Neurodevelopmental disorders
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Recent technological advances allow us to measure how the infant brain functions
in ways that were not possible just a decade ago. Although methodological
advances are exciting, we must also consider how theories guide research: what
we look for and how we explain what we find. Indeed, the ways in which research
findings are interpreted affects the design of policies, educational practices, and
interventions. Thus, the theoretical approaches adopted by scientists have a real
impact on the lives of children with neurodevelopmental disorders (NDDs) and
their families, as well as on the wider community. Here, we introduce and com-
pare two theoretical approaches that are used to understand NDDs: the neuropsy-
chological account and neuroconstructivism. We show how the former, adult account,
is inadequate for explaining NDDs and illustrate this using the examples of Wil-
liams syndrome and specific language impairment. Neuroconstructivism, by con-
trast, focuses on the developing organism and is helping to change the way in
which NDDs are investigated. Whereas neuropsychological static approaches
assume that one or more ‘modules’ (e.g., visuospatial ability in Williams syn-
drome) are impaired while the rest of the system is spared (e.g., language in Wil-
liams syndrome), neuroconstructivism proposes that basic-level deficits have
subtle cascading effects on numerous domains over development. Neurocon-
structivism leads researchers to embrace complexity by establishing large
research consortia to integrate findings at multiple levels (e.g., genetic, neural,
cognitive, environmental) across developmental time. © 2016 Wiley Periodicals, Inc.
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tors that shape its development. Much of the
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advances that, in ways that were not possible just a
decade ago, allow us to measure how the infant brain
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logical advances are exciting, we must also consider
how theories guide research: what we look for and
how we explain what we find. Here we compare two
very different theoretical approaches for explaining
NDDs—the neuropsychological account and neuro-
constructivism—and explain why we believe that the
latter approach is more likely to lead to better treat-
ments and outcomes.

To illustrate the differences between the two
approaches, consider Williams syndrome, a rare
genetic disorder. Researchers have documented the
fact that children with Williams syndrome have pro-
blems with number processing. If we adopt a neuro-
psychological approach®? and posit that the brain is
composed of independently functioning modules, one
of which is a number-processing module, then inter-
ventions will be focused specifically on the number
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TABLE 1 | A List of Neurodevelopmental Disorders, Ordered by
Prevalence

Condition Prevalence per 100
Lesch-Nyhan syndrome 0.0005
Lowe syndrome 0.0005
Rubinstein-Taybi syndrome 0.0008
Cornelia de Lange syndrome 0.0014
Cri du chat syndrome 0.0020
Galactosaemia 0.0020
Angelman syndrome 0.0040
Williams syndrome 0.0044
Marfan syndrome 0.0067
Prader-Willi syndrome 0.0067
Rett syndrome 0.0080
Phenylketonuria 0.0100
Duchenne muscular dystrophy 0.0143
Tuberous sclerosis 0.0167
Trisomy 18 0.0250
Velocardiofacial syndrome 0.0250
Neurofibromatosis type 1 0.0308
Turner syndrome 0.0400
XYY 0.0545
XXX 0.0550
Noonan syndrome 0.0571
Fragile X syndrome 0.0615
Klinefelter syndrome 0.0860
Fetal alcohol syndrome 0.1000
Cerebral palsy 0.1500
Down syndrome 0.1667
Tourette syndrome 0.5000
Autistic spectrum disorder 0.6500
Developmental dyscalculia 3.0000
Attention deficit hyperactivity disorder ~ 5.0000
Intellectual disability 5.5000
Developmental dyslexia 6.0000
Developmental coordination disorder 6.5000
Specific language impairment 7.4000
Speech sound disorder 10.0000

Prevalence has been divided by two if reported for one sex only. (Reprinted
with permission from Ref 1. Copyright 2010 Public Library of Science;
modified)

domain once the deficit is identified in middle child-
hood. In contrast, if we adopt a neuroconstructivist
(or other developmental) approach and posit that
number processing is an emergent property of a self-
organizing system that interacts with the environ-
ment, then we will focus our intervention efforts
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much earlier in development to identify those influ-
ences that set number processing on an atypical
developmental trajectory.* Indeed, differences in
basic-level processes (e.g., poor visual attention)
might affect the way in which infants with Williams
syndrome scan numerical displays, faces, and other
visual stimuli. So, adopting a neuroconstructivist or
other developmental approach, we would target
those basic-level processes with the aim of improving
developmental processes and outcomes.

THEORETICAL APPROACHES: THE
NEUROPSYCHOLOGICAL VERSUS
THE NEUROCONSTRUCTIVIST
APPROACH

Understanding NDDs requires not only describing dif-
ferences between typically developing individuals and
individuals with NDDs, but also understanding how
these differences emerge over developmental time. This
entails tracking differences as early in development as
possible and on multiple levels of description (e.g.,
genetic, neural, cognitive, environmental). Up until
recently, progress has been limited by the absence of
suitable methodologies for infants and young children.
Recent technological advances (e.g., new infant-
friendly electroencephalography [EEG, Figure 1])
allow us to measure how the infant brain functions
(for a comparison of different methods used to meas-
ure infant brain activity, see Figure 2). This enables
researchers to elucidate how changes on the neural
level are associated with changes on other levels of
description—such as cognition or behavior. Further-
more, EEG and neuroimaging approaches have the
potential to help identify important early markers of
NDDs of unknown origin (e.g., attention-deficit/hyper-
activity disorder, autism) before the behavioral symp-
toms emerge later in development. This could
potentially have high clinical significance since it would
provide an opportunity for timely interventions. EEG
and neuroimaging approaches can further be used as
tools for assessing the impact of these interventions.

Although methodological advances are exciting,
we must also consider how theories guide research:
what we look for and how we explain what we find.
The interpretation of the research findings then
affects the design of policies, educational practices,
and interventions. Thus, the theoretical approaches
adopted by scientists have a real impact on the lives
of many children with NDDs and their families, as
well as on the wider community.

The neuropsychological account views the
brain as if it were a Swiss Army knife,® containing
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FIGURE 1 | An infant with Down syndrome wearing a cap that
records electrical activity in the brain. Electroencephalography (EEG) is
one of the most commonly used methods to measure brain responses
in infants.
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FIGURE 2 | This figure compares the spatial and temporal
resolution of different methods used to measure brain activity in
infants. It also illustrates the relative degree of tolerance needed from
the infant for each method, ranging from yellow (low) to red (high).
EEG, electroencephalography; ERP, event-related potential; MEG,
magnetoencephalography; NIRS, near infrared spectroscopy; fMRI,
functional magnetic resonance imaging; DTI, diffusion tensor imaging;
PET, positron emission tomography. (Reprinted with permission from
Ref 5. Copyright 2010 Elsevier)

Volume 8, January-April 2017

© 2016 Wiley Periodicals, Inc.

Neurodevelopmental disorders

built-in, separate, special-purpose tools. Proponents
of this approach argue that the brain has discrete
parts, often referred to as modules, each of which
has a specific, evolved cognitive function. They use
the existence of adult neuropsychological patients to
support the modularity view. One example given by
advocates of this approach invokes patients with
damage to the fusiform face area (FFA), which is a
part of the cerebral cortex located in the temporal
lobe (see Haist and Anzures, Functional development
of the brain’s face-processing system, WIREs Cogn
Sci, also in the collection How We Develop). The
FFA is selectively activated when adults perceive
faces.”® When the FFA has been damaged in adult
patients, the ability to identify faces is particularly
impacted to the point that otherwise normally func-
tioning patients are unable to recognize their partner
or even themselves in the mirror”'® (Prosopagnosia
Research Centers: http://www.faceblind.org). This is
the basis for the claim that there exists an independ-
ently functioning face-processing module.

Indeed, theorists using data from neuropsycho-
logical patients and embracing the modularity hypoth-
esis take the existence of double dissociations in adults
to make strong claims about the functional architecture
of the human mind/brain (e.g., Refs 11-13; see discus-
sion in Shallice'). A double dissociation is established
when a specific brain lesion X in Patient 1 relates to
poor performance on Task A but not Task B, whereas
a different brain lesion Y in Patient 2 relates to poor
performance on Task B but not Task A."?

The usual assumption is that the brain lesion is
the direct cause of poor performance, leading to the con-
clusion that the cognitive function necessary to perform
well on Task A is linked to the brain region damaged in
Patient 1, and vice versa for Patient 2. Hence, double
dissociations for different cognitive abilities in brain-
damaged adults are used to relate brain and cognitive
data directly, thereby elucidating the architecture of the
adult cognitive system and how brain lesions affect it.

Returning to the Swiss Army knife analogy,
according to the neuropsychological account, it is
possible to selectively break one of the parts (e.g., the
can opener) without affecting the other parts (e.g.,
the corkscrew). But does this analogy provide insight
into the functioning of the brain? We think not.
Indeed, a growing body of evidence suggests that
adult brain networks display large-scale patterns of
interconnectivity that are inconsistent with the
notion that there exist independently functioning
modules per se (for more details, see Ref 16).
Because it is questionable that the neuropsychologi-
cal framework is useful for explaining even adult
neural and cognitive processes, it is unlikely to have
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any explanatory or predictive power when applied to
NDDs in children.

When the adult neuropsychological approach
is applied to children with NDDs, it is assumed
that individual differences in cognitive ability are
the result of a deficit in one or more innately speci-
fied modules, perhaps due to faulty genes. For
example, a ‘specifically impaired’ phonological
processor has been purported to be the root cause
of dyslexia'” and an impaired ‘theory of mind’
module has been suggested to be a major causal
factor in autism'® (see Wozniak, et al., The develop
ment of autism spectrum disorders: variability and
causal complexity, WIREs Cogn Sci, also in the
collection How We Develop).

The static neuropsychological approach con-
trasts with developmental approaches such as the
developmental systems approach,'® the dynamic sys-
tems approach,”® and neuroconstructivism.?' These
developmental approaches share the view that devel-
opment is a process of self-organization that results
from interactions between multiple subsystems within
a context. Intrinsic factors (e.g., physiological, psy-
chological, neural) as well as extrinsic factors (e.g.,
informational cues, social context) constrain each
other and shape the developmental process. Neuro-
constructivism is the developmental approach that
has most often been applied to explain NDDs, and
thus will be the one we focus on hereinafter.

In contrast to the neuropsychological approach
described above, proponents of the neuroconstructivist
approach argue that adults with acquired brain lesions
cannot be compared to children with NDDs. Although
specific patterns of network activation in the brain are
relatively stable (highly specialized) in adults, they do
not necessarily start out that way. Patterns of activa-
tion become increasingly specialized over developmen-
tal time (see Figure 3) through interactions between
various brain regions and through processing different
types of input.”>~2® Thus, although any brain injury is
likely to impair multiple cognitive functions, it is more
likely to cause a relatively specific deficit in the highly
specialized adult brain than in the less specialized (and
more plastic) infant brain.?"*® Therefore, the brain of
a child with an NDD cannot be described as composed
of a set of damaged versus intact parts (see discussions
in Refs 27-29). Instead, it can be better characterized
as an atypical system developing under different
constraints.

One surprising consequence of the neurocon-
structivist view is that even behavioral performance
that falls within the normal range may be supported
by atypical brain processes in children with NDDs.*°
For example, despite their low IQ, individuals with
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Face-matching task

FIGURE 3 | Functional magnetic resonance imaging (fMRI) data
showing the neural response to faces in 10-12-year-olds and adults.
Children show more distributed and bilateral activation than adults.
The colored bar to the left represents the percent increase in intensity
of activation in the experimental task, as compared to the control
task. Note that according to the radiological convention the left side
of the brain represents the right hemisphere (RH), and the right side

of the brain represents the left hemisphere (LH). (Reprinted with
permission from Ref 22. Copyright 2003 John Wiley and Sons; modified)

Williams syndrome fall in the normal range on tests
measuring face processing.>'** Yet the cognitive and
neural processes that support this performance in the
Williams syndrome children are very different from
those used by typically developing children.*® Fur-
thermore, task performance by children with NDDs
can sometimes surpass performance by typically
developing children on the same task (e.g., Ref 33).
Children with autism spectrum disorder are actually
faster and more accurate than typically developing
children in finding hidden shapes embedded in larger
meaningful pictures (e.g., finding a triangle within
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the drawing of a pram). Why? Because those with
autism spectrum disorder tend to focus on local
details and are less distracted than neurotypicals by
the meaning of the whole picture.*

If the developing infant brain starts out highly
interactive, then an initial impairment in one cognitive
component is likely to have cascading effects on other
parts of the developing system. That is, a basic-level
deficit in the cognitive system will constrain the emer-
gence of several higher-level cognitive functions,
because these functions emerge from complex interac-
tions in the brain.>”"** This early basic-level cognitive
deficit may be underpinned initially by small variations
in one or more factors including gene expression, neu-
ronal growth and migration, synaptogenesis, and syn-
aptic pruning”**?* (see Darnell and Gilbert,
Neuroembryology, WIREs Dev Biol, and Jernigan and
Stiles, Construction of the human forebrain, WIREs
Cogn Sci, also in the collection How We Develop).
These initial small alterations interact with other
genetic and environmental events that, over time, give
rise to the resulting phenotype. Such complexities make
it challenging to elucidate developmental causes in
complex, dynamic, multilevel systems. To understand
NDDs, it is thus critical to account for these dynamic,
complex interactions between and within all levels of
organization across time, from genes to environment.>>
Simple explanations may seem more tractable but they
do not suffice; we must embrace complexity (see
Appendix for an example of complex interactions).

As a result of cascading effects and multilevel
interactions, children with NDDs are likely to
develop atypical neural and cognitive trajectories
with numerous widespread impairments,””*’ rather
than a set of impaired and intact modules. A single
deficit may have differential cascading effects on the
system, with some functions being more affected than
others. Thus, some atypicalities may be subtle and
difficult to detect, using standardized measures
designed for children with typically developing
brains.>® Because these subtle differences are hard to
identify, they lead some theorists to claim that
impaired modules co-exist with ‘intact’ modules in
NDDs, even though fine-grained analyses have
revealed this not to be the case.

DOES THE NEUROCONSTRUCTIVIST
APPROACH EXPLAIN THE
DATA BETTER?

One example that illustrates the advantages of the
neuroconstructivist approach is that of Williams syn-
drome (Williams Syndrome Association: http://www.
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williams-syndrome.org; Williams Syndrome Founda-
tion: http://www.williams-syndrome.org.uk).

Within the neuropsychological framework, Wil-
liams syndrome is often invoked as a model NDD.
This is because of its known genetic etiology and its
uneven cognitive profile, with seemingly intact and
impaired components. Proponents of the neuropsy-
chological approach characterize this syndrome as
having specific impairments in spatial and numerical
cognition modules alongside ‘intact’ language and
face recognition modules.*”™** Consequently, Wil-
liams syndrome is often compared with other NDDs
in an attempt to delineate double dissociations not
only in adults but also in children.

For example, a double dissociation has been
repeatedly proposed between Williams syndrome and
‘specific language impairment’ (SLI), a developmental
disorder that—as its name suggests—appears to target
language development in a highly specific manner.
Researchers point to this double dissociation as evi-
dence that language is the product of a stand-alone
cognitive module (e.g., Refs 41,45,46). Accordingly,
proponents of this double dissociation describe Wil-
liams syndrome as a disorder in which the ‘system for
language is selectively spared’ (Ref 39, p. 193) and SLI
as a disorder characterized by a single impairment
in the language domain in an otherwise intact
brain.***!"*7~*? Furthermore, the proposed double dis-
sociation is used to support the notion that ‘a grammar
module’ develops normally in Williams syndrome
alongside low 1Q while being selectively impaired in
SLI alongside normal IQ, suggesting that syntax is a
cognitive module operating independently of nonver-
bal cognitive abilities in children (e.g., Refs 41,45,46).

In fact, however, the purported double dissocia-
tion between Williams syndrome and SLI does not
exist. Rather, as proposed by the neuroconstructivist
approach, several aspects of the brain and cognitive
system in both Williams syndrome and SLI develop
atypically.?®°°? For example, when the purported
double dissociation was tested by directly comparing
individuals with Williams syndrome and SLI on a
battery of verbal and nonverbal tests, no double dis-
sociation emerged. Although children with Williams
syndrome did perform significantly worse on nonver-
bal tasks, their performance in the verbal domain did
not differ from that of individuals with SLL>? Fur-
thermore, despite the fact that language is a relative
strength in individuals with Williams syndrome, it
still falls well below the level of proficiency expected
of a typically developing child of a similar chronolog-
ical age. In other words, within Williams syndrome,
language ability may be strong relative to other
domains (e.g., visuospatial ability), but it cannot be
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considered to represent an intact language module
because it develops atypically. Most aspects of lan-
guage, including the lexicon,”* morphosyntax,>® and
pragmatics,’® are atypical in Williams syndrome
when compared to typically developing children.

Even the claim that SLI entails a selective
impairment of language alongside preserved nonver-
bal intelligence (e.g., Refs 57-59) is controversial.
Although individuals with SLI perform within the
normal range on nonverbal intelligence tests, they
have been shown to perform significantly worse than
their siblings,’® which points to subtle, more wide-
spread impairments.®® Moreover, SLI has been asso-
ciated with numerous other (subtle) cognitive,
sensory, and motor difficulties.*®®'®” Finally, the
double dissociation is proposed purely on behavioral
evidence whereas, as predicted by the neuroconstruc-
tivist approach, widespread brain atypicalities are
found in both Williams syndrome and SLI (see
review by Ref 52; see also Ref 68).

HOW THEORETICAL APPROACHES
INFLUENCE RESEARCH STRATEGIES

As mentioned earlier, the theoretical approaches that
scientists adopt influence the type of research ques-
tions they ask, which in turn determine the studies
they carry out and the way that they interpret their
findings. These decisions have consequences for
health and social policies as well as for education and
intervention (see Appendix for an overview of how
different theories affect assessment and intervention).

The neuropsychological approach generates
research questions such as ‘By what age does each
module come online?,” “Which modules are impaired
and which are intact?,” and ‘Where are these mod-
ules located in the brain?’ Such questions necessarily
lead to the search in children with NDDs for specifi-
cally impaired modules in an otherwise intact brain.
This type of research tends to generate interventions
that target one specific cognitive system in isolation
of others (e.g., language in SLI; number in dyscalcu-
lia). However, as argued above, it cannot be
assumed that the infant brain is modular. Brain cir-
cuits interact across different regions at every age,
but especially in early development when they are
more plastic and less specialized. Thus, the static
research questions that are generated by the neuro-
psychological approach are now giving way to new,
more dynamic questions such as ‘How do neural
circuits and cognitive functions emerge and change
over developmental time?,” “Will an early, low-level
deficit be followed by compensation or
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compounding of effects?,” “Which domains interact
across developmental time?,” and ‘What aspects of
the ever-changing environment affect gene expres-
sion and cognitive development?’

Neuroconstructivists are helping to change the
way in which NDDs are investigated. Whereas neuro-
psychological approaches assume that basic-level defi-
cits directly impair one or more ‘modules’ while
sparing the rest of the system, neuroconstructivism sug-
gests that basic-level deficits have cascading effects that
alter interactions within and between networks. These
cascades act to constrain the emergence of many
higher-level (interactive) functions. In other words, a
basic-level deficit that affects one functional domain
(e.g., visual attention) may constrain the emergence of
functions in other domains (e.g., language) because the
developing system is highly interactive; it is not com-
posed of isolated, minimally interactive brain parts.
Thus, neuroconstructivism requires that researchers
adopt a truly developmental approach, focused on
change over time, to gain insight into interactions
among the genetic, cellular, neural, cognitive, behav-
ioral, and environmental levels of description. This is
critical in order to discover how an initial perturbation
in one domain, and at one level of analysis, may over
time influence other domains at other levels of analysis.

The neuroconstructivist approach has also
helped to engender a shift in research from small
domain-focused research teams (focused, for exam-
ple, on numerical cognition) to large collaborative
networks of multidisciplinary teams that include
geneticists, cellular and molecular biologists, neuro-
scientists, social scientists, and psychologists as well
as computational modelers and others. To facilitate
this collaboration, large cross-scientific consortia
are being established (e.g., British Autism Study of
Infant Siblings [BASIS, http://www.basisnetwork.
orgl; European Autism Interventions - A Multicentre
Study for Developing New Medications [EU-AIMS,
http://www.eu-aims.eu]; London Down Syndrome Con-
sortium [LonDownS, http:/www.ucl.ac.uk/londowns];
and Pediatric Imaging, Neurocognition and Genetics
[PING, http://pingstudy.ucsd.edul).

Furthermore, the neuroconstructivist view, like
all developmental approaches, highlights the impor-
tance of tracking developmental trajectories,®” begin-
ning as early in development as possible, in order to
unpack how interactions at multiple levels give rise
to the resulting NDDs. For example, in the case of
Williams syndrome, the genetic deletion likely affects
basic-level processes that have cascading effects on
various domains over developmental time.*®! Being
able to ascertain how tiny variations interact with
factors early in development provides greater insight
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into the emerging phenotype. Examining develop-
mental trajectories is also important for identifying
possible protective factors (factors that improve out-
come) and risk factors (factors that worsen outcome).
Uncovering the cascading effects of a basic-level per-
turbation, as well as any protective and risk factors,
are critical for the design of early diagnostic tests and
intervention strategies.

ACKNOWLEDGMENTS

Neurodevelopmental disorders

To be able to tailor early diagnostic tests and
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APPENDIX

EXAMPLE OF COMPLEX
INTERACTIONS

Williams syndrome (WS) is caused by the deletion of
some 28 genes on one copy of chromosome
7 (7q11.23), 22 of which are expressed in the
brain.”> This initial deletion at the genetic level is
linked to a number of atypicalities at the level of the
brain (brain chemistry, brain anatomy, brain volume,
hemispheric asymmetry, temporal patterns of brain
activity, etc.?®), and these are associated with various
cognitive and behavioral abnormalities.”’ However,
although the genetic deletion is the root cause of WS,
this simple fact belies the complexity of how WS
emerges over developmental time.

For instance, alterations in many brain areas
have been reported in WS. Changes in one of them—
the hippocampus—have been linked to deficits in
spatial navigation and long-term memory.”® While
hippocampal changes may be in part due to genetic
mutations, it is important to highlight the fact that
environmental factors such as chronic stress and anx-
iety also affect neural development.”>””~"? It is
known that stress and anxiety are especially high in
WS.8% Therefore, it is not necessarily the case that it
is the genetic mutation that directly affects brain
development in WS; it could also be a combination
of emotional perturbations that also impact the
brain. Thus, it is impossible to understand how the
WS neuro-cognitive profile emerges without studying
it very early in development, across time, and at mul-
tiple interacting levels.
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HOW DIFFERENT THEORIES
AFFECT ASSESSMENT
AND INTERVENTION

Neuropsychological Approach
* Assessments focus on the identification of
impaired and intact parts of cognition and
brain.

¢ Once the ‘broken’ module has been identified,
the intervention targets this module specifically
(e.g., practicing language in the case of specific
language impairment or number in the case of
Williams syndrome).

e If the module is identified as being underpinned
by specific genes, then gene therapy may be
considered the only solution.

Neuroconstructivist Approach
* Assessments are broad, mapping the profile of
the child’s strengths and weaknesses over time.

e No specific isolated impairment is assumed.
Rather, many domains will be more or less
affected.

e The ideal intervention is based on prior in-
depth syndrome-specific research and usually
takes place early in the developmental trajec-
tory, enhancing protective factors and/or redu-
cing risk factors in the child’s development.

e The targeted intervention need not be in the
most visibly problematic domain, like language
or number. Rather, it can be targeted at basic-
level processes that underlie the domain, such
as memory, attention, etc. It is these processes
that would be likely to have the most cascading
impact on other domains.

* Timely intervention is key. Effective interven-
tion ultimately depends on the timing of various
interactions among domains, which is why it is
crucial to base the intervention on syndrome-
specific research that identifies how systems
change over developmental time in a given neu-
rodevelopmental disorder.

e Although the earliest intervention will not nec-
essarily be the most successful one, younger
brains are typically more plastic than older
ones. Also, early in development, even relatively
small perturbations can have cascading effects
over developmental time.
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