagen, las correlaciones con las medidas
neuropsicolégicas ayudaron a establecer la naturaleza de los efectos del CU. El
tiempo de reaccién (TR) y la variabilidad del tiempo de reaccién (Desviacion
Estandar del TR) mostraron una correlacién significativa positiva con la FA
adyacente a la sustancia blanca del nicleo caudado. Es decir, a mayor exposicién
a los efectos del CU, los nifios tenian respuestas motoras mas lentas, éstas eran
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menos consistentes y mostraban mayor FA y una menor conectividad funcional
en dicha region.

7.4.2 Estudio II: La Exposicion a la Contaminacion producida por el
Trdfico esta asociada con Alteraciones de la Conectividad Funcional de
los Ninios en Edad Escolar

La contaminaciéon producida por el trafico en las escuelas de los nifios se
determiné usando el promedio de dos indicadores de gases producidos por
vehiculos, llamados particulas de carbdn elemental y diéxido de nitrégeno (NO_).
Este indicador se correlacioné con mapas de todo el cerebro en desarrollo. No se
encontraron correlaciones significativas entre la contaminaciéon ambiental y las
imagenes anatémicas estructurales, metabdlicas y de DTI. Sin embargo, si que se
encontraron resultados consistentes en los andlisis de imagen funcional.

La aproximacion funcional de este estudio incluia la generaciéon de mapas de
conectividad funcional empleando coordenadas de estudios previos. El mapa de
conectividad obtenido desde un seed en la corteza frontal (region de interés) nos
proporcioné los resultados mas ilustrativos. Se encontré que la contaminacion
producida por el trafico estaba significativamente asociada con una conectividad
funcional mas débil entre las regiones que constituyen la “Default Mode
Network” (DMN), indicando una integracion baja entre las areas que componen
esta red (Fair et al,, 2009).

El andlisis de la correlacion entre la edad de los nifios y la conectividad funcional
en la DMN fue util para establecer la naturaleza perjudicial de los resultados. De
hecho, el efecto de la edad sobre la conectividad funcional en esta red fue el
contrario al efecto del contaminante. La edad se asoci6 significativamente con
una conectividad funcional mas fuerte dentro de los elementos de la DMN
(integracion) (Sherman et al,, 2014) y con una conectividad funcional mas débil
con las regiones limitrofes (segregacion) (Sherman et al., 2014).

Para probar si la contaminaciéon medida se asociaba con el rendimiento cognitivo,
se utilizé el rendimiento de los nifios en una tarea de memoria de trabajo,
velocidad de respuesta del motor y atencidn. El unico resultado significativo
apareci6 en las correlaciones con el tiempo de reaccién. indices de contaminacién
mas altos predecian tiempos de reaccion mas lentos en 248 participantes
analizados con resonancia magnética (festandarizado = 0,154; p = 0,015). Se
realiz6 un andlisis adicional para correlacionar TR de los nifios con la
conectividad funcional en el mapa DMN. Curiosamente, los tiempos de reaccién
mas rapidos se asociaban con una mayor conectividad dentro de la DMN
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(integracién de la red) y una conectividad mas débil en el opérculo frontal
(segregacion de red).

7.4.3 Estudio III: Videojuegos en Edad Escolar: ;cudnto es suficiente?

La muestra total del estudio comprendia 428 no jugadores y 2.014 jugadores (>
1 hora/semana). Como grupo, los jugadores jugaban una media de 4,0 + 2,9 horas
por semana. Los chicos jugaban, en general, 1,7 hora/semana mas que las
mujeres (95% intervalo de confianza [IC] = 1,4-1,9 horas). Existia un efecto
significativo de la edad, los nifios mayores (por encima de la edad promedio de la
muestra) jugaban 0,4 horas/semana mas que los nifilos mas jévenes (IC del 95% =
0,2-0,7 horas). Todos los andlisis estadisticos adicionales se ajustaron por edad y
sexo (es decir, la edad y el sexo se incluyeron como covariables en comparaciones
de grupos y correlaciones).

Los jugadores mostraron una respuesta motora mas rapida ante la estimulacion
visual (es decir, menor tiempo de reaccién) que los no jugadores, con una
diferencia media de 65 milisegundos. Tal diferencia fue estadisticamente robusta
(t = 8,1, p = 6e7'®) y era también significativa en la submuestra de MRI (t = 4,5, p
= 0,0001). El uso de videojuegos también se asocié con una mayor coherencia de
las respuestas motoras. Sin embargo, no hubo efectos sobre las funciones
atencionales especificas o memoria de trabajo. Sorprendentemente, el mayor
beneficio sobre la capacidad de respuesta motora se observd en los nifios que
jugaban 1 hora por semana (diferencia media de 52 milisegundos con respecto a
los no jugadores), con cambio minimos observados después de las 2 horas de
juego por semana.

Por el contrario, en el grupo de jugadores, el tiempo de juego semanal se asoci6
de manera constante con puntuaciones altas en las valoraciones de los padres
(SDQ), en particular en lo que respecta a los problemas de conducta, los conflictos
entre padres y la reduccion de las capacidades pro-sociales. En nuestro analisis
post hoc, los nifios que jugaban en el rango de 9-17 horas por semana mostraron
significativamente mas problemas de comportamiento que los no jugadores (por
ejemplo, problemas de conducta; t = 3,3, p = 0,001).

Al examinar las diferencias entre no jugadores y jugadores de bajo y de alto uso
en las mediciones de volumen de materia blanca (ANCOVA), se observaron
resultados significativos en una region adyacente a la cara ventral y lateral del
cuerpo estriado extendiéndose hasta el 16bulo temporal. Sin embargo, no se
obtuvieron resultados significativos para el volumen de materia gris.
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Respecto al DTI, el ANCOVA mostré diferencias significativas entre los grupos en
una regiéon adyacente a la cara lateral del cuerpo estriado. El conjunto de
mediciones de FA revel6 un aumento de FA significativo en el estriado izquierdo,
pero sélo en el grupo de alto uso. La comparacién directa de no jugadores con los
jugadores de alto uso confirm6 el aumento de FA en esta regiéon y detectd
cambios adicionales en la region estriatal ventral bilateral, asi como en el tdlamo
derecho y en la sustancia blanca occipital izquierda.

En las imagenes funcionales, los videojuegos se asociaron con una mayor
conectividad funcional en el putamen y mapas nucleo caudado. Especificamente
en el mapa putamen, se identific6 un aumento de la conectividad con la corteza
motora izquierda y la corteza prefrontal en ambos grupos (bajo y alto uso). En el
mapa del caudado ventral, el hallazgo mas relevante involucraba la corteza
cingulada anterior dorsal (ACC), que mostraba un fuerte efecto en el grupo de
alto uso y un efecto intermedio en el grupo bajo en comparaciéon con los no
jugadores.

En relacién con la edad, el volumen de materia blanca aumentaba en el sistema
visual y proyecciones sensoriomotrices a nivel de los ganglios de la base y el
tdlamo. Con la edad, la FA aumenté significativamente principalmente en la
capsula interna y los ganglios basales. Por lo tanto, las asociaciones identificadas
de los videojuegos y las mediciones de la sustancia blanca son consistentes con
los efectos de la edad.

7.4.4 Estudio IV: Anormalias en la Sustancia Blanca Cerebral y el Efecto
de la Edad en pacientes con Sindrome de Down

Los pacientes con sindrome de Down mostraron una reduccién generalizada de
anisotropia fraccional respecto a los controles sanos. Enfatizandose esta
reduccion en los l6bulos frontales, centros semiovales, cuerpo calloso, capsula
externa, capsula interna, putamen, talamo, vias piramidales y tronco del encéfalo.
Por lo tanto, aunque las principales vias cerebrales estan afectadas, las
alteraciones mas graves aparecen en los circuitos fronto-subcorticales. Por
ejemplo, 21 de los 25 sub-clusters que mostraban las mayores diferencias entre
grupos (t > 5) involucraron los circuitos fronto-subcorticales (x2 = 11,5, p
<0,001). En el contraste opuesto, se encontré una FA significativamente mayor en
la unién temporo-parietal de los pacientes con sindrome de Down.

Respecto al rendimiento cognitivo, no se encontraron correlaciones significativas
entre las mediciones de anisotropia fraccional y el rendimiento en las matrices
(K-BIT) y de memoria de trabajo (Digitos WAIS). Por el contrario, la FA revel6
una correlacion significativamente positiva con la fluidez semantica (es decir,
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menores valores de FA, peor rendimiento) en una variedad de regiones que
involucran los lébulos frontales, el cuerpo calloso, los centros semiovales, el
fasciculo arqueado, el nucleo caudado, la capsula externa, el talamo y el
hipocampo.

En relacion al efecto de la edad, en ambos grupos la anisotropia fraccional
disminuy6 en funcién de la edad. Los controles sanos mostraron cambios en FA
relacionados con la edad en los 16bulos frontales, el cuerpo calloso, los ganglios
basales (caudado), el tadlamo, centros semiovales y vias piramidales. En los
pacientes con sindrome de Down, se encontraron correlaciones significativas con
la edad en los lé6bulos frontales, fasciculo arqueado izquierdo, cidpsula externa
derecha e hipotalamo. No se encontraron diferencias significativas entre los
grupos, es decir, no se obtuvo una correlacion significativa de la interaccion.

7.4.5 Estudio V: Estudio Longitudinal sobre los Cambios Anatéomicos
que preceden a la Demencia en el Sindrome de Down

La duracién media del estudio fue de 23 meses (desviacion estandar, 2 meses) y
el estado cognitivo de los pacientes vari6 a lo largo del estudio. Cinco pacientes
cambiaron su estado clinico de estable a deterioro cognitivo leve (DCL) y dos mas
pasaron de un estado cognitivo estable a demencia tipo Alzheimer. Asi pues, el
26% de los casos (N=7) mostraron evidencias clinicas de deterioro cognitivo
progresivo en un periodo de 2 afios aproximadamente.

Respecto a los resultados de neuroimagen, en el seguimiento se encontraron
reducciones significativas del volumen de sustancia gris en una region del
prosencéfalo basal y en la zona ventral de los ganglios basales que involucra la
sustancia innominada, en la corteza orbitofrontal derecha y en la cara lateral del
l6bulo temporal derecho. Ademas, se identificé una reduccién significativa del
volumen de la sustancia blanca en una regién que compromete el hipocampo
derecho y en el fasciculo arqueado izquierdo.

Los pacientes con sindrome de Down que presentaban progresion del deterioro
cognitivo mostraron una reduccion significativa del volumen de sustancia gris en
comparacion con el resto de la muestra en la sustancia innominada y en el
hipocampo izquierdo. Aunque menos extensa, la reducciéon de volumen en la
regiéon de la sustancia innominada se superponia notablemente a los otros
cambios en la muestra completa.

En el andlisis de las correlaciones entre los cambios anatémico y cognitivos, se

observaron los siguientes resultados: una correlacién entre la reduccién de la
puntuacién en memoria y la reduccién del volumen de la materia gris en una
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pequeiia porcién del hipocampo izquierdo y la amigdala. Una correlacién entre la
reduccion de la puntuacion de la comprension verbal y la reduccidn del volumen
de la materia gris en el area de Wernicke (y la corteza auditiva) y la reduccién del
volumen en parte del fasciculo arqueado izquierdo. Una correlaciéon entre la
reduccion de la puntuacién de la memoria prospectiva y la reduccion del
volumen de la materia gris y blanca en una porcion extensa del 16bulo prefrontal
bilateral, la reduccién bilateral del volumen de la sustancia gris en el l6bulo
paracentral y la reduccién bilateral del volumen de la materia blanca que
involucra la corteza temporal inferior y el hipocampo.

Todas estas asociaciones se observaron en la direccion positiva esperada
(ejemplo: reducciéon del volumen de tejido en paralelo con la reduccién de la
puntuacién cognitiva).

7.4.6 Estudio VI: Anomalias Hipotaldmicas y en regiones relacionadas
en el Sindrome de Prader-Willi evaluadas mediante Tensor de Difusion

Se encontré una reduccién significativa en los valores de FA en un nimero de
regiones del cerebro determinadas en pacientes con sindrome de Prader-Willi
que en los controles. La FA se redujo significativamente en el ntcleo lenticular
(bilateral), hipotalamo, amigdala y sub-genu. Las caracteristicas de difusividad
observadas indican anomalias de desarrollo en estas zonas de sustancia blanca,
que son altamente consistentes con las caracteristicas clinicas del sindrome de
Prader-Willi.

7.5 Discusion

La importancia del estado de la sustancia blanca en el correcto funcionamiento
del cerebro y su influencia sobre diversos dominios cognitivos es innegable.
Ademas, diversos estudios han revelado su susceptibilidad a ser modulada por
factores genéticos y ambientales. Especificamente, los trastornos genéticos del
neurodesarrollo alteran la trayectoria de crecimiento las vias de sustancia blanca
y generan consecuencias cognitivas y neuropsiquiatricas irreversibles. Pero,
aunque las principales caracteristicas del desarrollo de la materia blanca estan
determinadas genéticamente, no estan exentas de ser moduladas en respuesta a
ciertas exposiciones ambientales. Los principales estudios sobre el tema apoyan
que algunas experiencias/exposiciones pueden influir en la formacién de la
mielina y modificar la adquisicién de ciertas habilidades.
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Nuestros resultados sobre la influencia de diversos contaminantes en la infancia
confirman nuestra hipoétesis inicial, el cobre ambiental estad significativamente
asociado con un menor rendimiento motor y un dafio detectable de la sustancia
blanca en los ganglios basales. En concreto, en la direcciéon de los hallazgos de
exposicién al cobre, los nifios que presentaron un tiempo de reacciéon mas lento y
una respuesta motora menos consistente tenian cambios en esta region. Estas
alteraciones son altamente congruentes con las bien conocidas consecuencias del
exceso de cobre sobre el cerebro, siendo los ganglios basales el target principal
del cobre.Aunque una dieta normal contiene una cantidad considerable (~1 mg)
de cobre (Morris et al., 2006), los datos sugieren que niveles relativamente bajos
actuarian como neurotoxicos durante exposiciones crénicas. La exposicién a
largo plazo al cobre se ha relacionado con el aumento del riesgo de padecer
enfermedad de Parkinson (Gorell et al.,, 2004, Caudle et al., 2015) y aumenta la
tasa de conversion de deterioro cognitivo leve a enfermedad de Alzheimer
(Squitti et al., 2014c; Squitti et al., 2014b). En este contexto, el cobre puede jugar
un papel causal en los trastornos neurodegenerativos de aparicién tardia
(Bandmann et al., 2015). Es importante senalar que nuestras asociaciones se han
demostrado con niveles dentro de los limites permitidos en areas urbanas, lo que
sugiere un riesgo para grandes poblaciones y tendria implicaciones
potencialmente significativas para la salud publica en general.Los nifios pueden
ser particularmente vulnerables al cobre si entendemos éste como agente capaz
de interferir con el desarrollo del cerebro durante las etapas criticas del
desarrollo. De acuerdo con nuestros resultados, un estudio reciente ha informado
de una asociacion significativa entre altos niveles de cobre en sangre y menor
rendimiento cognitivo en nifios en edad escolar normal (Zhou et al, 2015).
Nuestra conclusion es que el efecto del cobre en los ganglios basales es sutil, pero
biol6gicamente significativo.

A pesar de los resultados tan claros obtenidos con el cobre, no hemos sido
capaces de detectar el impacto de otros contaminantes sobre las vias de sustancia
blanca. En nuestro caso, estudiamos la contaminacidn relacionada con el trafico
utilizando el promedio ponderado de dos indicadores de polucién relacionados
con el trafico de vehiculos, es decir, el carbono elemental y el NO, y no
identificamos asociaciones significativas entre el indice de contaminacién citado
y nuestra medida de materia blanca (FA). Por el contrario, el analisis de imagen
funcional si que mostré resultados consistentes. La razéon de los hallazgos
negativos en DTI puede ser que la exposicién a la contaminacién atmosférica
relacionada con el trafico se asocia cominmente a cambios funcionales en el
cerebro, sin efecto evidente sobre la anatomia cerebral, la estructura o el
metabolismo. Los nifios de escuelas con mayores indices de contaminacién
relacionada con el trafico mostraron menor integracion funcional y segregacion
en las redes cerebrales. Lo que indica que una mayor exposiciéon se asocia con
una maduracién cerebral mas lenta. Se observaron efectos similares entre
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diferentes redes funcionales y las areas sensibles a la edad, éstas coincidieron
notablemente con las dreas que muestran una correlacién significativa con la
contaminacién. Afortunadamente, a pesar del evidente efecto de Ia
contaminacién sobre la conectividad funcional, la repercusion global del cerebro
puede, hasta cierto punto, ser considerada sutil, ya que los cambios no implican
ninguna medicién estructural. Por lo tanto, podemos especular sobre la
reversibilidad del dafio cerebral y la eficacia potencial de las acciones dirigidas a
reducir la contaminacién. Sin embargo, el efecto de la contaminacién atmosférica
puede ser mucho mas dramatico de lo que se esperaria cuando la exposicién
implica periodos de desarrollo tempranos y exposiciones a largo plazo. Estudios
recientes han revelado que la exposicién a largo plazo a la contaminacién
ambiental puede afectar, en ultima instancia, al volumen del tejido cerebral en las
personas mayores (Chen et al., 2015).

Por otro lado, nuestros hallazgos relacionados con el uso de videojuegos
demostraron que el uso de videojuegos estd asociado con una respuesta motora
mas rapida a la estimulacion visual. A nivel neuronal, los cambios estructurales
de la sustancia blanca asociados con el uso del juego son mas evidentes en los
ganglios basales. Hubo diferencias significativas entre los grupos en una regién
adyacente a la cara lateral del estriado. Las medidas de FA de esta regién
revelaban un aumento de FA significativo, pero sélo en el grupo de que jugaba
intensivamente (<2 horas/semana). La comparacién directa de no jugadores con
jugadores de alto rendimiento confirmé el aumento de FA en esta regién y
detect6 cambios adicionales significativos en la region ventral del estriado, en el
tdlamo derecho y en areas occipitales izquierdas. Las asociaciones observadas
entre el uso de videojuegos y los cambios en la conectividad estructural de los
ganglios basales confirman la idea de que algunas habilidades son mas
entrenables que otras. Es bien sabido que los circuitos de los ganglios basales son
esenciales para el aprendizaje procedimental basado en la adquisicion de nuevas
habilidades a través de la practica (Doyon et al., 2003).

Por tanto, nuestros resultados son generalmente consistentes con otros estudios
de imagen que informan de los efectos de determinados videojuegos sobre la
estructura y funciéon de los ganglios basales. Especificamente, autores como
Erickson et al. (2010) ya mostraron que la adquisicién de determinadas
habilidades estimuladas por el uso de videojuegos puede predecirse mediante
cambios en el volumen del cuerpo estriado. Tradicionalmente, los nifios
adquieren habilidades de procedimentales a través de las acciones, por ejemplo,
en relacién con la practica de determinados deportes y juegos al aire libre. Los
recientes estudios basados en neuroimagen sugieren que el entrenamiento en los
ambientes virtuales también es capaz de modular ciertos sistemas del cerebro
relacionados con la materia blanca que es la base bioldgica del aprendizaje
procedimental.
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En resumen, al estudiar estos dos ejemplos de moduladores de ambientales
hemos confirmado que el desarrollo de la sustancia blanca es un proceso activo
influenciado por distintos factores ambientales activos y pasivos. Sin embargo, no
todos los efectos moduladores de la sustancia blanca son predecibles o incluso
reversibles. Es bien sabido que las enfermedades genéticas del neurodesarrollo
producen una organizaciéon de la materia blanca anémala desde el nacimiento,
cuyas consecuencias se hacen mas evidentes en la edad adulta.

Nuestros resultados con la muestra del sindrome de Down indican que la
sustancia blanca en los pacientes con sindrome de Down muestra una FA mas
baja de forma generalizada en comparacién con sujetos sanos, lo que sugiere la
existencia de un subdesarrollo de los tractos de sustancia blanca.

En nuestro caso, las estructuras mas afectadas fueron los l6bulos frontales, la
sustancia blanca subcortical y algunas partes del tronco encefalico. Esta FA baja
en sindrome de Down se asoci6, ademas, con una fluidez semantica mas pobre, lo
que muestra un grado de correspondencia entre la integridad de la sustancia
blanca y el rendimiento cognitivo de estos pacientes. Por otro lado, la FA de la
sustancia blanca disminuyé con la edad tanto en el sindrome de Down como en
los controles sanos, pero no encontramos el esperado efecto acelerado de la edad
sobre el grupo de sindrome de Down. Nuestros resultados son consistentes con
los estudios anatomicos que muestran de forma generalizada volimenes
reducidos de sustancia blanca en el sindrome de Down en comparaciéon con
controles sanos (Weis et al,, 1991; White et al., 2003). Ademas, nuestros datos
pueden contribuir atin mas a la caracterizacion de las alteraciones de la sustancia
blanca en el sindrome de Down, ya que indican que los cambios no se limitan a
reducciones generales de volumen, sino que también pueden implicar un patrén
de conectividad estructural menos desarrollado.

Aunque las anomalias de FA involucraban las principales vias cerebrales, los
circuitos frontero-subcorticales mostraron las alteraciones mas severas. Como
tendencia general, los resultados son consistentes con el perfil de los déficits
cognitivos del sindrome de Down progresando hacia un deterioro profundo en la
produccién de lenguaje y funciones ejecutivas, dominios cognitivos dependientes
en gran medida de los l6bulos frontales (Lott et al., 2010).

Un problema relevante en la evaluaciéon de las capacidades cognitivas en el
sindrome de Down es la notable falta de reproducibilidad de las puntuaciones en
algunas pruebas neuropsicoldgicas. Nosotros utilizamos una evaluacién
neuropsicolégica extensa, pero sélo la fluidez verbal se pudo asociar con
alteraciones de FA en el sindrome de Down, lo que indica un cierto paralelismo
entre el patron identificado de alteraciones de la materia blanca y el rendimiento
cognitivo. Sin embargo, no encontramos asociaciones similares con el
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rendimiento 1Q y la memoria de trabajo. Consideramos que estas pruebas no son
las mas adecuadas para predecir las alteraciones cognitivas en el sindrome de
Down. El desarrollo de herramientas mas sensibles y especificas para este tipo de
pacientes podria ser de gran utilidad en futuros estudios.Por otro lado, no se
encontraron resultados significativos entre los distintos grupos en lo referente al
efecto de la edad relacionada con cambios en la sustancia blanca. Esto significa
que, aunque ambos grupos sufrieron una variacién de la estructura de la
sustancia blanca con la edad, no hubo diferencias entre grupos. En nuestro grupo
de sindrome de Down, no habifa ningln participante diagnosticado de
enfermedad de Alzheimer y s6lo 3 pacientes tenian DCL segtn criterios clinicos.
Por tanto, no pudimos demostrar los efectos anticipados del envejecimiento
prematuro sobre la sustancia blanca usando mediciones FA, lo que contrasta con
los hallazgos positivos en estudios sobre la enfermedad de Alzheimer familiar.
Probablemente, el enfoque DTI adoptado no era lo suficientemente sensible como
para detectar alteraciones relacionadas con el proceso de demencia en estadios
subclinicos de la enfermedad de Alzheimer.

A pesar de los desafios son inherentes a las evaluaciones longitudinales y mas en
individuos con discapacidad intelectual, nuestro estudio longitudinal en el
ejemplo de que se pueden identificar cambios anatémicos cerebrales que
preceden a la demencia en pacientes con este tipo de patologias. Nuestros
resultados se centraron en las reducciones de volumen después de dos afios en la
sustancia innominada del prosencéfalo basal, hipocampo, corteza temporal
lateral y fasciculo arqueado izquierdo. Sin embargo, no encontramos cambios
significativos en FA en estas regiones especificas.

Los cambios de volumen identificados en nuestro estudio longitudinal y sus
asociaciones con la progresion del deterioro cognitivo son, en general,
notablemente coherentes con los cambios anatémicos bien descritos sobre la
progresion de la demencia en la enfermedad de Alzheimer. Por lo tanto, la
involucién del cerebro en individuos mayores con sindrome de Down parece
acercarse al proceso degenerativo de la enfermedad de Alzheimer, a pesar de
tener lugar en una situacion compleja con una patologia de base. Los sistemas
cerebrales que se afectan tempranamente en la enfermedad de Alzheimer como
el prosencéfalo basal, el hipocampo y el 16bulo prefrontal también se encuentran
selectivamente afectados en el sindrome de Down antes de la demencia, segin
nuestro estudio. Finalmente, es importante destacar las implicaciones
bidireccionales de nuestros hallazgos, en primer lugar dando soporte al valor
potencial del sindrome de Down como modelo genético de la neurodegeneraciéon
en la enfermedad de Alzheimer, y en segundo lugar, afirmando que los pacientes
con sindrome de Down en riesgo de desarrollar demencia son candidatos a
beneficiarse del tratamiento propiamente indicado para la enfermedad de
Alzheimer.
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Una de las principales criticas que se podria hacer a esta investigacion es por qué
no describimos los cambios en los tractos de sustancia blanca medidos con DTI si
hemos demostrado la existencia de reducciones de volumen en sustancia blanca
analizadas con VBM. En realidad, encontramos reducciones significativas de FA
después de dos afios en giro temporal derecho y tractos de proyeccién frontal,
regiones que no coinciden con nuestros resultados de VBM. A pesar de esto,
nuestros resultados de FA coinciden con un estudio anterior de VBM basado en
sujetos con deterioro cognitivo leve y sujetos sanos (Wang et al., 2010) que
mostraron reducciones significativas de volumen de sustancia blanca en
pacientes con deterioro cognitivo leve en relacién con los controles en giro
temporal bilateral, corteza cingulada anterior derecha, giro superior bilateral,
giro frontal medial y angular parietal derecho.

En la actualidad, la patogénesis de la sustancia blanca en la enfermedad de
Alzheimer y especialmente en poblacién con sindrome de Down sigue sin estar
clara. Estudios recientes postularon que la descomposiciéon de la mielina es el
proceso principal que conduce a la enfermedad de Alzheimer (Bartzokis et al.,
2003). Como todos sabemos, la deposicién de (-amiloide extracelular (Af) es un
acontecimiento temprano importante en la patogénesis de la enfermedad de
Alzheimer. La literatura cientifica indica que la mielina puede se puede dafiar
directamente por el AB (Marner et al, 2003). Ademads, las respuestas
homeostaticas a esta descomposicion de mielina aumentan la toxicidad
intracortical y podrian explicar el dafio neuronal progresivo de la enfermedad de
Alzheimer. Sin embargo, la distribucién de la degradacién de la mielina no es
global. Mas bien, progresa de legiones mas susceptibles a la neurodegeneracion
como son las areas de asociacién cortical que mielinizan tarde en la vida a otras
areas menos complejas (Braak et al., 2000; Bartzokis et al., 2004).

En nuestros resultados de DTI, la distribucion de las anomalias de la sustancia
blanca en el cerebro apoya la hipotesis de descomposicién de la mielina. En
primer lugar, segun la teoria, las regiones de mielinizacién tardia, tales como los
l6bulos temporales y las areas de asociaciéon neocortical, serian el foco de los
primeros depositos de AP y por tanto de la descomposicion de mielina. En
segundo lugar, los I6bulos frontales y los l16bulos parietales que mielinizan tarde
en la vida serian mas susceptibles a la desmielinizacion que los l6bulos
occipitales. Nuestros hallazgos de la distribuciéon de anomalias de la sustancia
blanca proporcionan evidencia de un patrén de dafio en la mielina que parece ser
el opuesto al de la mielinizacion. Los resultados de Wang et al. (2010) son
consistentes con algunos estudios previos de la enfermedad de Alzheimer o
deterioro cognitivo leve usando el método DTI, los cuales han reportado cambios
en la sustancia blanca mediante la medicién del valor de FA (Medina et al., 2006;
Huang et al, 2007; Stahl et al, 2007). Otros estudios han utilizado métodos
basados en VBM para analizar las diferencias halladas en sustancia blanca en
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pacientes con enfermedad de Alzheimer, deterioro cognitivo leve y controles
sanos (Xie et al, 2006). Muchos de ellos han encontrado alteraciones de la
integridad de la sustancia blanca en el temporal medial, esplenium del cuerpo
calloso, 18bulo parietal y cingulo. Nuestros resultados longitudinales basados en
FA incluyen giro temporal y proyecciones frontales que serian consistentes con
los anteriores estudios sobre deterioro cognitivo leve en poblaciéon sana.
Lamentablemente, hasta la fecha estos hallazgos no han sido podrido ser
replicados en pacientes con sindrome de Down con deterioro cognitivo leve o
demencia tipo Alzheimer.

Hemos estado hablando de sindrome de Down durante la mayor parte de este
discusién, pero esta patologia tiene una tasa mayor de incidencia que otras
enfermedades genéticas no es la unica enfermedad del neurodesarrollo que
muestra alteraciones cognitivas y conductuales, sugiriendo un desarrollo
cerebral anormal. Nuestros resultados preliminares basados en una muestra de
pacientes con sindrome de Prader-Willi confirman la presencia de anomalias
estructurales extensas en la sustancia blanca que conectan el hipotalamo con las
estructuras cerebrales relacionadas que pueden estar debajo los trastornos
endocrinolégicos y la hiperfagia en estos pacientes. Estos hallazgos y los
anteriores sobre la muestra de sindrome de Down confirman el efecto innegable
de diversas enfermedades del neurodesarrollo en el crecimiento y maduraciéon de
la materia blanca.

Limitaciones

Una de las principales limitaciones al evaluar poblaciones especiales como son
nifios o personas con discapacidad intelectual es controlar el movimiento de
cabeza excesivo durante la adquisicion de las imagenes. Especificamente en la
muestra de sindrome de Down, se usaron sesiones de practica disefiadas para
minimizar es problema y habituar a los sujetos al sonido y procedimiento de la
resonancia.

Ademas, decidimos excluir casos que presentaban una degradaciéon de imagen
detectable, ya que ningun procedimiento de correccion a posteriori es totalmente
eficiente a la hora de corregir el movimiento. Aunque el control preciso de los
efectos de movimiento de la cabeza puede ser un punto fuerte del estudio, la
seleccion estricta de los participantes también es una limitacién, ya que nos
obligaba a excluir de los distintos estudios a bastantes sujetos.

Por otro lado, nuestros resultados DTI en la muestra de sindrome de Down no se

pueden generalizar a todos los pacientes con sindrome de Down, ya que
utilizamos individuos con capacidad intelectual levemente afectada o normal. Por
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lo tanto, nuestras conclusiones deben limitarse a las personas con sindrome de
Down con rendimiento cognitivo relativamente alto.

Y por ultimo, aunque teniamos la opciéon de emplear una maquina de resonancia
de 3 Teslas, los estudios se desarrollaron con una maquina de 1.5 Teslas
siguiendo las recomendaciones del Comité de Revisiéon de Etica del 7PM-ERC
para limitar el impacto del campo magnético en nifios.

7.6 Conclusiones

Las conclusiones de esta tesis derivadas de los estudios realizados son:

I1.

I11.

IV.

VL
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El cobre presente en el aire se asocia con un menor rendimiento motor y
alteraciones de los ganglios basales en nifios en periodo de desarrollo.

La exposicion a contaminacién atmosférica relacionada con los gases de
los vehiculos se asocia con cambios cerebrales funcionales, sin ningin
efecto evidente sobre la anatomia cerebral.

Jugar a videojuegos se asocia con una respuesta motora mas rapida ante
estimulacién visual y cambios en los circuitos de los ganglios basales. Un
exceso de juego esta asociado con problemas de conducta.

Los pacientes con sindrome de Down muestran en general una FA mas
baja, lo que sugiere un infradesarrollo de los tractos de la sustancia
blanca.

Los cambios en volumenes cerebrales regionales, pero no en FA, en el
sindrome de Down son concordantes con los cambios anatémicos que
indican la progresion hacia la demencia en la enfermedad de Alzheimer.

Los pacientes con sindrome de Prader-Willi muestran anomalias
estructurales extensas en la sustancia blanca que conecta el hipotdlamo
con estructuras cerebrales adyacentes.
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