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Voorwoord: 

Al gebruikte ik tienduizend woorden, het zou nooit uitdrukken wat ik voel bij 

de afronding van mijn proefschrift. Een proefschrift met een lach en 

gemengde emoties, maar het is af en dat is mede mogelijk gemaakt door 

de inzet en ondersteuning van anderen. 

Graag zou ik mijn woorden van dank richten tot de volgende personen: 

 

Prof. Dr. Hadders-Algra, beste Mijna, vier jaar waarin wij nauw samen 

hebben gewerkt vele uren. Ik heb veel van je geleerd. Niet in het minst over 

hoe ik in de wetenschappelijke wereld wil staan en mensen tegemoet wil 

treden. Mijn dank is groot voor het totale leerproces. 

 

Prof. Dr. Brouwer, beste Oebo, in het kennismakingsgesprek hebben we 

besproken hoe groot uw bemoeienis met mijn promotietraject zou zijn. Op 

dat moment konden wij beiden niet vermoeden hoe het proces zou gaan 

verlopen. Mijn dank en bewondering gaan uit naar de integere manier van 

ondersteunen, meelezen en bekritiseren. Het proefschrift ligt er en ik kan 

verder mijn wegen bewandelen op het gebied van onderzoek en 

wetenschap. 

  

Prof. Dr. Otten, beste Bert, ik heb genoten van de discussies, de 

mogelijkheden en gedachten die aan mijn promotie hebben bijgedragen. 

Dank voor de uren werk die je hebt willen steken in de mogelijkheden om 

de kinematische data te analyseren. 

 

Ook wil ik Prof. Dr. A.F. Bos en drs. L. van Doormaal hartelijk bedanken 

voor hun bijdrage aan het VIP-project. Zonder Tineke Dirks was er geen 
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VIP-project geweest. Ik ben dan ook trots op het feit dat zij haar enorme 

kennis op het gebied van kinderfysiotherapie met ons heeft willen delen en 

zo Peter, Ellen, Wilma en Kunne heeft kunnen opleiden tot echte COPCA-

coaches. Ook naar hen gaat mijn dank uit. 

 

Cornill Blauw-Hospers en Corina de Jong, mijn paranimfen, mijn 

vriendinnen, mijn vertrouwenspersonen, uren praten en discussiëren, heel 

veel lachen, samen huilen. Wat zal ik het werken met jullie ongelooflijk 

missen, maar wat ben ik een gelukkig mens dat jullie mijn vriendinnen 

willen zijn. Als mijn promotie plaatsvindt, weet ik eindelijk wat er uit jullie 

‘bolle buiken’ is gekomen. 

Hanneke Bakker wat hebben wij veel samen gevochten. Het 

sneeuwde regelmatig aan mijn bureau, maar wat deden we dat met 

overgave, kracht en passie. Overigens ook het feit dat we nogal eens de 

slappe lach krijgen heeft me vaak door wat mindere periodes 

heengesleept. 

Leo van Eykern, groot uitvinder, nog nooit was ik zo’n slimme en 

gedreven ‘self made man’ tegengekomen. Het verbaast me geenzins dat 

het bedrijf wat je nu hebt gestart zo goed loopt. Je bent zakenman, maar 

bovenal een mens met gevoel voor rechtvaardigheid. Ik dank je dan ook 

hartelijk voor alle steun en inzichten, voor de mooie algoritmes voor de 

EMG-analyses en de mogelijkheid mijn gal te spugen als ik het even niet 

meer zag zitten. 

De rol van secratresses wordt vaak zwaar onderschat. Een echte 

secratresse is echter onmisbaar, weet alles wat er speelt en ondersteunt je 

waar ze kan. Loes de Weerd is zo’n secratresse. Loes je bent geweldig en 

ik nomineer je bij deze als secretaresse van de eeuw! 
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In de jaren dat ik op de ON werkte zijn er steeds meer projecten 

bijgekomen. Jolanda, Karin, Kirsten, Hylco en Lieke wil ik bedanken voor 

het er zijn als collega, de koppen koffie en het bijkletsen, maar ook voor de 

inhoudelijke discussies over de meest uiteenlopende onderwerpen. Jeroen 

met jou heb ik maar kort gewerkt, maar ik heb er van genoten. Michiel ook 

bedankt en veel geluk en gezondheid voor je gezin gewenst.  

Ook aan alle studenten die op één of andere manier een bijdrage 

hebben geleverd aan mijn proefschrift, ben ik veel dank verschuldigd. 

Bovenal natuurlijk dank aan alle ouders en hun kindjes, die keer op keer 

voor het onderzoek naar het UMCG kwamen. 

 

Als je met iemand verder gaat dan komen er vaak mensen uit zijn verleden 

bij in je omgeving. Wilko en Mark, jullie zijn mensen waarmee ik een band 

heb opgebouwd op de bestaande fundamenten van jullie contact met Jim. 

Toch is mijn gevoel niet minder gemeend of oprecht als ik jullie bedank 

voor jullie luisterend oor, scherpe opmerkingen en vooral veel humor. 

Af en toe loop je in je leven tegen personen aan die een klikken met 

jou en je situatie. Jos en Miranda, het begon met een discussie over huur 

van dorpshuis voor de dartclub en het monde uit in respect, waardering en 

vriendschap. Mier, ik geniet als wij samen aan onze sites bouwen met veel 

thee en koekjes. Jos, ik neem je nooit serieus, soms kan er iets heel 

pakkends uit je mond rollen, maar natuurlijk heb ik geleerd een man met 

twee verschillende sokken nooit te vertrouwen. 

Iedere dinsdagavond train ik theatergroep Pro Bono, de mensen die 

ik daar nog niet van genoemd heb wil ik hier bedanken. Janet, Grietje, Co, 

Ineke, Inno, Loes en Els bedankt voor iedere dinsdag ontspanning en 

plezier. 
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Ook zijn er mensen die een standbeeld verdienen, omdat ze iets voor je 

doen wat een grote verantwoordelijkheid met zich meedraagt en niet in 

geld is uit te drukken. Jan en Anneke, al die uren opvang van mijn 

kinderen, maar ook de logeerpartijtjes, vakanties en niet te vergeten de 

maaltijden voor het gezin, waarvan de moeder nu eenmaal niet zo’n goede 

kok is. Het heeft ons heel wat diepvries pizza gescheeld. 

Als we dan toch praten over mijn minder talentvolle kanten, blink ik 

helemaal niet zo uit in huishouden. Als jullie er niet geweest waren Peter en 

Gerda Peters, pap en mam, dan liepen wij nu in vuile lompen door ons 

dicht geslibte huis. Voor iedere maandag hard werken heel erg veel dank. 

Verder zijn jullie gewoon mijn ouders en ik hou erg veel van jullie. Jullie zijn 

er altijd voor me en geloven in wie ik ben, terwijl ik niet echt in de 

standaarden pas, geloof ik. 

Mijn zonnestralen, Thorvald en Deborah, wat zijn jullie belangrijk 

voor me en wat leer ik iedere dag van jullie. Over ontwikkeling en inzicht in 

patronen. Ja, Deborah laten we alle koeien Boeh noemen, dan kunnen ze 

in ieder geval hun eigen naam zeggen. Lieve kinderen, wees kind zolang je 

kan, in ieder geval tot een jaar of tachtig. 

Tot slot mijn allerliefste: Jim, mijn wereld draait niet zonder jou. 

Hoeveel tijd en inzet heb jij eigenlijk in mijn proefschrift zitten? Hoeveel 

discussies hebben wij gevoerd? Dat valt niet in tijd uit te drukken, maar je 

moet wel gek zijn te houden van een vrouw met piepende oren die 

dwangmatig veel werkt op de meest uiteenlopende uren, in allerlei besturen 

zit en ook nog verwacht dat je keer op keer de mooiste songs voor haar 

componeert. Jij bent er altijd, ik mag je altijd wakker maken, bent altijd 

bereid om te praten, ook jij kan niet koken, maar dat nemen we voor lief. 

Oneindig dank voor de reis, mijn schat, de weg is bijzonder mooi en samen 

worden we nooit te zwaar. 
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 Chapter 1: 
 

Introduction 
 

Development (in general) is a dynamic process of improvement, 

which implies a change, an evolution, growth and advancement (Skeldon 

1997). This is a global definition on development. Human and more specific 

child development is described as a multifaceted, integral, and continual 

process of change in which children become able to handle ever more 

complex levels of moving, thinking, feeling, and relating to others (Inter-

American Development Bank: Sustainable Development Department. 

2005). However, there are still many discussions about how the process of 

typical development can be regarded, what happens when deviant 

developmental processes occur and whether or not we can influence 

development in an organized way, like in intervention programs. 

A theory of development attempts to describe the emergence of 

process and eventually novelty. For example, the development could be 

described in which people were finally able to build complex computers and 

international virtual realities, while they started long ago as simple hunters 

using very simple tools. Development is not always straight-forward, and it 

often follows discontinuous switches. To adopt a development perspective, 

it is required to show how complexity arises from relatively simple initial 

conditions. However, in writing a thesis such requirement is clearly much 

too ambitious. For instance, it is still unknown how life arises from matter 

(organic structures arise from inorganic structures). Inorganic structure 

develops according to the rules of the entropy: the degree of consistency 

(complexity) inevitably decreases over time, whereas life displays the 

inverse (neg-entropy). In living, on every scale systems complexity 
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increases during development. This can be seen in the development of 

species (evolution, or phylogenesis, from a amoeba to a complex mammal 

was a long evolutionary way to go), on the scale of the development of the 

individual (ontogenesis, from fetus to adulthood), in the development of 

knowledge (from lance to computer), in social development (from nomads 

to a multicultural society), etc. 

This thesis is in the field of the developmental neurology. In 

adopting a development perspective it is important that development is not 

put between brackets. This sounds trivial, but it is not. Everyone will 

understand that it makes no sense to assume that an amoeba already 

possesses the complexity of for instance the human cortex as a potential 

developmental outcome, and that only a mechanism of selection, given the 

appropriate context, constitutes the difference between amoeba and human 

cortex. Whereas it can be of immense value to study the relation between a 

control parameter (like a deviation in the DNA structure) and a more or less 

stable ontogenetic outcome, for instance a disease like schizophrenia, such 

relation does not yet make up a developmental theory. That is, assuming 

that there exists a blueprint (a genetic construction plan) for reaching or 

complex motor activity, does not yet depict the developmental dimension. 

Whenever a blueprint theory is presented as a developmental theory, it 

does in fact put development off-side. This thesis calls attention to the 

developmental perspective, because exactly such a perspective 

distinguishes developmental neurology (and also developmental 

psychology) from neurology and psychology. For that purpose it is argued 

that in developmental sciences, the central focus should be on the 

developmental processes itself.  

This thesis is about human and child development, more specific 

motor-development and in particular neuro-motor development in infants 
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during the first half year of life. In this introduction chapter considerations 

about human development and in more detail motor-development are 

described from a theoretical point of view. To understand experimental data 

about typical and deviant development, a theoretical framework is needed. 

Without such framework, data would be just data, and of course it could be 

transformed by ordering to information, for instance about whether or not a 

child develops within the range of typical development. However, without a 

theoretical framework, this information could not be transformed to scientific 

knowledge about development, intervention, in case of deviant 

development. Without such framework, the information (ordered data) 

about typical or deviant outcomes would just lead to speculation or wild 

guesses, because it is not known how and why the processes flow the way 

they do.  

This chapter is the only chapter in the thesis which aims at 

describing the global theory or description of development that may be 

useful and in fact is used in the other chapters to interpret the specific data 

attained in the studies reported in the other chapters of the thesis. This 

chapter starts from a global theoretical framework (top-down). In the other 

chapters we depart from data to find out whether or not it fits in with the 

specific developmental framework (bottom-up) that laid at the basis of the 

research design. Thus, chapters 2 to 5 are data based chapters and in 

chapter 6 the information derived from the research data is described in the 

light of the theoretical framework – frame of knowledge - of chapter 1.  

This chapter starts with a short global sketch of historical views on 

development, next the focus is on non-linear development (Dynamical 

System Theory DST) and more specific the use of DST in a theory on 

motor-development by Gerald Edelman (1989, 2006) in his view on Brain 

Body Devices (BBD). For readers not interested in the theoretical 
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framework used in this thesis to describe motor development, it is possible 

to pass over the next sections and start at the outline of the thesis. 

 

History of theories on development 
At least since Aristoteles, there has been disagreement about 

visions of development. Ideas alternate between nativism (knowledge and 

behavioral (re)actions are assumed to be already present at birth, they just 

need to be unfolded) and environmentalism (from experience the structures 

are derived that are hold responsible for functional knowledge and 

behavior). In history, the debate has appeared in several forms with several 

names: nativism versus epigenism, nature versus nurture, innateness 

theory versus environmentalism, maturation versus learning theory, 

instructionism versus constructivism, etc. In the first half of the twentieth 

century, environmentalism became the dominant view (with the so called 

Pavlov reaction, 1927 and behaviorism). Departing from a functional 

stance, stimulus-response connections shaped by the responses 

consequences were assumed to write history on the functional tabula rasa 

of our minds.  

In the second half of the twentieth century, computationalism 

became the dominant developmental view, stemming from the computer as 

a metaphor for the organism in transforming input (perception) into output 

(overt or covert action, doing or thinking) on basis of algorithms (software) 

that control the hardware (architecture). Goal directed behavior is to be 

computed on basis of the innate (for instance genetic) algorithms.  

Chomsky (1957, 1959, 1965, 1975) was one of the pioneers in 

envisioning organisms as organic input-output devices, from which 

cognition stems, and biologists followed (see for example Goodwin 1995, 
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Monod 1971), for instance in envisioning traits as stemming from a specific 

gene (gene for a trait, the gene pre-forms the trait, -preformism- see the 

discussion between Chomsky, Monod and Piaget in Piattelli-Palmarini, 

1980 a, b). Chomsky explicitly presented his theory to be a new form in the 

old preformistic (innateness) tradition, and he opposed his 

computationalism to epigenism (Chomsky 1975). Chomsky assumed an 

innate language organ, a language acquisition device (LAD). 

In line with Chomsky’s preformism, neural development was 

dominantly envisioned on the basis of innate faculties (hardware) in which 

inborn parameters only need to be set by the environment or environmental 

triggers (neuromaturation, Gessel 1928, for a review see Goodwin, 1995; 

Gottlieb, 1992). In this vision development (learning) is instructed by the 

genes (evolution) and triggered by the environment.  

However, learning in virtue of innate systems would be based on 

phylogenetic instruction. According to some researchers, this vision is 

implausible (Gottlieb, 1992; Thelen & Smith, 1994; Goodwin, 1995). These 

researchers claim that instead of being transmitted by some instruction or 

entity, nature is constructed. Oyama (1985, 1989), for instance, defines an 

organisms nature as the characteristics that define an organism at a given 

time. She states that nature does not stem from a preexisting plan or 

program, and thus that an organisms nature is not genotypic but 

phenotypic, not static but transient. According to this view, nature and 

nurture are not alternative sources of form and causal power. Instead 

nature is the temporary outcome of the process of nurture, where nurture is 

defined as developmental interactions at many conceivable levels. 

Ontogeny defines evolution instead of the other way round; nature does 

depend just as deeply and profoundly on the genome as on developmental 

context at any other level (see also Gottlieb, 1992). 



 21

Other critics against preformation state that the question becomes 

what are the determinants of the assumed genetic instruction and where do 

they come from? The threat is the pitfall of infinite regression of causes: 

what determines the genetic/innate instruction that determines ontogeny, 

and then again, what determines these determinations? This is also called 

the instruction-problem (Gottlieb, 1992). For further explanation of this 

problem, called by many different names, I refer to Meijer (1988) the 

hierarchy debate, Keijzer (1994), theoretical hitchhiking, Bongaardt (1996), 

the robot dilemma, De Graaf (1999) the learning paradox. 

 

Epigenesis  

 On the contrary of preformation (development is the simple 

unfolding or growth of pre-existing structures), one can find epigenesis 

(novel structures emerge during the course of development) (Gotlieb 2006, 

2007). In the twentieth century epigenesism the mathematical theory of 

dynamical system (DST) became important, at first as a metaphor for 

epigenesis, second as a descriptive tool (see for instance Van Geert, 

1994), and at last, especially in the work of Edelman, as a combination of 

the two, the metaphorical use and the exact use combined. In the next 

section, the focus is on DST in contemporary epigenesis. 

 

Dynamical System Theory 

In the twentieth century, developmentalists increasingly used 

concepts from DST to describe epigenetic maturity. For instance in 

Waddington’s epigentic landscapes, he metaphorically used the DST 

concept “attractor” and canalization (trajectories) to describe in which way 
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an organism produces the same phenotype in various different 

environments. In doing this, he imagined a marble rolling down a hill 

through a trajectory, through the grooves on the slope, coming to rest at the 

lowest point, the attractor (Waddington 1942, 1960; fig 1).  

 

 
Figure 1.  

Waddington's "Epigenetic Landscape" (Waddington, 1942, 1960) 

 

Waddington used DST concepts to show that nature is the temporary 

outcome of developmental interactions at many conceivable levels. 

Interactions at many conceivable levels could change the shape and thus 

dynamics of the landscape. Consequently, the phenotypically altered 

structure could form a mal for the offspring, on which in a non-linear way, 

again a DST concept, the phenotypes could be directed. Waddington 

(1960) made use of fruitfly experiments, showing that after for instance 

subsequently breeding with 10 generations of environmentally altered 
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phenotypes (for instance subjecting embryo’s to heat shocks), the new 

morphology (for instance an extra set of wings) came “automatically” into 

being, even without the environmental alterations. From this he concluded 

that phenotype can become genotype, and thus he pleaded for non-linear 

direction in evolution. In contemporary biology, as we already stated, the 

idea of ontogeny preceding evolution has become more commonly 

accepted. 

In DST mathematics, an attractor is a set to which the system will 

evolve. For the set to be an attractor, trajectories that get close enough to 

the attractor must converge to the attractor (for instance a point, or a curve 

or a manifold). Only if a distortion is beyond a critical value, the trajectory 

might bifurcate to another attractor. Another feature of DST is the 

spontaneous creation of coherent forms (self organization), which sets in as 

energy is linking different levels to each other in which novel macroscopic 

and microscopic structures support each other. From this novelty emerges, 

in which the novel state is progressive, discrete, idiosyncratic and 

unpredictable. In the process of self organization, the complexity of the 

(usually open) system increases, while it is not guided or managed by an 

outside source. Instead, the system is subject to internal and external 

constraints, shaping the attractor landscape. In this way, it challenges the 

classical paradigm of ever decreasing order (entropy): the flow of matter 

and energy allows the system to self-organize, thus exchanging entropy 

with the environment (see Prigogine, 1980, stating that self-organization 

can only occur far away from equilibrium. He calls these dissipative 

systems). 

Besides Waddington’s use of DST concepts, Gestalt psychology 

used the DST concept of nonlinearity metaphorically in psychology. In 

biology and psychology, DST is a model of self organization in which the 
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whole ensemble can be more (or better, something else) than the sum of 

the parts. For instance, a global – macroscopic - pattern can emerge from 

lots of microscopic interactions of the consisting parts without a specific 

predetermined relation (sum or any other linear relation) between the parts 

and the whole (fig 2).  

 
Figure 2: 

 Sum of parts 

 

A dynamical system approach (DSA) has the advantage to avoid 

the instruction-problem; the macroscopic whole (coordination) stems from 

self organization of the microscopic participants in a not predetermined 

manner. More precisely, dynamic systems research examines skill learning 

over time with mathematical tools, borrowed from physics and biology, for 

investigating how change occurs as many elements intermingle. Essential 

is that in a given system a parameter, called control parameter, by change 

forces the system to a new equilibrium. For example, above a critical speed 

a horse is forced to switch from trotting to gallop. There is no phase in-

between, the switch is discontinuous.  
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Epigenesis and orthogenesis: DST in life-sciences 

In life-sciences influential names like Baldwin (1902, 1960), 

Waddington, Piaget (1970) and Werner (1948, 1957) adopted epigenesis. 

They described development rather then they used a mathematical 

approach. In their view learning (development) always follows certain 

stages. 

Heinz Werner (1890-1964) born in Vienna was one of the gestalt-

psychologists. Werner (1948, 1957) called the stages of development 

orthogenesis. Werner adopted the biological principle of orthogenesis as a 

process that governs development over the long term. The idea is that the 

direction of development is progressively flowing into increasing complexity 

without determination. Increasing differentiation and specification of 

primitive action systems that were initially fused in a global organization, 

that causes the emergence of action systems that are more differentiated 

and that begin segregated and develop to be more integrated over time, 

such that the more advanced systems (more differentiated, specified and 

internally integrated) hierarchically integrate (subordinate and regulate) the 

less developed systems. The differentiated microscopic elements form a 

new whole (macroscopy called a hierarchical integration), which is not 

linear determined by the sum of the parts (the differentiations that constitute 

the new integration).  

A new hierarchical integrated ensemble can be differentiated from 

other such hierarchical integrated ensembles, and thus forming a new 

relative microscopy, from which will inevitably emerge a new macroscopy 

again by hierarchical integration, and so on (recursion or iteration, essential 

DST features). Development bootstraps in this way, forever integrating less 

developed systems into new more complex systems, resulting in 

discontinue switches in behaviour.  
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Werner’s theory explains why in learning a skill, learners hit 

plateaus in their progress, before suddenly making vast progress till a next 

plateau. At first differentiation occurs, collecting the elements acting 

together in order to reach a goal, and after quite a while, the hierarchical 

integration emerges. It can also explain why learners often still make 

progress, without practicing. For instance, after a vacation or a break in skill 

achievement (playing guitar, or learning morse code, or typing) from weeks 

to even years, often more progress emerges than in non-stop practicing. A 

break may be useful in getting out of a groove (an attractor), and thus in 

abandoning dead-end coordination’s. During such break, previously-

learned coordination’s may get weaker, differentiate again, leaving room to 

be replaced by new, more serviceable hierarchical integrations. 

However, the orthogenetic principle was not extrapolated to the 

brain. It did not describe how order developed in the brain, nor how central 

order or instruction in the brain emerged. Nevertheless this approach is 

adapted to coordinated movement, for example, by Kelso (1984). In this 

view coordinated movement is produced by many interacting elements with 

potentially many degrees of freedom, constituting a nonlinear system which 

can attain a certain number of dynamic states. This way rhythmic swimming 

motions can be described by relatively few parameters (such as frequency 

and amplitude), that are characterized by only a few degrees of freedom, 

even though many neurons, muscles, and bones may be involved in their 

generation. As a matter of fact, we can decide to a goal-directed 

movement; for example, our brain can send a command to our peripherally 

coordinated walking pattern, which stems from self organization as Thelen 

showed (Thelen 1984, 2001). It stays unclear in which way we can 

command our periphery patterns although our nervous system is assumed 
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to play a vital role in both central instruction, and peripheral coordination 

(automation).  

 

Motor development: the Bernstein problem 

 So both peripheral coordination and central commands (instruction) 

are required in goal directed movement. The control of (purposeful) 

coordinated action encounters the degree of freedom problem. Although 

the human musculo-skeletal apparatus is a highly complex and nonlinear 

system, coordinated and controlled movements emerge. The degrees of 

freedom problem, addresses a redundancy phenomenon. There are many 

more muscles than joints, and the redundancy explodes at the neural level, 

signifying an excess of the degrees of freedom in order to acquire motor 

behaviour. At the neural – control - level, there is an enormous number of 

components involved in the generation and coordination of a movement. It 

is impossible to demand a one to one relation between distal or peripheral 

coordination, and central instructions. Bernstein (1935, 1967), who was one 

of the first to apply the orthogenetic principles in a more formal model for 

motor-learning, suggested the advance of synergies in the control issues 

raised by the excess number of degrees of freedom in motor control (called 

the Bernstein problem by Sporns and Edelman, 1993). The synergies in 

motor control enable the system to reduce the number of afferent signals 

and to reduce the number of efferent activities. This means that in 

movement control the brain has not need to specify each single muscle 

contraction, but can have access to neuronal representations with 

structured motor commands. Bernstein proposed three stages in motor 

learning and development. First, freezing, in learning a new skill or 

movement, the peripheral degrees of freedom are reduced to a minimum. 
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Subsequently, relaxation, as a consequence of experiment and exercise, 

restrictions at the periphery are increasingly lifted, until all degrees of 

freedom are incorporated. Finally, reactive forces, both external, working on 

the body (like gravity, head- or side wind, etc), and internal, generated by 

the body parts (on other body parts, on objects in the environment) are 

exploited, and the most efficient movements are selected. Also, control of 

the last and the processing of feedback become more automatic.  

 

Edelman’s solutions 

Already in 1922, Garstang wrote that phylogeny is not 'a direct 

succession of adult forms, but a succession of ontogeny' (p. 82) and 

Òntogeny does not recapitulate Phylogeny; it creates it' (1922, p. 82). 

However, only recently it has become more common to acknowledge that 

nature is the temporary outcome of the process of nurture, where nurture is 

defined as developmental interactions at many conceivable levels. As we 

already stated, in contemporary biology/psychology it is recognized that 

ontogeny defines evolution instead of the other way round. Nature depends 

both on the genome as on developmental context at any other level 

(Gottlieb, 1992). Recognizing the conception of the reversed relation 

between evolution and ontogeny, it was Gerald Edelman with his book 

“Neural Darwinism” who placed the DST concept self-organization at the 

heart of ontogeny. As Darwin proposed a mechanism for phylogeny – 

selection of random mutation in function of adaptation – Edelman took a 

slightly adapted selection mechanism to describe ontogeny: selection of 

self-organization in function of adaptation. He called his ontogenetic 

mechanism “Neural Darwinism” (Edelman, 1987).  

 Edelman recognizes the importance of DST concepts: “Like 

selectionism, dynamical systems theory rejects instructionism and an 
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algorithmic treatment of learning and motor development” (Sporns and 

Edelman, 1993, p. 966). Moreover, he incorporates DST to a large extent in 

his selectionism: “(M)any basic concepts (such as the importance of 

nonlinear self-organizing interactions within a complex system) of these 

dynamical theories are consistent with selectionism” (Sporns and Edelman, 

1993, p. 966). Edelman uses DST in his modeling (see for instance his 

equations: Wray and Edelman, 1996, the DST equations on p. 702).  

Edelman’s theory goes beyond DST in two ways. At first, it is explicitly 

based on neuroanatomy and neurophysiology and explicitly recognizes the 

importance of analyzing the interactions of multiple levels of organization 

(such as neural circuits or limb biomechanics). In particular, dynamical 

systems theory by itself does not identify specific neural mechanisms of 

developing and mature motor systems. Second, Edelman’s proposal is “to 

abandon the instructive or computational paradigm” (Sporns and Edelman, 

1993, p. 967). Sporns and Edelman continue: “Development has nothing to 

do with any kind of instruction, or pre-programming”, and so they reject the 

computational approach. They welcome the fact that “dynamical systems 

theory rejects instructionism and an algorithmic treatment of learning and 

motor development” (p. 966). However, in DST computation still plays a 

major role while, according to Sporns and Edelman, “(C)oordinated 

movement is possible without explicit computations of desired movement 

paths … there is little direct evidence that the nervous system pre-

computes desired trajectories, computes comparisons between actual 

movements and desired ones, or uses explicit error signals to adjust 

individual components of the motor control system and minimize future 

error.” (p. 978). In this way even DST is often still implicitly deterministic. 

Both the outcome (behavior) is always derived by computation, and the 

dynamical system is a closed system (deterministic in its mathematical 
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nature). According to Edelman, the brain does not work like a computer. 

Edelman (2005, p. 8): “there has been a widespread, largely unsupported, 

tacit view that the brain operates like a computer”. In Edelman’s system 

only a value system is partly innate, partly acquired: “Because it has no 

instructional program, but works by selection upon variation, the brain of a 

conscious animal must relate perception to feeling and value, whether 

inherited or acquired. These are the constraints –feeling and value- that 

give direction to selection within the body and brain” (Edelman 1995, 40).  

Edelman focuses on the notion of population; however, it is not the 

population of a species, in which some features are favoured over others 

and survive, but the immense, overabundant population of neurons, each 

with thousands of synaptic connections in the brain, resulting in what 

Edelman calls neuronal maps. These neuronal maps physically connect 

with maps of sensory receptor cells (of eyes, ears, etc.) and also between 

themselves (maps to maps) within the anatomy of the brain, a process he 

calls global mapping. The signals between maps go back and forth, 

constantly, in large numbers, a process that Edelman calls recursive 

reentrant signaling (Edelman, 1989, p.64). In this dynamic process some of 

the many connective patterns thus formed become strengthened, because 

they possess salience or meaning (“feeling and value”) for the individual – 

they work – whereas those not of value are weakened or die. It is this 

process, Edelman states, that in particular accounts for perceptual 

categorization and memory. Over many repeated movement trials those 

connective patterns that work are strengthened, while those that are 

unsuccessful are weakened. The firing patterns remain the same, what 

changes is their selection. The patterns that are strengthened are more 

likely than others to fire again. For Edelman, selection is guided by value 

imposed in the brain by the brain. What the brain possesses is not a set of 
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genetically acquired ‘rules’, but rather a value system, physically located in 

the ‘old’ evolutionary brain stem, which works by sending chemical signals 

throughout the brain, reinforcing those connections that have meaning and 

salience for the individual. For Edelman, memory is value-dominated and 

results ‘from a process of continual re-categorization’, on the basis of 

previous categorization, each time modifying previously selected neuronal 

groups (Edelman, 1989, p.99). Thus we have a notion of memory, and 

indeed of the mind, as always reinventing itself. However, the value system 

itself isn’t static. Edelman (2000) states: “If acquired value is disabled, 

transfer of the value signal to stimuli preceding innately salient events does 

not occur, and behavioral responses due to aversive conditioning are 

subject to rapid extinction” and “We suggest that plasticity in sensory 

afferents to value systems may provide a neurobiological basis for 

mediating the changing effects of saliency on adaptive behavioral 

responses (Sporns et al. 2000, p.129). Even with respect to the value 

systems, Edelman’s only presumed innate system; Edelman takes an 

epigenetic stance, exchanging innatism into creatism; instead of being 

determined by phylogeny, ontogeny creates it.  

 In the Neuronal Group Selection Theory (NGST) –Edelman recently 

speaks of Brain Based devices (BBD, 2006) - Edelman solves the 

Bernstein problem in his model by using the orthogenetic principles of 

differentiation and hierarchical integration at the level of the brain. NGST 

stresses the importance of the selection of neuronal groups into maps for 

the transformation of a primary movement repertoire into a set of motor 

synergies and adaptive action patterns.  

NGST distinguishes two stages. First, primary repertoires are 

generated and separated, forming the basis of every new motor-task (the 

stage of differentiation). Second, the stage of forming the secondary 
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repertoires, selected from the fine-tuned maps, neuronal groups, 

hierarchical integrated in order to make possible rapid, redundant and 

effective behavior given a certain task (the automatic pilot). For that 

purpose (automatic pilot), the secondary maps originate, in which 

superfluous connections are removed. For instance, if one learns 

something new, one can try to extend the secondary map. However, one 

must often start again from the primary circuits. For example, in learning 

10-finger typing, after having mastered 2-finger typing, it is better to start all 

over again with ten fingers, because the fast and automated secondary 

maps are no longer available for essential (thorough) modifications. Hence, 

NGST is a relative principle. Werner’s orthogenetic principle can be 

identified in the two NGST stages: first differentiation occurs, collecting the 

elements acting together in order to reach a goal, and second, after quite a 

while, a hierarchical integration emerges. 

 Edelman’s solution of the Bernstein problem can be explained with 

an example of motor learning. The primary repertoires (independent of age, 

dependent on the stage of skill acquisition) are the basis for Bernstein’s 

phase of freezing all degrees of freedom. In a difficult new task to learn, for 

example playing the guitar, at first motor behaviour looks rigid and not 

adapted to the task. In holding the guitar the person seems to need a lot of 

strength to keep the fingers at the right place and when something goes 

wrong it is not predictable what is going to happen. In the errors variability 

(differentiation) is found. All kind of strategies are used to resolve the state 

of an equilibrium which fits the task. In this phase the behaviour shows the 

possible solutions of the brain and it reveals the ‘talent’ to be an excellent 

player or not. When all degrees of freedom have been incorporated the 

playing still seems rather rigid, but the player succeeds in accomplishing 

the task. A selection of incorporating all degrees of freedom (hierarchical 
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integration) has been made, but the player is solving the problem over and 

over again the same way, implying that according to NGST a typical pattern 

of neurons has been selected. Then again a phase of variation in the 

selection of the secondary neuronal repertoires occurs, but this time 

adapted to the specific situation. It stands for the phase of relaxation and 

reactive phenomena of Bernstein’s model. During guitar playing, it is visible 

after the phase of selection. The guitar player masters the task, the playing 

looks more relaxed and when a movement is made the system lines up a 

selection of secondary neuronal repertoires of the learned possible next 

moves, or solutions when something changes in the situation, all adapted 

to the situation. 

 In Edelman’s view the orthogenetic principle of differentiation and 

hierarchical integration in theory can go on forever, but is limited by the 

degrees of freedom of the biological/ psychological system in the primary 

and secondary neuronal repertoires and other biomechanical constraints. 

 

Child development 

As stated before, Edelman’s objection to DST originates in that an 

exact mathematical model is used to describe development (what we called 

using DST as an exact descriptive tool). Mathematical equations, of course, 

are always deterministic. Describing development solely in terms of a 

mathematical dynamical system, of course, is predetermined, because of 

the necessity of prior knowing the algorithms, see for instance Kelso (1984) 

and Turvey (1977, 1990). In this way, every formal system is a closed 

system (entropic) and can not account for any emergence of new forms, 

behaviour, in child development (De Graaf 1999). In child development 

Thelen uses DST in a metaphorical way, showing how collective behaviour 
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(the macroscopic level) emerges from microscopic interactions in a non-

linear way by means of self organization between microscopic components 

from different levels and systems, such as the nervous system, arms, vision 

(Thelen 2001, 2003).  

In 1987, Edelman started with a brain-model, NGST, but later 

incorporated the whole body, rather using the more multi-component 

systems of Thelen (different systems on the microscopic levels). That is 

why Edelman converted his brain model - NGST - to a Brain Body model 

calling it Brain Based Devices (BBD, 2006). In fact, Edelman refers many 

times to Thelen’s propositions with respect to child development. 

Hadders-Algra (2000, 2006) applied NGST to infant motor 

development. She introduces the terms primary variability and secondary 

variability. In 2006 Hadders-Algra suggest that primary variability can only 

be found in General movements and establishing the primary neuronal 

repertoires in secondary neuronal repertoires. From already 8 weeks 

gestational age the fetus starts to move. These early movements are called 

General Movements (GM) and are spontaneous generated complex 

movements which involve head, trunk, arms and legs. GM wax and wane in 

intensity force and speed. Onset and end are gradual. The majority of 

extension or flexion movements of the arms and legs are complex and 

variable. GM continues to be common until three to four months post-term. 

Three phases can be distinguished. In the first phase there is abundant 

variation till 36-38 PMA. In the second phase the movements become more 

forceful and are called writhing GM. In the last phase, from 6-8 weeks post 

term (after birth) the GM become like an elegant dance in which much tiny 

movements of the trunk can be found and is called fidgety GM. GM from 

three to four months post term are gradually replaced by goal-directed 

motor behavior (Hadders-Algra 1996, 2001). Hadders-Algra (2000) 
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suggests that the variability found at the early stages of life, is not random. 

Instead, it should be caused by spontaneous activity of the epigenetic 

determined and mainly specified supraspinal primary neuronal repertoires. 

In this view, spinal activity is considered to be the starting point. This is 

supported by the fact that only 8 weeks after conception, the above-

described GM can be found. At the moment of onset of this GM, in the 

spinal cord the monosynaptic circuits (the classical bow of reflex) have 

emerged (Prechtl 1997). Although, Edelman rejects any notion of 

instruction or pre-programming, Hadders-Algra (2000) states that the NGST 

could offer the perfect balance between the Neuro-Maturationist and 

Dynamic Systems theories. 

Secondary variability and selection of neuronal groups in Hadders-

Algra’s view are found in development of goal-directed movements. 

Hadders-Algra (2006) states that on a macroscopic level the structure of 

the primary repertoires and the secondary repertoires do not differ, but that 

in the microscopic level of synapses, receptors and transmitters they do. 

In my opinion, in NGST the spontaneously generated activity results 

in the exploration of many possible movement patterns not adapted to the 

specific situation. The observed motor behaviour is an expression of 

peripheral coordination not adapted to a specific task, not hindered by 

central order or instructions. In feedback to the CNS and randomly 

spontaneous activity of the supraspinal primary neuronal repertoires, new 

primary neuronal repertoires which can be used for central control for 

possible movements emerge (hierarchical integration of the primary 

repertoires into primary repertoires which can be used as central 

commands). These formed repertoires should again be called primary 

neuronal repertoires, because these are just repertoires in which the 

system ‘learned’ about the possible movements which can be made, but in 
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these repertoires no goal-directed movements are determined. Still these 

are the primary repertoires which are the starting point for goal directed 

motor-learning. Edelman (1987) states that in general for every new motor 

task we start with these primary repertoires. However, we can’t go back to 

the state of the primary repertoires of GM, because redundant phenomena 

in the hierarchical integration and the fact that we use the same structures 

for both new differentiations and hierarchical integration make it impossible. 

The same principles can be found in language development (de Graaf-

Peters 2002).  

The more variability in the GM can be observed the more degrees 

of freedom a system possesses for motor development. Van Heijst, 

Touwen and Vos (1999) also label the GM as ingredients of primary 

variability and they also stress that rather a decrease than an increase in 

these patterns is to be conceived of as a predisposition of abnormal motor 

development. In fact, Prechtl (1990) was the first to notice that qualitative 

changes of spontaneous movements in fetus and preterm infant are a 

marker of neurological dysfunction. Definitely abnormal GM, i.e.; less 

variable, stereotyped, monotonous and non fluent GM are associated with 

a high risk (>90%) for the development of cerebral palsy and mildly 

abnormal GMs with minor neurological dysfunction (Hadders-Algra and 

Groothuis 1999, Groen et al. 2005).  

Hence, in my opinion, primary variability as part of primary neuronal 

repertoires goes beyond GM, in fact primary variability can be found in 

every new learning motor task, for instance in infants in the first reaching 

and grasping, development of posture control, but also in adults who learn 

to play an instrument as described above. 

In infant development the principles of NGST are nicely shown in 

the development of postural control. Postural control basically deals with 
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keeping balance, keeping the centre of mass within the support surface 

(Massion 1998). To acquire any goal-directed movement one also has to 

learn to control the postural consequences. In addition postural control is 

known as a complex task and children with developmental motor disorders 

almost always show dysfunctions in postural control (Brogren et al. 2001, 

van der Heide et al. 2004). In the development of postural control two 

functional levels are distinguished. The first level deals with direction 

specificity. Direction specific postural adjustments on the dorsal side of the 

body are found when the disturbance of balance induces a forward sway 

and on the ventral side of the body during a backward sway. The second 

level of postural control is the fine-tuning of these direction specific postural 

adjustments. This fine-tuning can be achieved various ways, for instance, 

by changing the number muscles which are part of the postural pattern, 

order of recruitment (cranial-caudal or vice versa), and modulation of the 

amplitude (Forssberg & Hirschfeld 1994). Development of postural control 

is characterized by variation and selection according to the NGST 

(Hadders-Algra 2005).  

In development of postural control also first a phase of primary 

variability where postural activity is marked as highly variable and minimally 

adapted to the specific situation (Hadders-Algra 2005). The phase of 

selection and secondary variability starts when the second level of postural 

control becomes functionally around 6 months of age. Primarily, secondary 

variability is only found in simple ways, like selection of the complete 

pattern and a preference for a specific recruitment order in a specific 

situation, i.e.; top down recruitment order during reaching in supported 

sitting and bottom up recruitment order in reaching during unsupported 

sitting (Van der Fits 1999). From 9-10 months onwards more subtle ways of 

secondary variability can be found in adaptation the degree of muscle 
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contraction (Hadders-Algra et al. 1996). However, development of fine-

tuning postural control in the phase of secondary variability first reaches an 

adult level of control after adolescence (Van der Heide 2003). 

 

The advantage of NGST for research and possible 

implications for intervention 

 In the NGST it is possible to describe motor-development beyond 

the instruction and the Bernstein problem in a real developmental 

perspective. In fact Edelman (2006, p.9) states: “We have shown that 

studies of BBDs that operate without any programming or instruction on our 

part can address many different problems.” In addition, maybe more 

important, this theory makes it plausible that motor-development can be 

affected by contextual changes. In infants with a high risk on developmental 

motor disorders the restriction in degrees of freedom occurs somewhere 

within the system, for example, a lesion in the brain. As a result of a 

limitation in the number of degrees of freedom at the neuronal level, much 

more rapidly this pattern will exceed a critical mass (number) of times that 

the neuronal structure is exposed to it. This critical mass points at the 

number of times of exposure that is necessary to change the variant 

neuronal response to the pattern into an invariant contingent neuronal 

pattern. This too soon becoming invariant at the neuronal level will 

inevitably result in a too soon consolidation of the patterns (a loss of the 

ability to ‘remark’ fine-tuned variance among ‘input’ patterns because the 

different patterns are too soon converged into only one ‘frozen’ neuronal 

pattern).  

At an early stage try to expand the primary repertoires by providing 

variation seems an option. Indeed, Hadders-Algra states (2000, p 712) ‘The 
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NGST advocates that intervention therapies for children with motor 

dysfunction at an early age should focus on the provision of variable 

sensorimotor experiences. The latter might be achieved by means of the 

application of variable postures which counteract the infants’ propensity for 

stereotyped activity. With increasing age, the emphasis of intervention 

shifts to provision of ample opportunities for active practice, as this might 

compensate for the impaired selection. As children with brain dysfunction 

need more practice than their non-affected peers, it is important to reinforce 

the child’s motivation by creating a familiar, playful setting with positive 

feedback.’.  

However, a description of the structural development of the human 

nervous system is important in order to interpret the information stemmed 

from research data, in order to come to knowledge. The timing of 

ontogenetic events in the structural development of the human nervous 

system is of great value in to make hypotheses about the best moment in 

time to start successfully with an intervention.  

 

Outline of the thesis 

In chapter 2, current data on the structural development of the 

human nervous system are reviewed. Focus is on the timing of ontogenetic 

events in the telencephalon. The development of the human brain seems to 

be characterized by a protracted, neatly orchestrated chain of specific 

ontogenetic events. The continuous changes of the nervous system have 

consequences for vulnerability to adverse conditions, for diagnostics and 

for physiotherapeutical intervention. In addition, it is crucial to describe 

typical development of the Central Nervous System (CNS) to know whether 

or not it is possible to influence development. The deviant system will tend 



 40 

to develop neural networks on basis of the restricted possibilities. In 

therapy, it is important to capture the possibility to alter the trajectory in 

which neural motor development ensues. The ultimate concern is to create 

appropriate possibilities at the functional/behavioral level to allow the 

system to function on its own. Ultimately, any possibility is credited for the 

functional behavior, and the underlying processes from which the functional 

behavior stems, is of no importance. There’s a problem with intervention, in 

that it comes from outside the system, while aiming to force changes within 

the system. In aiming to force motor development in another, yet contextual 

useful developmental trajectory, early intervention seems obvious. At the 

neuronal level this means that one tries to stimulate the system (tries to 

bring it at the edge of chaos) so that other networks are engaged and 

activated than those that are at usual most easy contingent on motor 

behavior (engaged in motor development). In this way maybe, the number 

of emerging motor associated patterns in the brain will be extended, 

resulting in development more similar to typical development. Several 

times, Kolb and coworkers (2001) demonstrated the possibility of an 

expansion of the motor cortex in reaction to for example tactile stimulation. 

However, Kolb et al. (2001) also reports a slightly loss of accuracy of the 

spatial functions after the expansion of the motor cortex. In addition, 

pleading for the plasticity of the brain outside the field of motor 

development is the fact that relatively normal language develops in the right 

hemisphere in children without the left hemisphere (Lenneberg 1967). 

The third chapter of this thesis is about experimental studies on 

motor development the first half year of life. It mostly focuses on typical 

development and possibility to be on influence by environmental changes. 

Of course the main concern of pediatrics, researchers and therapists in the 

field of developmental neurology, is the question what the possibilities are 
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in case of high risk on developing motor disorders to intervene in order to 

elicit a more normal development, or a more successful development at the 

functional level, resulting in more successful motor behavior? Two major 

forms of developmental motor disorders can be distinguished. First cerebral 

palsy, which is an umbrella term for ‘a group of disorders of the 

development of movement and posture, causing limitation in activity that 

are attributed to non-progressive disturbances that occurred in the 

developing foetal or infant brain. The motor disorders of cerebral palsy are 

often accompanied by disturbances of sensation, cognition, 

communication, perception, and/or behaviour, and/or by a seizure disorder’ 

(Bax et al. 2005). 1 out of the 500 live-born infants develops CP. The 

attribution of CP to anomalies in the brain can not always be visualized by 

imaging techniques and although there can be found a relation between 

lesions of the periventricular white matter and spastic diplegia, this does not 

correlate precisely with the motor dysfunction (Nieman et al 1994, 

Krägeloh-Mann et al 1995, Okumura et al 1997). Second, developmental 

coordination disorder (DCD), a term denoting children who have such poor 

motor coordination that it affects daily activities at home and at school, but 

with normal intelligence and without obvious neurological pathology 

(American Psychiatric Association 1994). Nowadays, the prevalence of 

DCD is 6-13 %. In children with DCD the connection between structural 

abnormalities of the brain and motor dysfunction is still more ambiguous 

(Rutter et al 1970, Gillberg et al 1985, Kadesjö and Gillberg 1999). There is 

large heterogeneity in both groups. To investigate whether it is possible to 

be on influence on typical motor-development during the first half year of 

life, in chapter 3 possible influence of contextual changes, in this study by 

specific postural support, are studied in normal and mildly abnormal motor 

development in infants at early age.  
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Chapter 4 and 5 of this thesis focus on reaching and postural 

control. First normal development of postural control during the first half 

year of life during reaching in supine and sitting with support position is 

described (chapter 4). The main question in this chapter is: How 

progresses typical development of reaching and postural control during 

reaching in supine and sitting with support position during the first half year 

of life?  

In the following chapter, as an introduction to the question whether it 

is possible to influence the development of postural control in infants with a 

high risk on developmental motor-disorders (chapter 5), Current knowledge 

on development of postural control in typical development and children with 

CP is described. In the last part of this chapter knowledge about the effect 

of training and intervention on EMG-parameters in development of postural 

control is reviewed. Also preliminary results of the Early Intervention project 

Groningen (VIP-project) are discussed. The aim of this project is to 

compare the effect of two forms of early intervention on developmental 

outcome in infants at high risk for developmental motor disorders such as 

CP (chapter 5). The interventions which were compared consisted of 

traditional paediatric physiotherapy and COPCA (Coping with and caring for 

infants with neurological dysfunction – a family centred program). The latter 

has been recently developed by Tineke Dirks and Mijna Hadders-Algra. 

The programme is based on the motor developmental principles of the 

Neuronal Group Selection Theory (NGST; Edelman 1989) and on new 

insights in the field of education and family care (Dale 1996, Rosenbaum et 

al. 1998).  

In chapter 6 the information derived from the research data is 

described in the light of the theoretical framework – frame of knowledge - of 

chapter 1 and suggestions for ongoing research are given. It is reviewed 
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whether or not the (bottom-up) information derived from the chapters 2 to 5 

fits in with the specific developmental framework that laid at the basis of the 

research design in order to transform data by ordering to information and 

eventually scientific knowledge about development, intervention, in case of 

deviant development. 

 

Acknowledgements 

I kindly acknowledge Oebo Brouwer, MD, PhD, Phillipa Butcher, PhD, Jan 

Willem de Graaf, PhD and especially Reint Geuze, PhD for critical 

comments on a previous version of this manuscript.



 44 

References 

1) Baldwin, J. M. (1902). Development and evolution. New York: 

Macmillan. 

2) Baldwin, J. M. (1960). Dictionary of philosophy and psychology. 

Gloucester, Mass.: Smith 

3) Bax, M., Goldstein, M., Rosenbaum, P., Leviton, A., Paneth, N., 

Dan, B., Jacobsson, B., Damiano, D., (2005). Executive Committee 

for the Definition of Cerebral Palsy. Proposed definition and 

classification of cerebral palsy, Dev Med Child Neurol., 47: 571-6 

4) Bongaardt, R., (1996). Shifting focus: The Bernstein tradition in 

movement science. Vrije Universiteit, Amsterdam. 

5) Brogren, E., Forssberg, H., & Hadders-Algra, M., 2001. Influence of 

two different sitting positions on postural adjustments in children 

with spastic diplegia. Dev.Med.Child Neurol., 43: 534-546 

6) Brooks RA., (1986). A robust layered control system for a mobile 

robot. IEEE Journ. Robotics Automat, 2:14-23 

7) Changeux JP. (1997). Jean-Pierre Changeux, Neuronal Man: The 

Biology of Mind, 2d Ed. Princeton, N.J.: Princeton University 

8) Chomsky, N. (1957). Syntactic structures. The Hague: Mouton. 

9) Chomsky, N. (1959). Review of B. F. Skinner's verbal behavior. 

Language, 35, 26-58. 

10) Chomsky, N. (1965). Aspects of the theory of syntax. Cambridge, 

Mass.: MIT Press. 

11) Chomsky, N. (1975). Reflections on Language. New York: 

Pantheon 

12) Clark A., (2000). Being there; putting brain body and world together 

again. MIT-press 



 45

13) Dale N., 1996. Working with families of children with Special Needs. 

Routledge London 

14) Edelman G.M. (1987). Neural Darwinism. New York; Basic Book 

15) Edelman, G. M. (1989). The remembered present: A biological 

theory of consciousness. New York: Basic Books. 

16) Edelman, G. M. (2003). Naturalizing consciousness: A theoretical 

framework. PNAS 100; 5520-5524 

17) Edelman, G. M. (2005). Synthetic Neural Modeling and Brain-Based 

Devices. Biological Theory 1(1) 2006, 8–9. 

18) Fonseca ST, Holt KG, Saltzman E, Fetters L. A dynamical model of 

locomotion in spastic hemiplegic cerebral palsy: influence of walking 

speed Clin Biomech (Bristol, Avon). 2001; 16(9):793-805. 

19) Forssberg, H., Hirschfeld, H., (1994). Postural adjustments in sitting 

humans following external perturbations: muscle activity and 

kinematics. Exp Brain Res, 97: 515–527 

20) Garstang, W. (1922). The theory of recapitulation: A critical 

restatement of the Biogenetic Law. Proc. Linn. Soc. Lond. Zool. 

35:81–101. 

21) Geert van P, (1994). Dynamical systems of development: Change 

between complexity and chaos. New York: Havester Wheatsheaf. 

Geert van P, (1994). Dynamical systems of development: Change 

between complexity and chaos. New York: Havester Wheatsheaf. 

22) Gesell A. Infancy and human growth. New York: McMillan; 1928. 

23) Gillberg C, Rasmussen P, Carlström G, Svenson B, Waldenström 

E. (1982). Perceptual, motor and attentional deficits in six-year-old 

children. Epidemiological aspects. Journal of Child Psychology and 

Psychiatry 23: 131–44. 



 46 

24) Gottlieb G., (1992). Individual development & evolution, the genesis 

of novel behavior. New York, Oxford: Oxford University Press 

25) Gottlieb G., (2006). Understanding ontogenetic development: 

debates about the nature of the epigenetic process. In: The 

Cambridge encyclopaedia of child development. Hopkins B. eds. 

Cambridge University Press  

26) Gottlieb G., (2007). Probabilistic epigenesist. Dev Science 10; 1-11 

27) Goodwin, B. C. (1995). How the leopard changed its spots. New York: 

C. Scribner's Sons 

28) Gould SJ. (2002). The structure of Evolutionary Theory, Cambridge 

(MA), Harvard Eniversity Press 

29) Graaf de J.W., (1999). Relating New to Old. Proefschrift RuG 

30) Graaf-Peters V.B., (2002). MisMatch Negativity (MMN) en 

invarianten analyse: Bootstrappen zonder specificatie? 

Taalontwikkeling in een dynamisch perspectief. Doctoraal scriptie 

Rijks Universiteit Groningen 

31) Groen SE, Blécourt de ACE, Postema K, Hadders-Algra M. (2005) 

Quality of General Movements predicts neuromotor development at 

the age of 9-12 years. Dev Med Child Neurol Nov;47(11):731-8. 

32) Hadders-Algra, M., Brogren, E., Forssberg, H., (1996). Training 

affects the development of postural adjustments in sitting infants. J 

Physiol, 493: 289- 298 

33) Hadders-Algra M. (1996). The assessment of General Movements 

is a valuable technique for detecting brain dysfunction in young 

infants. A review. Acta Paediatr., Suppl. 416, 39-43 

34) Hadders-Algra M. (2000). The neuronal group selection theory; a 

framework to explain variation in normal motor development. 

Developmental Medicine and Child Neurology. 42, 566-572 



 47

35) Hadders-Algra M. (2001). Evaluation of motor function in young 

infants by means of the assessment of general movements- a 

review. Ped. Phys. Ther. 2001;13:27-36 

36) Hadders-Algra, M., (2005). Development of postural control during 

the first 18 months of life. Neural Plast, 12: 99-108 

37) Hadders-Algra M. (2006). De neuronale groepselectietheorie: over 

het samenspel van aanleg en omgeving tijdens de ontwikkeling van 

motoriek. Neuropraxis 6; 163-166 

38) Heijst van J. J., Touwen B. C. L., & Vos J. E. (1999). Implications of 

a neural network model of early sensori-motor development for the 

field of developmental neurology. Early Human Development. 55, 

77-95 

39) Inter-American Development Bank: Sustainable Development 

Department. (2005). ECCD guide: A toolkit for early childhood care 

and development. Retrieved on October 7, 2005. 

40) Jablonka E. and Lamb M.J. (1998). Bridges between evolution and 

development. Biology and Philosophy, 13, 119-124  

41) Kadesjö B, Gillberg C. (1999) Developmental coordination disorder 

in Swedish 7-year-old children. Journal of the American Academy of 

Child and Adolescent Psychiatry 38: 820–8. 

42) Kelso, J. A. S., & Tuller, B. (1984). A dynamical basis for action 

systems. In M. S. Gazzaniga (Ed.), Handbook of cognitive 

neuroscience (pp. 321-3.56). New York and London; Plenum 

43) Kolb B, Brown R, Witt-Lajeunesse A, Gibb R. Neural compensations 

after lesion of the cerebral cortex. Neural Plast. 2001;8(1-2):1-16. 

Review. 

44) Krägeloh-Mann I, Petersen D, Hagberg G, Vollmer B, Hagberg B, 

Michaelis R. (1995) Bilateral spastic cerebral palsy – MRI pathology 



 48 

and origin. Analysis from a representative series of 56 cases. 

Developmental Medicine & Child Neurology 37: 379–97. 

45) Lenneberg E. (1967). Biological foundations of language. New York: 

John Wiley 

46) Massion, J., 1998. Postural control systems in developmental 

perspective. Neurosci Biobehav Rev, 22: 465–472 

47) Monod, J., Chance and Necessity: An Essay on the Natural 

Philosophy of Modern Biology, New York, Alfred A. Knopf, 1971 

48) Niemann G, Wakat J-P, Krägeloh-Mann I, Grodd W, Michaeilis R. 

(1994) Congenital hemiparesis and periventricular leukomalacia: 

pathogenetic aspects on magnetic resonance imaging. 

Developmental Medicine & Child Neurology 36: 943–50. 

49) Okumura A, Kato T, Kuno K, Hayakawa F, Watanabe K. (1997) 

MRI-findings in patients with spastic cerebral palsy. II. Correlation 

with type of cerebral palsy. Developmental Medicine & Child 

Neurology 39: 369–72. 

50) Oyama, S. (1985). The ontogeny of information: Developmental 

systems and evolution. Cambridge: Cambridge University Press. 

51) Oyama, S. (1989). Ontogeny and the central dogma: Do we need 

the concept of genetic programming in order to have an 

evolutionary perspective? In: M.R. Gunnar & E. Thelen (Eds.), 

Systems and Development. Hillsdale, NJ: Erlbaum. 

52) Pavlov, I. P. (1927). Conditioned Reflexes: An Investigation of the 

Physiological Activity of the Cerebral Cortex (translated by G. V. 

Anrep). London: Oxford University Press. 

53) Piaget, J. (1970), Epistémologie génétique. Paris: Presses 

Universitaires de France. Nederlandse vertaling: Genetische 

epistemologie. Meppel: Boom, 1976. 



 49

54) Piattelli-Palmarini M. (1980) Preface and Introduction to Language 

and Learning: The Debate between Jean Piaget and Noam 

Chomsky (the Royaumont debate) (Harvard University Press, 

1980). Part 1 

55) Piattelli-Palmarini M. (1980) Introduction to Language and Learning: 

The Debate between Jean Piaget and Noam Chomsky (the 

Royaumont debate) (Harvard University Press, 1980). How hard is 

the "hard core" of a scientific theory? Part 2 and end. 

56) Piek J. P. (2002). The role of variability in early motor development. 

Infant & Behaviour development, 25, 452-465 

57) Prechtl H.F.R. (1997). State of the art of a new functional 

assessment of the young nervous system. An early predictor of 

cerebral palsy. Early Human Development. 50, 1-11 

58) Prechtl HF., 1990. Qualitative changes of spontaneous movements 

in fetus and preterm infant are a marker of neurological dysfunction. 

59) Prigogine, I. (1980). From being to becoming: time and complexity 

in the physical sciences. San Francisco: Freeman. 

60) Rosenbaum P., King S., Law M., King G., Evans J., 1998. Family 

centered service: a conceptual framework and research review. 

Phys Occup Ther Pediatr, 18: 1-20. 

Early Hum Dev. Sep;23(3):151-8. 

61) Rutter M, Graham P, Yule W. (1970) A Neuropsychiatric Study in 

Childhood. Clinics in Developmental Medicine No 35/36. London: 

Heinemann Medical Books. 

62) Scholz JP. (1990). Dynamic pattern theory--some implications for 

therapeutics. 

Phys Ther. 70(12):827-43. 



 50 

63) Skeldon R. (1997). Migration and Development: A Global 

Perspective, London, Longman, p 253. 

64) Sporns O, & Edelman G.M. (1993). Solving Bernsteins problem: A 

proposal for the development of coordinated movements by 

selection. Child Development, 64, 960-981 

65) Sporns, O., Almassy, N., & Edelman, G. M. (2000). Plasticity in 

value systems and its role in adaptive behavior. Adaptive Behavior, 

8, 129-148 

66) Sporns O., Tononi G., & Edelman G. M. (2002). Theoretical 

neuroanatomy and the connectivity of the cerebral cortex. 

Behaviour brain research. 135, 69-74 

67) Thelen, E., Bates E. (2003) Connectionism and dynamic systems: 

are they really different? Developmental Science 6 (4), 378–391 

68) Thelen E., Schoner G, Scheier C, Smith LB. The dynamics of 

embodiment: a field theory of infant perseverative reaching. Behav 

Brain Sci. 2001 Feb;24(1):1-34; discussion 34-86 

69) Thelen E., Fisher D., Ridley-Johnson R., Griffin N., (1982). The 

effect of body build and arousal on newborn infant stepping. 

Development Psychobiology, 15, 447-453 

70) Thelen, E & Smith, L.B., (1994). A dynamical systems approach to the 

development of cognition and action. Cambridge, Mass.: MIT Press 

71) Tononi G., Sporns O., & Edelman G.M. (1996). A complexity 

measure for selective matching of signals by the brain. Proc. Natl. 

Acad. Sci. USA. 93, 3422-3427 

72) Tononi G., & Edelman G.M. (1998). Consciousness and complexity. 

Science. 282, 1846-1851. 

73) Tscharnuter I. Clinical Application of Dynamic Theory Concepts 

According to Tscharnuter Akademie for Movement Organization 



 51

(TAMO) Therapy. 

Pediatr Phys Ther. 2002 Spring;14(1):29-37. 

74) Van der Fits, I.B.M., Otten, E., Klip, A.W.J., Van Eykern, L.A., 

Hadders-Algra, M., 1999b. The development of postural 

adjustments during reaching in 6–18-month-old infants: evidence for 

two transitions. Exp Brain Res, 126: 517–528 

75) Van der Heide, J.C., Otten, E., van Eykern, L.A., Hadders-Algra, M., 

2003. Development of postural adjustments during reaching in 

sitting children. Exp Brain Res, 151: 32–45. 

76) Waddington CH. (1942). Canalization of development and the 

inheritance of acquired characters. Nature, 150: 563-565. 

77) Waddington CH. (1960). Experiments on canalizing selection. 

Genet. Res., 1: 140-150 

78) Werner, H. (1948). Comparative psychology of mental development, 

(revised edition), Chicago: Follett Publishing Company. 

79) Werner, H. (1957). The concept of development from a comparative 

and organismic point of view. In: D. B. Harris (Ed.), The concept of 

development: An issue in the study of human behavior. 

Minneapolis: University of Minnesota Press. 

80) Werner, H. (2005) Orthogenesis as a lifestyle in: Heinz Werner and 

developmental science. Valsiner, J. eds.; Springer US. 

81) Wray, J., and G.M. Edelman (1996). A model of color vision based 

on cortical reentry. Cerebral Cortex 6:701-716 



 52 

 

 



 53

           

Chapter 2: 

 
 
 
 
 
 

ONTOGENY OF THE HUMAN CENTRAL 

NERVOUS SYSTEM: 

WHAT IS HAPPENING WHEN?a 

 

 

 
 
 
 

          
         

                                                 
a This chapter is published as: De Graaf-Peters V.B., Hadders-Algra M., 2006. Ontogeny of 
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Chapter 2: 

ONTOGENY OF THE HUMAN CENTRAL 

NERVOUS SYSTEM: 

WHAT IS HAPPENING WHEN? 

 

Abstract 

The present paper reviews current data on the structural development of 

the human nervous system. Focus is on the timing of ontogenetic events in 

the telencephalon. Neuronal proliferation and migration especially occur 

during the first half of gestation; the second half of gestation is the period of 

the existence of the functionally important transient structure ‘subplate’ and 

the major period of glial cell proliferation and programmed cell death. Axon 

and dendrite sprouting and synapse formation bloom during the last 

trimester of gestation and the first postnatal year. Major part of 

telencephalic myelination occurs during the first year after birth. Many 

developmental processes, such as myelination, synapse formation and 

synapse elimination continue throughout childhood and adolescence. 

Evidence is emerging that the peak of synapse elimination occurs between 

puberty and the onset of adulthood. Neurotransmitter systems are present 

from early foetal life onwards and their pre- and perinatal development is 

characterized by periods of transient overexpression. The latter is for 

instance true for the acetylcholinergic, catecholaminergic and glutamate 

systems. Thus, the development of the human brain is characterized by a 

protracted, neatly orchestrated chain of specific ontogenetic events. The 
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continuous changes of the nervous system have consequences for 

vulnerability to adverse conditions, for diagnostics and for 

physiotherapeutical intervention.  

 

Keywords: brain development, human development, transient circuitries, 

preterm, stress 

Introduction 

The development of the central nervous system (CNS) is a complex 

and long-lasting process – this can be read in many textbook chapters 

(e.g., Volpe 2001, Lagercrantz et al 2002). The aim of the present review is 

to assess as accurately as possible when specific events take place during 

ontogeny of the human nervous system. Knowledge on the exact timing of 

ontogenetic events during human brain development will shed light on the 

mechanisms playing a role in the determination of sequelae after 

adversities occurring at a specific point in time during brain development 

(excellently reviewed in Volpe 2001). Knowledge on the timing of 

developmental processes in the human nervous system is also pertinent for 

the development of appropriate neurological assessment techniques and 

for the interpretation of neurological findings at early age. It might also 

facilitate our understanding of the timing of intervention in infants at high 

risk for or with developmental disorders. For the timing of early intervention 

it is generally assumed that ‘earlier is better’ (Guralnick 2000), but a recent 

review on the effect of early intervention in ‘high-risk’ infants indicated that 

this is not necessarily the case (Blauw-Hospers and Hadders-Algra 2005).  

In the present review we based ourselves predominantly on human 

data. For the missing links we preferably used non-human primate data; 

when such data were not available, rodent data were used. We zoomed in 
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on ontogenetic events in the telencephalon, i.e., the major neural 

determinant of human behaviour. In order to facilitate the understanding of 

the timing of the various events we included a schematic timetable of the 

various developmental processes (Fig 1). 

 

 

 
Figure 1: Summary of timing of neurobiological processes in the telecephalon during 

human ontogeny 

Note that the time axis at the bottom of the figure is an arbitrary one. W = weeks PMA, M = 
postnatal months, Y = years, P = onset of puberty, A = onset of adulthood, S = switch. 
In the upper part of the figure a broken line means that the process is active, a bold line 
indicates that the process is very active. In the lower part development in various 
neurotransmitter systems is represented. A thin broken line means that the transmitter is 
present; a continuous bold line represents a period of overexpression of the transmitter. The 
increasing dot density at the catacholaminergic systems denotes the gradual increase in 
dopaminergic activity. The bold broken line at the GABAergic systems reflects that GABA in 
early life exerts an excitatory function and later on switches (S) to its adult inhibitory 
function. 
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Ontogeny of the human brain 

Cell proliferation and neuronal migration 

In the fifth week postmenstrual age (PMA) the neural tube starts to 

develop. Neural tissue differentiates along several axes: a) a longitudinal 

axis, where the major subdivisions of the Central Nervous System (CNS), 

namely the forebrain, midbrain and spinal cord, develop, b) a vertical axis 

that establishes dorsal and ventral sides and c) a horizontal axis that 

establishes medial and lateral structural growth. The axes of the neural 

tube are associated with gradients of genetic expression during 

programming, with many genes often expressed more strongly in some 

regions and progressively decreasing expression in more distal regions 

(Sarnat and Flores-Sarnat 2004). 

Shortly after closure of the neural tube specific proliferation areas 

are formed in the ventricular and subventricular zones. The latter – possibly 

phylogenetically younger – zone gives rise to neurons and glial cells, the 

former zone produces mainly neurons (Mrzljak et al 1992). The majority of 

neuroblasts is formed in week 5 to 25 PMA, and the bulk of gliacells is 

produced between week 20 and 40 PMA (Mrzljak et al 1992). Exceptions to 

the rule that the majority of neurons are generated during the first half of 

gestation are the granule cells of the olfactory bulb, cerebellum and 

hippocampus, which continue their genesis after birth (Rakic 2002). The 

first postmitotic cells migrate in a radial fashion out of the neuroepithelium 

and form the first recognizable cortical layer, i.e. the preplate. In the human 

the preplate is present from about 7 till 10-11 weeks PMA. Subsequently, 

within the preplate the cortical plate is formed with on its superficial side the 

marginal zone and on the inner side the subplate (Super et al 1998).  
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 Once neurons have been generated they move from their place of 

origin to their final place of destination. Two forms of migration occur, 

passive cell displacement and active cell migration (Rakic 2002). In passive 

cell displacement newborn cells push earlier generated cells to the surface 

of the brain. Active cell migration is found in particular in the cerebral 

cortex, where the sites of destination can lie at substantial distance from 

the sites of origin due to the age related increase in thickness and layering 

of the cortex. Most cortical neurons migrate to their destinations along 

specialized radial glial fibres, which span the entire thickness of the 

hemisphere from the ventricular surface to the external pial surface (Rakic 

2002). These glial guides, which are grouped in fascicles of 3-10 radial 

fibres (Gressens 2000) , are induced by the pioneering Cajal-Retzius cells 

of the marginal zone (Super et al 1998). Neuronal migration along the radial 

glial scaffold most likely is regulated by complex molecular interactions 

between neuronal and glial cells (Hatten 1999). Various substances play a 

role in these cell-cell interactions, such as glycoproteins, membrane lipids 

containing long-chain fatty acids, GABA and glutamate (Gressens 2000). 

The radial scaffolding guarantees a columnar distribution of clonally related 

neurons derived from the ventricular ´protomap´ (Rakic 1988). The settling 

of the neurons occurs in an inside-out order with the earlier generated 

neurons travelling to the deepest cortical layers, and the later generated 

neurons finding their destiny in more superficial layers of the cortex. In the 

human cerebral cortex migration takes place from the early phases of brain 

development. It peaks between the third and fifth month of gestation (Rakic 

1994, Gressens 2000). The point of time when migration stops is still a 

matter of debate, but recent data indicate that this might well be around 30 

weeks PMA (Gupta et al 2005). Less than 10% of cortical neurons migrate 

in a non-radial fashion (Rakic 2003). The latter is true in particular for 
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GABAergic local circuit neurons which migrate tangentially from their origin 

in the subcortical ganglionic eminence (Letinic et al 2002). This 

telencephalic-diencephalic migration occurs between 18 and 36 weeks 

PMA (Letinic et al 1997, Letinic and Rakic 2001).  

The subplate: an important transient structure 

Already during migration neurons start to differentiate. But major 

part of axon and dendrite sprouting occurs when the cells have reached 

their final position. The guidance of axon sprouting largely depends on the 

recognition of cell surface molecules, extracellular matrix cues derived from 

the cells along the pathway and chemical signals, such as the nerve growth 

factor from target and intermediate cells (Letinic et al 2002, Rakic 2003). In 

the axonal routing to and from the cortex the subplate plays a pivotal role. 

The subplate emerges during early foetal life and is thickest around 29 

weeks PMA (Kostovic et al 2002). It functions as a ‘waiting room’ and 

temporary goal of afferent fibres originating from the thalamus, basal 

forebrain, monoaminergic brainstem nuclei and the contra- and ipsilateral 

hemispheres, which head for a cortical destination. Probably the subplate 

also plays a role in the guidance of some corticofugal pathways (Super et al 

1998, Kostovic and Judas 2002, Judas et al 2003). It is important to realize 

that the ‘waiting room’ phase is not a period of functional arrest as the 

temporary afferents contribute to the early and transient cortical neuronal 

circuits involved in the generation of foetal behaviour (Kostovic and Judas 

2002). The subplate is regressing after 31 weeks PMA and disappears in 

the period till about 38 weeks PMA. The dissolution is mainly brought about 

by a relocation of thalamocortical, callosal and associative fibres to the 

cortical plate (Judas et al 2003) and coincides with the rapid expansion of 

cortical gyration (Van der Knaap et al 1996). 
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Neuronal differentiation and synapse formation 

Young neurons produce axons. The axons can be short, for instance in 

case of interneurons, but they also can have considerable length. This is 

true for the early emerging monoaminergic systems, callosal fibres and the 

corticospinal tract. The growth cones of the developing axon pathways 

navigate to their intermediate and final targets by responding to a variety of 

substrate bound or diffusible molecular targets at near or long distance. 

The axon guidance cues, which mainly belong to the families of netrins, 

semaphorins, slits and ephrins, can act as chemoattractor or 

chemorepellent (Judas et al 2003). From the major descending fibre 

systems, the corticospinal tract is the last to enter the spinal cord. Eyre et 

al. (2000) demonstrated that corticospinal axons reach the lower cervical 

spinal cord by 26 weeks PMA at the latest, where after they progressively 

and extensively innervate the spinal neurons, including the motor neurons 

(Eyre et al. 2000).  

Dendritic development starts early during foetal life. The complex 

patterns of dendritic growth and branching are the result of a complex 

molecular orchestration of intrinsic and extrinsic cues (Jan and Jan 2003). 

The dendritic development of cortical neurons proceeds relatively slowly 

during the first two trimesters of gestation. Dendritic trees of neurons in the 

subplate and the deepest cortical layers, which are part of the mid-

gestational transient neural circuits, mature earlier than those of more 

superficial cortical layers (Kostovic and Judas 2002). Dendritic 

development accelerates from the third trimester of gestation onwards to 

remain very active till the end of the first postnatal year (Super et al 1998, 

Eyre et al. 2000). Thereafter dendritic growth of cortical neurons continues 

till about the age of 5 years (Koenderink and Uylings 1995). 
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The length of axons and dendrites increases five to ten times during the 

first six postnatal months. Also the most striking development of dendrite 

elaboration occurs in this period (Becker et al 1984, Webb et al 2001, Rakic 

2002, Nimchinsky et al 2002).  

In parallel to dendritic development the number of synaptic 

connections increases. The very first synapses are found in the spinal cord 

at 8 weeks PMA (Okado and Kojima 1984) and in the cerebral cortex at 9-

10 weeks PMA (Molliver et al 1973, Zecevic 1998). After the formation of 

the cortical plate synaptic density steadily increases with a rate of about 4% 

per week till 24-26 weeks PMA in virtually all cortical regions (Zecevic 

1998). Next cortical synapse formation starts to boom, resulting in a six-fold 

increase in synaptic density from 28 weeks PMA till the age at which the 

peak in synaptic density occurs (Huttenlocher and Dabholkar 1997). 

Maximum synaptic density is reached in the primary sensory areas such as 

the auditory and visual cortex at the age of 3 months post-term 

(Huttenlocher 1984, Huttenlocher and Dabholkar 1997). This is 

considerably earlier than in the prefrontal cortex where maximum density 

first occurs at the age of 15 months (Huttenlocher and Dabholkar 1997).  

Glial cells and the formation of myelin 

While neurons are the most characteristic cells of the nervous system 

and are primarily responsible for information transfer, they are dependent 

on, interact with and are surrounded by glial cells. Two basic forms of glial 

cell can be distinguished: macroglia and microglia. Microglia, which are the 

CNS resident macrophages, are immigrants from the haematopoietic 

system during very early development. Macroglial cells are present in 

various forms, oligodendrocytes and astrocytes being the most prominent 

ones. Oligodendrocytes are responsible for the formation of myelin in the 
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CNS. The functions of astrocytes are more diverse and include regulation 

of the composition of the extracellular environment, clearance of excess of 

neurotransmitters and modulation of formation and efficiency of synaptic 

connections (Miller 2002). Macroglia, i.e., the astrocytes and 

oligodendrocytes, are derived from the same tissue as the neurons 

themselves, i.e. they arise from precursor cells in the germinal matrix (Miller 

2002, Liu and Rao 2004). In any particular region of the CNS cell types 

arise in a distinct sequence: first the neurons arise, followed by the 

astrocytes, and finally the oligodendrocytes are produced (Altman and 

Bayer 1984). The earliest oligodendrocyte precursors arise in the ventral 

regions of the neural tube and – more rostrally - in the ventricular and 

subventricular zone (Pringle and Richardson 1993, Ono et al 1995). Other 

sources of telencephalic oligodendrocytes are the medial and lateral 

ganglionic eminence (Rakic and Zecevic 2003). Immature oligodendrocytes 

migrate along considerable distances to their final destination (Miller 2002). 

Migration in the cerebral cortex takes place via radial routes – which is the 

case for cells originating in the ventricular region - and via tangential routes, 

which is the pathway for cells originating in the subcortical ganglionic 

eminences (Kakita and Goldman 1999). The mechanisms governing 

oligodendrocyte migration are not well understood. Factors that have been 

proposed to play a role are pre-existing axons, adhesion molecules and 

extracellular matrix receptors (Miller 2002). The final step in 

oligodendrocyte development is the formation of a mature myelinating 

phenotype. Myelin is a fatty insulating sheath. It surrounds axons and 

promotes a rapid and efficient impulse conduction (Brostoff et al 1977). 

Myelination starts in the human spinal cord at 12 weeks PMA (Weidenheim 

et al 1996), in the telencephalon around week 14 PMA (Zecevic et al 1998). 

Iai et al (1997), who used the expression of the major myelin protein 
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proteolipid protein as a marker of myelination, revealed that myelin can be 

detected in the globus pallidus and pallidothalamic fibers at 20 weeks, in 

the striatum at 28 weeks, in the pre- and postcentral gyri and the optic 

radiation at 35 weeks and in the acoustic radiation at 40 weeks PMA (Iai et 

al 1997). These data are in line with those of Back et al (2001) who 

reported that oligodendrocyte progenitor cells in the periventricular white 

matter are abundantly present till 27 weeks PMA, where after they 

gradually turn into more mature myelin producing cells (Back et al 2001). It 

is noteworthy that the progenitor and immature oligodendrocytes are much 

more vulnerable to hypoxic-ischaemic injury than the mature myelin 

producing oligodendrocytes (Fern and Moller 2000). Data from recent 

diffusion-weighted magnetic resonance imaging are in line with the above-

described timetables of early myelination (Prayer and Prayer 2003, Miller et 

al 2003).  

During the first year after term age myelination becomes a vigorously 

active process (Yakovlev and Lecours 1967, Brody et al 1987). Thereafter 

myelination continues at a slower pace (Yakovlev and Lecours 1967). 

Volumetric imaging studies indicated that it takes at least four decades 

before myelination is completed, with the intracortical connections being 

amongst the last ones to become myelinated (Paus et al 1999, Bartzokis et 

al 2001, Sowell et al 2002).  

Regressive phenomena 

Programmed cell death is a highly phylogenetically conserved 

mechanism by which cells die following a stereotyped series of molecular 

and cellular events commonly referred to as apoptosis. It plays a 

fundamental role in the control of the final number of neurons and glial cells 

(Lossi and Merighi 2003). Various techniques, such as the TUNEL method 
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which enables the detection of genomic DNA fragmentation, offered new 

insight into apoptosis in the human brain. Two subsequent periods of cell 

death can be distinguished. The first occurs at the onset of neurogenesis 

and is not related to synapse formation (Lossi and Merighi 2003). This type 

of apoptosis has been observed in the proliferative zones of the human 

telencephalon already at 7 weeks PMA. It continues during the first 

trimester of gestation (Rakic and Zecevic 2000). The second process is 

linked to cell differentiation and synaptogenesis and therefore may be 

related to the wiring of young neurons (Lossi and Merighi 2003). In the 

cerebral cortex this type of cell death peaks at 19 to 23 weeks PMA (Rakic 

and Zecevic 2000), in the striatum between 22 and 29 weeks and in the 

globus pallidus between 26 and 33 weeks PMA (Itoh et al 2001). Possibly, 

the apoptotic index in cortical regions is lower than that in the brainstem 

(Chan and Yew 1998). Rabinowicz and coworkers (1996), who calculated 

neuronal densities in various cortical regions, estimated that apoptosis in 

motor, prefrontal and cingulate cortices continues till term age and that in 

the sensory areas till about 44 weeks PMA. Even though apoptotis strongly 

depends on endogenous, programmed processes, rodent experiments 

indicated that enriched behavioral experience during the period of 

programmed cell death resulted in an increased level of neural cell 

numbers in adulthood. The increased cell number was attributed a 

reduction in programmed cell death and an increase in cell proliferation 

(Greer et al 1982, Kolb 1999, Kolb et al 2001).  

Axon retraction is another prominent regressive process in the CNS 

(Cowan et al 1984). It starts as soon as neurons have formed axons. Very 

little information on the removal of axons in man is available. Extrapolation 

from monkey data indicates that axon retraction occurs especially during 

the second half of gestation and continues after term age (Darian-Smith et 
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al 1990, Barone et al 1996). The latter seems to be true in particular for 

long projection fibres such as the fibres of the corpus callosum and 

corticospinal tract. LaMantia & Rakic (1990) reported that in callosal 

development of the rhesus monkey two phases of axon elimination can be 

distinguished: a phase of rapid elimination occurring during the first three 

postnatal weeks and one of slower elimination during the next three 

months. They suggested that the elimination of callossal axons might help 

to shape local synaptic relationships between individual terminals and their 

targets, rather than defining the gross topography of callosal projections. 

Information on axon elimination in the corticospinal tract is present in the 

form of neuroanatomical data of macaque monkeys (Galea and darian-

Smith 1995) and neurophysiological data of human infants (Eyre et al 2001, 

Eyre 2003). The data indicate that during the first 24 postnatal months a 

substantial part of corticospinal axons, in particular ipsilateral projections, is 

eliminated. Physiological data of children with congenital hemiplegia 

suggest that axon elimination in the corticospinal tract may be activity-

dependent, as in these children major parts of the ipsilateral corticospinal 

projections are conserved (Eyre et al 2001).  

Throughout life synapse formation is paired with synapse elimination. 

The resulting continuous synaptic reorganisation forms the basis of neural 

development and plasticity (Purves 1994, Goda and Davis 2003). During 

prenatal and early postnatal life the net effect of synaptic development in 

the cerebral cortex is a rapid increase in synaptic density. Human data 

indicate that cortical synaptic density peaks during infancy (visual and 

auditory cortex: at 3 months (Huttenlocher and Decourten 1987, 

Huttenlocher and Dabholkar 1997) prefrontal cortex: at 15 months 

(Huttenlocher and Dabholkar 1997), and decreases gradually thereafter till 

adult levels are reached around puberty (Huttenlocher and Dabholkar 
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1997). The first monkey studies on cortical synapse elimination provided 

data that generally were in line with this developmental course (Rakic et al 

1986). But later monkey studies, which were more detailed, suggested that 

the time course of synapse elimination is different. These studies indicated 

that after the phase of rapid synaptogenesis, first a plateau phase follows 

during which synaptic density remains relatively constant. The plateau 

phase ends around the time of puberty, at which point in time synaptic 

density in all cortical regions starts to decrease (Zecevic et al 1989, 

Bourgeois et al 1989, Bourgeois and Rakic 1993). The process of synapse 

elimination results in a decrease in synaptic density of 40% between the 

onset of puberty and adult age (Bourgeois and Rakic 1993). The 

discrepancy between the more recent monkey data and the available 

human data can be explained by the lack of human data in the age period 

of 5 to 12 years (Huttenlocher and Dabholkar 1997). The onset of 

substantial cortical synapse elimination occurring first at puberty would fit 

well with the clinical notion that with the emergence of physical signs of 

puberty the prevalence of minor neurological dysfunction shows a marked 

decrease (Lunsing et al 1992).  

Neurotransmitters and neuromodulators  

Neurotransmitters and neuromodulary substances play an important 

role in the development of the nervous system. They affect neural migration 

and differentiation (Herlenius and Lagercrantz 2001) and especially 

contribute to the shaping of synaptic circuitries (Bouwman et al 2004). The 

major neurotransmitters (catecholamines, acetylcholine, glutamate and 

gamma-aminobutiryc acid (GABA)) are present from very early age 

onwards, not only in the spinal cord and brainstem, but also in 

telencephalon (Kostovic 1986, Verney 2003). The way in which 
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neurotransmitters affect development can change with age. Here we 

summarize the ontogenetic changes in the major neurotransmitter systems. 

The summary remains somewhat incomplete as information on 

development of neurotransmitter systems in the human CNS is limited and 

scattered.  

Hellström-Lindahl et al. reported that nicotine acetylcholine receptors 

can be detected in the spinal cord, medulla oblongata, pons, cerebellum, 

mesencephalon and telencephalon from 6 weeks PMA onwards (Hellstrom-

Lindahl 1998). Kostovic (1986), who studied the development of 

acetylcholinesterase reactivity in the nucleus basalis complex, which is a 

major source of cholinergic innervation of the cerebral cortex, found that the 

nucleus basalis complex shows acetylcholinesterase reactivity from 11 

weeks PMA onwards (Kostovic 1986). At 20-24 weeks PMA 

acetylcholinesterase reactive fibres from the complex invade the subplate 

of the frontal, temporal, parietal and occipital cortices. Next, 

acetylcholinesterase reactive fibres transiently accumulate in the superficial 

part of the subplate and the deep part of the cortical plate, i.e., at the 

location of the mid-gestational transient neural circuits (Kostovic and Judas 

2002). Thereafter cholinergic innervation obtains a pattern of topographical 

relationships which can be compared to that of the human adult brain 

(Kostovic 1986). Another subcortical structure, i.e., the mediodorsal 

nucleus of the thalamus, which is the principle source of diencephalic 

afferents in prefrontal association areas, shows a transient 

acetylcholinesterase staining. The staining is maximal between 18 and 36 

weeks PMA and becomes virtually absent around 6 months post term. This 

transient cholinergic activity most likely corresponds to an active outgrowth 

of thalamocortical axons (Kostovic and Goldman-Rakic 1983). 
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The catecholaminergic systems also emerge early during development. 

Dopaminergic cells can be found in the rostral spinal cord, medulla 

oblongata, pons, mesencephalon and hypothalamic region at 8 weeks 

PMA. At the same age noradrenergic cells can be detected in the medulla 

oblongata, locus coeruleus and pons (Zecevic and Verney 1995). Around 

10 weeks PMA catecholaminergic, i.e. dopaminergic, noradrenergic and 

serotonergic fibers, reach the cortial anlage (Zecevic and Verney 1995, 

Verney et al 2002). At 13 weeks PMA many catecholaminergic fibres, 

especially dopaminergic fibres, can be found in the subplate and at 15 

weeks the fibres penetrate the cortical plate (Zecevic and Verney 1995, 

Verney et al 2002). Between 22-26 weeks PMA, when a rudimentary 

cortical lamination emerges, dopaminergic and noradrenergic innervation 

becomes visible throughout the cerebral cortex with a regional and laminar 

distribution pattern which is similar to that observed in the adult (Verney et 

al 1993). The latter means that the dopaminergic innervation extends to the 

entire cerebral cortex and that the noradrenergic innervation is essentially 

concentrated in primary motor and sensory areas (Berger et al 1991). 

Extrapolation of rhesus monkey data indicates that the dopaminergic 

innervation of pyramidal neurons in the cerebral cortex runs a protracted 

course. It reaches its adult level of innervation first in puberty (Lambe et al 

2000a , b). Another remarkable feature of the development of dopaminergic 

circuitries is the transient presence of extremely high levels of dopamine-1 

receptors in the pallidum during the last trimester of gestation. The 

disappearance of the transient surplus in pallidal dopamine-1 receptors 

starts shortly after term age (Boyson and Adams 1997). As dopamine-1 

receptor stimulation has been linked to gene regulation, it is conceivable 

that abnormal stimulation of these receptors during late foetal life can result 

in long-term consequences (Herlenius and Lagercrantz 2001).  
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In contrast to the prolonged postnatal changes in dopaminergic 

innervation of the cerebral cortex, serotonergic innervation of the cortex 

does not change after late foetal age (Del Olmo et al 1998). Remarkably, 

the content of 5-HT1A receptors - a member of the seven families of 

serotonin receptors (Whitaker-Azmitia 2001) - remains stable after term age 

in all parts of the brain with exception of the cerebellum. In the cerebellum a 

high level of 5-HT1A receptors is present around term age. The level 

subsequently gradually decreases to very low levels in adulthood (Del 

Olmo et al 1998).  

GABA is the dominating neurotransmitter in the inhibitory local circuit 

neurons of the cerebral cortex. The GABAergic cells originate in the 

ganglionic eminence. At early age they migrate to the cortical anlagen, 

where they can be found in relatively large numbers in the preplate at 8-9 

weeks PMA (Rakic and Zecevic 2003). The inhibitory transmitter GABA 

acts as an excitatory transmitter during early development. The switch from 

excitatory to inhibitory occurs in the rat between the second and seventh 

postnatal day (Ben Ari et al 1997), which from a neurodevelopmental point 

of view corresponds to sometime during the last trimester of human 

gestation (Romijn et al 1991). During the time that GABA acts as an 

excitatory transmitter, GABAA receptors play the role conferred to 

glutamatergic AMPA (�-amino-3-hydroxy-5-methyl-4-isoxazolepropionate) 

receptors later on in development, i.e., act in synergy with the glutamatergic 

NMDA (N-methyl-D-aspartate) receptors (Ben Ari et al 1997).  

Glutamate and aspartate are the dominating excitatory amino acids in 

the primate cortex. Glutamate receptors (NMDA, AMPA and kainate 

receptors) are present in the foetal cortex as early as 10 weeks PMA (Ritter 

et al 2001). Possibly, cortical glutamate receptors have two transient 

periods of increased expression. One coinciding with the peak of neural 
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migration, i.e., between 13 and 21 weeks PMA (Ritter et al 2001), and the 

other around term age. At the beginning of the latter period cortical 

glutamatergic synapses involve almost exclusively NMDA receptors, which 

form a network that is silent at resting potential. This NMDA-based network 

seems to form independently of sensory information (Durand et al 1996). 

Next, electrical activity at the preformed ‘silent’ contacts can induce 

functionally active and stable synapses which consist of co-localized AMPA 

and NMDA receptors (Durand et al 1996, Wu et al 1996, Isaac et al 1997). 

This perinatal period of receptor upregulation probably plays a prominent 

role in the glutamatergic exitotoxicity induced by perinatal asphyxia 

(McDonald and Johnston 1990).  

 

Possible clinical consequences of the neural 

ontogenetic timetable  

From our summarizing figure (Fig. 1) it is clear that major part of the 

structural development of the telencephalon occurs during early life. But the 

figure also indicates that it takes about two decades before the central 

nervous system obtains a more or less adult configuration.  

The continuous neurobiological changes during pre- and postnatal 

life have important clinical consequences. First, the fact that a child has an 

age-specific nervous system invokes the need of an age-specific 

neurological assessment, that is, the application of neuromotor evaluation 

techniques which are adapted to the age-specific characteristics of the 

nervous system. Second, the age-dependent characteristics affect the way 

in which neural dysfunction is expressed. Neurological dysfunction in adults 

is expressed by means of specific and localized signs, e.g., by means of 

the specific syndrome of a spastic hemiplegia in case of stroke. In contrast, 
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neurological dysfunction in young infants is expressed by means of 

generalized and aspecific dysfunction. For instance, a full-term infant with a 

left-sided cortical infarction may respond with a generalized hypotonia, a 

generalized hypertonia, a hypokinesia, a hyperexcitability syndrome, 

abnormal general movements or with no clinical abnormality (Prechtl 1977, 

Hadders-Algra 2004).  

Third, the marked developmental changes of the brain have 

important implications for the prediction of developmental disorders at early 

age. The neurodevelopmental changes can induce a disappearance of 

dysfunctions present at early age. The reverse is also possible: children 

can be free from signs of dysfunction at early age, but grow into a 

functional deficit with increasing age due to the age-related increase in 

complexity of neural functions (Vohr and Carcia Coll 1985, Hadders-Algra 

2002). 

Fourth, the presence of periods with specific neurodevelopmental 

events results in windows of specific vulnerability for adverse influences. A 

well known clinical example of the age dependent effect of an adverse 

condition during early life is the difference in the effect of perinatal asphyxia 

or hypoxic-ischemic disease in preterm and full-term infants. Perinatal 

asphyxia does not always result in brain damage. But when it does, the 

lesion in preterm infants usually is localized in the periventricular regions, 

whereas in full-term infants the cortical areas, thalamus, basal ganglia and 

brainstem show a specific vulnerability (Volpe 2001). Examples of the 

differential effect of age at exposure on outcome in the field of 

developmental neurotoxicity are the effects of prenatal exposure to 

radiation and alcohol. Follow-up studies on the effect of the atomic bombs 

in Hiroshima and Nagasaki revealed that the highest risk of mental 

retardation occurred in children who had been exposed to radiation 
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between 10 and 17 weeks PMA, i.e. during the period of abundant neuronal 

proliferation. Exposure prior to this period did not result in an increased risk 

of mental retardation and exposure during later phases of foetal life were 

associated with an only moderately elevated risk of low cognitive function 

(Otake and Schull 1984). Recent studies on the effect of prenatal alcohol 

exposure indicated that alcohol exposure may interfere in particular with 

programmed cell death. This means that especially exposure to alcohol 

during the second trimester of gestation is associated to adverse outcome 

(Olney 2002). 

Fifth, the ontogenetic neural timetable might have consequences for 

the timing of early intervention. Rodent research showed that in case of 

early brain damage the period during which the processes of dendritic 

outgrowth and synapse formation are highly active offers better possibilities 

to reconnect and find functional solutions than later periods (Kolb 1999, 

Kolb et al 2001, Nimchinsky et al 2002). Figure 1 indicates that from this 

point of view the period between 28 weeks PMA and 15 months postnatally 

would offer the best opportunities. Intervention in rodents in general 

consists of being raised in an enriched environment, which induces active 

play behaviour of the animal. Similar active forms of intervention prior to 

term age, such as head balancing exercises in prone position, might 

however not be appropriate for the young infant and – consequently – be a 

source of stressb. Rodent research demonstrated that stress during early 

development, i.e. during the period which is equivalent to the second half of 

human gestation, can induce substantial changes in catecholaminergic 

content of the cortical and subcortical regions (Peters 1988, Weinstock 

2001). Monkey data indicate that these changes are accompanied by long 

                                                 
b Stress is defined as a state that threatens or is perceived by the individual to threaten his 
physiological equilibrium. 
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lasting unfavourable changes in motor, social and cognitive behaviour 

(Schneider 1992a, Schneider et al 1992, Schneider et al 1998). In addition, 

it has been reported that prenatal stress can induce impaired development 

of the maps of body representation in the primary somatosensory cortex 

Cases et al (1995) and inappropriately developed ocular dominance 

columns in the visual cortex (Gu and Singer 1995). Possibly these effects 

are mediated by interference with the transient role of the serotonergic 

system in the fine-tuning of thalamocortical projections in the young cortical 

layer IV (Rebsam et al 2002). EMG-studies in preterm children suggested 

that disturbances in the monoaminergic systems could explain part of the 

motor dysfunctions of these children (Hadders-Algra et al 1997, Hadders-

Algra et al 1999, Vander Fits et al 1999). Thus, it is conceivable that stress 

during the preterm period might be one of the explanations why many low-

risk preterm infants suffer from motor, cognitive and behavioural problems 

in later life (Botting et al 1997, 1998, Fallang et al 2005). Not only the 

catecholaminergic systems are characterized by a period of transient 

overexpression till the age of about 40-44 weeks PMA, but also the 

acetylcholinergic and glutamatergic system. Therefore we suggest to 

restrict intervention prior to 40-44 weeks to forms of intervention which aim 

at mimicking the intrauterine environment, such as proposed in the 

Neonatal Individualized Developmental Care and Assessment Program 

(NIDCAP) (Als et al 1994). Recent data indicated that NIDCAP intervention 

may be beneficial for brain development, as NIDCAP in low risk preterm 

infants has a significant positive effect on electrophysiological and MRI 

correlates of brain development at 42 weeks PMA (Buehler et al 1995, Als 

et al 2004). 
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Concluding remarks 

The development of the human central nervous system is 

characterized by a protracted, neatly orchestrated chain of specific 

ontogenetic events. The continuous changes of the nervous system have 

consequences for vulnerability to adverse conditions, for diagnostics and 

for physiotherapeutical intervention. Our review suggests that intervention 

prior to 40-44 weeks PMA rather should be restricted to forms of 

intervention which aim at mimicking the intrauterine environment, such as 

NIDCAP. After 40-44 weeks intervention might be switched to active 

stimulation of infant development.  
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Chapter 3: 

SPECIFIC POSTURAL SUPPORT PROMOTES 

VARIATION IN MOTOR BEHAVIOUR OF 

INFANTS WITH MINOR NEUROLOGICAL 

DYSFUNCTION 

 

Abstract  

The present study aims at evaluating the effect of specific postural support 

on motor behaviour of infants with and without minor neurological 

dysfunction (MND). The following questions were addressed: Does 

application of supportive pillows affect the time during which the infant 

exhibits general movements (GMs) or specific movements? We defined 

specific movements as movements of specific parts of the body which 

occur in a specific, recognizable way. Does application of pillows improve 

the quality of GMs or the repertoire of specific movements? Is a pillow 

effect affected by neurological condition? 

Forty healthy full-term infants aged 1-5 months participated in the study. 

Twenty were neurologically normal and twenty had MND. Spontaneous 

motor behaviour in supine position was video-recorded for 180 seconds in 

four conditions applied in random order: support by a pillow in the shoulder 

region, the pelvic region, shoulder and pelvic region or no pillow support. 

Two independent assessors evaluated the quality of GMs. The other 

movement parameters were assessed with a computer program. Duration 
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of movements was determined and a variation index, consisting of the 

number of different specific movements in a condition, was calculated.  

The presence of pillows did not affect the time spent with GMs or specific 

movements or GM-quality. In neurologically normal infants the shoulder 

pillow with or without pelvic pillow induced an increase in the variation index 

(p<0.01), whereas in the infants with MND all pillow conditions resulted in a 

substantial increase of the movement repertoire (p<0.001). Thus, specific 

postural support promotes variation in motor behaviour of young infants. 

This is particularly true for infants with MND. 

 

Introduction 

 Paediatric physical therapists often apply specific postural support 

in order to improve motor performance of children with developmental 

disorders (Howle 2002). Interestingly, this practice is supported by limited 

evidence on effectiveness and efficacy only (Roxborough 1995, 

Washington 2002). 

The effect of postural support on motor behaviour during infancy has 

been addressed in a few studies of preterm neonates and some of infants 

aged 5 to 18 months. Provasi and Lequien (1993) reported that placement 

of preterm neonates in a reclining infant seat during parts of the day 

resulted in a reduction of cloni and startles. Monterosso et al. (2003), who 

studied the effect of postural support in preterm infants when nursed in 

prone, demonstrated that a postural support role improved shoulder 

posture at term age and the combination of a postural support role and a 

postural support nappy gave a better hip posture. Finally, the study of 

Vaivre-Douret and colleagues (2004) indicated that variable placement of 

the preterm infant in supine, prone and side position resulted in a better 

neuromotor condition at term age than standard placement in prone. Thus, 
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the studies on the effect of position and postural support prior to term age 

indicate that postural support might have a beneficial effect on the infant’s 

motor behaviour. The studies carried out in older infants show a similar 

trend. The studies of Rochat and Goubet (1995) and Hopkins and 

Rönnqvist (2002), which dealt with typically developing ‘non-sitting’ infants 

aged 5 to 6 months, indicated that support in the pelvic region of sitting 

infants facilitated upper extremity function. However, the study of 

Washington et al. (2002) on four seated infants with developmental motor 

disorders aged 9 to 18 months, indicated that specific postural support did 

improve postural alignment, but had no significant effect on reaching and 

grasping behaviour. Information on postural support and motor behaviour in 

infants during the first months after term age is limited to the description of 

Grenier (1981) that provision of firm support of the neck and trunk in seated 

neonates may enhance the generation of ‘pre-reaching’ movements.  

The aim of the present, explorative study is to evaluate the effect of 

specific postural support on motor behaviour of infants aged 1 to 5 months. 

We focussed on this age period as it is an age period with a major 

transition in neural functions (Prechtl 1984). It includes the last phase of 

general movements (GMs), i.e., the phase of fidgety GMs which are 

present between 2 and 4 months post-term (Touwen 1976, Hadders-Algra 

2004). It also includes the onset of goal directed motility, which emerges 

around the age of 3 months (Touwen 1976). In addition, 3 month is an age 

of transition in postural development: after the transition spontaneous motor 

behaviour and reaching movements are more tightly coupled to postural 

behaviour than prior to the transition (Van der Fits et al 1999, Hedberg et al 

2005). We studied the infants in supine position as this is a position in 

which young infants spent major part of the day. The specific postural 

support consisted of the application of a horseshoe formed shoulder pillow, 
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a pelvic pillow or both pillows. Besides typically developing infants, infants 

with minor neurological dysfunction were studied as we hypothesized that 

in particular infants with dysfunction would benefit from postural support. 

The following questions were addressed: 1. Does the application of 

supportive pillows affect the time during which the infant exhibits GMs or 

specific movements? We defined specific movements as movements of 

specific parts of the body which occur in a specific, recognizable way. 2) 

Does the application of supportive pillows improve the quality of GMs or 3) 

the repertoire of specific movements generated by the infant? We also 

investigated whether a potential pillow effect was affected by the infant’s 

neurological condition. The second and third question reflect that we were 

not only interested in a quantitative effect of pillow support but also in a 

qualitative effect. The quality of GMs and the repertoire of specific 

movements are both parameters of variation indicator in motor behaviour 

and as such related to a favourable neuromotor development (Hadders-

Algra 2000).  

Method  

Participants 

Forty healthy full-term infants (16 boys, 24 girls) participated in the 

study. They were born without pre- and perinatal complications and 

recruited at the obstetrical department of the University Medical Centre 

Groningen (UMCG) between April and July 2001. We deliberately recruited 

at this university hospital as we knew from previous studies that the 

prevalence of MND in healthy full-term infants born in a university hospital 

is considerably higher than that in the general Dutch population where a 

large proportion of infants is born at home17. The infants’ gestational age at 
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birth varied from 38 to 42 weeks postmenstrual age (median value: 39 

week); birth weight from 2800 to 4260 grams (mean: 3562 g; SD: 448 g). 

Motor behaviour was recorded at ages of 1, 2, 3, 4 or 5 months. The 

distribution of the infants across ages is presented in Table I. The parents 

of the infants gave informed consent and the procedures were approved by 

the ethics committee of the UMCG. 

 

Table I: Distribution of infants across ages and neurological 

condition 

Age in 

months 

Total  

 

N = 40 

Neurologically 

normal  

n = 20 

MND  

 

n = 20 

1 6 2 4 

2 5 4 1 

3 15 7 8 

4 7 4 3 

5 7 3 4 

 
MND = minor neurological dysfunction indicating the presence of mild neurological 

abnormalities and/or mildly abnormal GMs 

Procedure 

The session started with a video-recording of spontaneous motility 

in various supine conditions. During the recording the infants were dressed 

in diaper and underwear only. The infants were lying on a thin, flat mattress 
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with or without support of specific pillows which could be easily moulded 

and adapted to the size of the infant. Motor behaviour was recorded in four 

conditions, which were randomly applied. The conditions were: 1) the 

standard condition in which the infant was lying on the mattress without 

pillow support, 2) the shoulder pillow condition in which the infant’s head, 

neck, shoulders and arms were supported by a soft, thin and flexible 

horseshoe formed pillow, 3) the pelvic pillow condition in which a soft, thin 

and flexible rectangular pillow was placed below the buttocks in such a way 

that it induced a slight passive pelvic anteflexion, 4) the combined pillow 

condition in which the infant was supported by both the shoulder and pelvic 

pillow (Fig. 1). The infant’s motor behaviour was recorded for approximately 

5 minutes in each condition. Care was taken to record motility in an active, 

awake, non-crying state. If an infant started to cry, recording was 

interrupted. Recording was restarted when the infant had regained the 

appropriate behavioural state. If the infant turned into prone position – 

which occasionally happened in the oldest infants, the examiner returned 

the infant into supine. Due to the interruptions some conditions were 

recorded less than 5 minutes (300 seconds); therefore we decided to select 

of every condition 180 seconds for analysis. No toys were offered to the 

infant and parents and examiner refrained from interaction with the infant. 

All infants were naïve to the pillow conditions  

After the video-session a standardized neurological examination 

according to Prechtl (1977) with age-specific adaptations of the norms 

according to Touwen (1976) was carried out (assessors AHdGH or MHA). 

The neurological findings were summarized as normal, mildly abnormal or 

definitely abnormal (Jurgen-van der Zee 1979). Definitely abnormal 

denoted the presence of a full-blown neurological syndrome, such a 

hemisyndrome, a hyperexcitability syndrome or a clear hypo- or hypertonia. 



 96 

Mildly abnormal indicated the presence of only a few signs of the full 

syndrome.  

Figure 1 

 
Figure 1 

Infant of 4 months in the four different conditions. A) Standard condition without pillow, B) 

shoulder pillow condition, C) pelvic pillow condition, D) combined pillow condition. Figure 

published with permission of the infant’s caregivers. 

Data analysis 

Three minutes (180 seconds) of video-recording of spontaneous 

motility in an active, awake, non-crying behavioural state of each condition 

were analysed in two ways. The first assessment consisted of an 

evaluation of the quality of GMs. Four GMs qualities were distinguished: 

normal-optimal GMs, normal-suboptimal GMs, mildly abnormal GMs and 
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definitely abnormal GMs (Hadders-Algra 2004). In order to reduce bias of 

the assessor on preconceived ideas on the effect of pillow support, four 

condition specific tapes were created on which 3 minutes of spontaneous 

behaviour of the 40 infants was presented in a random order. The 4 times 

40 video-fragments were assessed by two observers (VBdGP and CHBH). 

Agreement was high: Cohen’s kappa was 0.91. In case of disagreement a 

third observer (MHA) was consulted and findings were discussed until 

consensus was reached. 

 The second assessment consisted of a detailed quantitative 

assessment of motor behaviour. This assessment was carried out with help 

of T̀he Observer 5.0’ (Noldus, Wageningen, the Netherlands), a computer 

application especially designed for behavioural observation (assessors: 

VBdGP and LV). The Noldus Observer software is a tool for collecting and 

analysing observational data. It allows the construction of a framework of 

behaviours, data collection according to the framework, on the basis of 

which a descriptive and quantitative analysis of the data can be performed. 

Behaviour can be analysed on a frame by frame basis with a temporal 

resolution of up to 0.04 seconds. The program allows – amongst others - 

for the quantification of duration, frequency and serial order of defined 

behaviour. In the present study we focussed on the occurrence of GMs and 

specific movements. Specific movements were defined as movements of 

specific parts of the body which occur in a specific, recognizable way. 

Selection of these movements was largely based on Hadders-Algra et al 

(1992) and Hopkins and Prechtl (1984). For definitions of the various 

specific movements see Table II. Specific movements were only scored if 

they lasted � 0.5 second. A GM was scored when various parts of the body 

moved arbitrarily, i.e., the movements could not be categorized into one of 

the predefined specific movements. The onset and end of each movement 



 98 

(first and final frame of the movement) were scored. Interobserver 

agreement on the classification of the various movements of a random 

sample of 20 of the 40 video’s was high: Cohen’s kappa was 0.98. In case 

of disagreement findings were discussed until consensus was reached. 

Data processing 

The first movement parameters derived from the Observer data 

were the time spent on various movements, i.e., time spent on GMs and on 

specific movements of the arms and specific movements of the legs. The 

second parameter was the frequency of occurrence of various movements. 

The frequency represents the total number of movements seen within the 

video clip interval of 180 seconds, counting the same movements as a 

separate value each time. Third, a variation index was calculated. The 

variation index refers to how many different movements among the list in 

Table II were observed in a specific condition. Due to the fact that some of 

the twenty movements listed in Table II could be performed with a right 

limb, a left limb or both limbs, the maximum score of the variation index 

was 52. 

 

Table II: Definition of specific movements in the Observer 

analysis. 

Body part Movement Definition 
Trunk  rolls to left side rolls to left side up to 135°  
 rolls to right side rolls to right side up to 135° 
 turns into prone over left 

side  
turns over the left side into prone or 
almost into prone, i.e. > 135° 

 
 

turns into prone over right 
side 

turns over the right side into prone or 
almost into prone, i.e. > 135° 

Arm looking at hand or hands infant visually fixates one or two 
hands 

 playing with hands hands meet in midline, touch or clasp 
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each other in an explorative way  
 ‘crucifix posture’ of the 

arms 
posture in which both arms lie 
abducted and extended on support 
surface 

 sucking on hand or hands sucking on one or two hands 
 hand or hands move near 

mouth 
one or two hands is/are moved 
towards or in the neighbourhood of 
the mouth 

 hand or hands touch face  one or two hands touch the face, with 
exception of the mouth  

 hand or hands touch the 
head 
 

one or two hands touch non-facial 
parts of the head 

 hand or hands touch trunk one or two hands touch the trunk 
 hand or hands touch leg one or two hands touch one or both 

upper legs  
 hand or hands touch knee  one or two hands touch one or both 

knees  
 hand or hands touch feet  one or two hands touch foot or feet 
Leg looking at foot or feet infant visually fixates foot or feet 
 pelvic tilt anteflexion of the pelvis resulting in 

an upward movement of the knees  
 Arching pushes bottom up with legs 
 Foot-foot contact  feet touch each other 
 Foot touches leg foot touches contralateral leg with 

exception of contralateral foot  
 

Statistics 

Statistical analyses were performed using the computer package 

SPSS (version 11.5). Non-parametric statistics were used as none of the 

movement parameters was normally distributed. The age-dependency of 

the occurrence of specific movements was analysed with help of the Mann-

Whitney U Test. The analysis focussed on the effect of application of one or 

two pillows in comparison to the standard situation. This means that we 

performed for each parameter three comparisons with help of the Wilcoxon 

test. In order to reduce the threshold for significance a Bonferroni method 
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was used because of the problem of multiple testing, which means that p-

values of < 0.0167 (i.e. 0.05/3) were considered as statistically significant.  

Results 

Neurological condition  

Fifteen infants showed mild abnormalities at the neurological 

examination, the remaining 25 had a normal neurological condition. The 

mild abnormalities varied from a mild hypotonia (n=2), a mild hypertonia 

(n=2), a mild hyperexcitability (n=4), a mild hemisyndrome (n=4) to a mild 

visuo-motor deficit (n=3). GM-assessment in the standard condition 

revealed that 5 infants had mildly abnormal GMs, 16 normal-suboptimal 

GMs and 8 normal-optimal GMs. Eleven infants, four aged 4 months and 

seven aged 5 months, did no longer show GMs when put into supine. For 

the analysis of the effect of one or two pillows two groups were formed: the 

neurologically normal group, which consisted of infants with a normal 

neurological condition and normal GMs (n=20) and a group of infants with 

minor neurological dysfunction (MND), which consisted of infants who had 

a mildly abnormal neurological condition and/or mildly abnormal GMs 

(n=20; Table I). Only three infants showed the combination of a mildly 

abnormal neurological condition and mildly abnormal GMs, the other 17 

had mild dysfunction in only one of the two assessments. Gestational age 

at birth, birth weight, gender and age at assessment of the neurologically 

normal infants and the infants with MND did not show a statistically 

significant difference. 



 101

Occurrence of specific movements 

Before addressing the effect of pillow support on motor behaviour 

we assessed the effect of age on the frequency of specific movements in 

the standard condition. The frequency of specific movements increased 

with increasing age, in particular from 3 months onwards. The increase of 

specific movements at 3 months of age was present both in the group of 

neurologically normal infants (Mann-Whitney U: 1-2 months versus 3-5 

months: p < 0.001) and in the group of infants with MND (Mann-Whitney U: 

1-2 months versus 3-5 months: p=0.001; Fig 2).  

Effect of pillow support on motor behaviour  

The presence of one or two pillows did not affect the time spent on 

GMs or on specific movements (Table III) nor did it affect the quality of GMs 

(Table IV). However, the frequency of occurrence of specific movements 

and the variation index was affected by pillow condition (Fig. 3). In the 

neurologically normal group the presence of pillows did not affect the 

frequency of occurrence of specific movements, but it affected the variation 

index to some extent. In the presence of a pelvic pillow with or without a 

shoulder pillow the variation index was higher than in the standard 

condition without pillows (p < 0.01). In the infants with MND the 

presence of supporting pillows affected both the frequency of specific 

movements and the variation index. In the presence of a shoulder pillow or 

a pelvic pillow infants with MND produced more specific movements than in 

the standard condition (p < 0.01). In infants with MND all three conditions 

with pillow support were associated with a significant increase of the 

variation index (p < 0.001).  
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Figure 2 

 
Figure 2 

Age dependency of frequency of occurrence of specific movements in the standard 

condition. The vertical lines indicate the range and the horizontal lines the median value. 

Mann-Whitney U Test *** p < 0.001, ** p = 0.004 

 

 

Table IV Quality of GMs in the various condition 
 
 

 Standard- 
Condition 
n  (%) 

Shoulder- 
Condition 
N (%) 

Pelvic- 
Condition 
n (%) 

Combined- 
Condition 
n (%) 

Normal-optimal GMs 
 

 8 (20) 7 (18) 6 (16)  6  (16) 

Normal-suboptimal GMs 
 

16  (40) 16  (40) 19  (46) 20  (48) 

Mildly abnormal GMs 
 

 5 (12) 4 (10)  6  (14)  7  (16) 

No GMs 
 

11  (28)  13  (32)   9  (24)   7  (20)  
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Figure 3 

 
 

 

Figure 3 

Effect of pillow condition on the frequencies of occurrence of specific movements and 

variation index in neurologically normal infants (left hand panels) and infants with MND (right 

hand panels). The vertical lines indicate the range and the horizontal lines the median value. 

SC = standard condition, SP = should pillow condition, PP = pelvic pillow condition, BP = 

both / combined pillow condition. Wilcoxon: ** p < 0.01, *** p < 0.001. 

Friedman statistics in neurologically normal infants: frequency of occurrence of movements, 

p = 0.12; variation index, p = 0.004; in infants with MND: frequency of occurrence of 

movements, p = 0.02; variation index, p < 0.0001. 
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Table III Time spent on GMs and specific movements in the various conditions in 
seconds. 

 
 Standard 

condition 
Shoulder pillow 

condition 
Pelvic pillow 

condition 
Combined pillow 

condition 

Neurological 
Condition 

Normal MND Normal 
 

MND 
 

Normal MND 
 

Normal MND 
 

GMs:  
   median 
   range 

 
49.1 
0 - 153.9 

 
58.1 
0 - 128.8 

 
40.4 
1.2 - 175.7 

 
43.2 
1.0 - 155.5 

 
54.5 
4.8 - 155 

 
53.7 
0 - 118.4 

 
50.8 
0 - 143.5 

 
48.9 
2.0 - 139.2 

Spec mov arms:   
   median 
   range 

 
130.9 
26.6 – 180 

 
121.9 
52 – 180 

 
139.7 
4.3 - 178.8 

 
136.8 
24.5 - 179 

 
125.5 
24.9 – 175.2 

 
125.9 
61.7 – 
180 

 
129.2 
36.5 - 180 

 
131.1 
40.8 – 178 

Spec mov legs:  
   median 
   range 

 
89.4 
16.4 - 
158.9 

 
47 
4.3 - 148.6 

 
50.9 
0 - 164.9 

 
43.4 
3.7 - 154.3 

 
72.7 
0 - 167.9 

 
59.6 
2.9 - 
173.3 

 
34.8 
0 – 169.8 

 
42.6 
13 – 165 

Spec mov total:  
   median 
   range 

 
94.5 
9.4 - 180 

 
95.1 
0 - 180 

 
96.5 
2.2 - 175.4 

 
92.2 
17.7 - 
175.6 

 
104.7 
10.6 - 165.2 

 
107.7 
0 - 180 

 
88.5 
3.4 - 180 

 
97.4 
13.7 – 173.8 

 
GMs, general movements; MND, minor neurological dysfunction; spec mov, specific movements
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Discussion 

Our study indicated that specific postural support in supine position 

results in an increase in the frequency and the repertoire of specific 

movements of infants with minor neurological dysfunction. Neurologically 

normal young infants who already show variable motor behaviour seem to 

benefit less from specific postural support. Our findings fit to the literature 

data summarized in the introduction. 

 Weak points of the present study are that it evaluated the effect of 

pillow support in a relatively small group of infants in whom neurological 

dysfunction was restricted to minor dysfunction. This means that the 

findings of the present study cannot be extrapolated to the general 

population of infants with MND nor to infants with a definitely abnormal 

neurological condition. The strength of the study lies in the unbiased, blind 

assessment of GM-quality by two independent assessors and the objective 

quantification of motor behaviour by means of the computer program 

Observer. 

 Specific pillow support did not affect the quality of GMs. This finding 

underscores the notion that GMs are endogenously generated motor 

patterns, which are relatively insensitive to direct environmental influences 

(Prechtl 2001, Hadders-Algra 2004). Specific pillow support however, did 

affect the size of the repertoire of specific movements, in particular in 

infants with MND. The support provided by the pillows appeared to facilitate 

spontaneous exploration of specific movements, which in turn seems to be 

associated with favourable motor development (Hadders-Algra 2000). The 

reverse might also be true, i.e., that a restriction of the possibilities of 

spontaneous exploration of motor behaviour may have an adverse effect on 

motor development. Support for this idea has recently been provided by 
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Bartlett and Kneale Fanning (2003) who reported a negative correlation 

between the duration of daily carrying and sitting abilities in 8-months-old 

high risk preterm infants.  

The pillows affected motor behaviour of neurologically normal 

infants less. The limited pillow effect in this group probably is a ceiling 

effect: if you already show variable motor behaviour it is difficult to become 

more variable. However, the recent study of Majnemer and Barr (2005) 

which reported a positive association between exposure to ‘tummy time’ 

while awake and level of gross motor development in healthy infants, 

suggests that also typically developing infants may benefit from specific 

positioning.  

The finding that specific pillow support did not affect GM quality but 

did affect the frequency and repertoire of specific movements, suggests 

that specific pillow support may facilitate motor behaviour first after the 

major neural transformation occurring at the age of 3 months (Prechtl 

1984). The age of 3 months is the age at which specific movements 

become a prominent part of motor behaviour (Prechtl 1984, Fig. 2). It is the 

age of transition in postural development (Hadders-Algra 2005) after which 

spontaneous motor behaviour and reaching movements become more 

tightly coupled to postural behaviour (Van der Fits et al 1999, Hedberg et al 

2005). This may explain why infants with MND, who in general have minor 

dysfunctions in postural control (Hadders-Algra 2005), may benefit from 

external postural support during the early developmental phases of goal 

directed motor behaviour.  

The present study indicates that pillow-support in supine position 

enhances variation in concurrent motor behaviour in infants with MND. 

Whether the effect of pillow support is also present in infants with clear 

neurological dysfunction and – even more important – whether daily 
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application of pillow support would result in a more favourable neuromotor 

development, are pressing questions for future research.  

Concluding remarks 

The present study indicates that specific postural support promotes 

variation in motor behaviour of young infants. This is particularly true for 

variation in specific movements - which become a prominent part of the 

motor repertoire from 3 months onwards - in infants with MND. Further 

research is needed to evaluate whether the effect of specific pillow support 

also occurs in infants with clear cut neurological dysfunction.  
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Chapter 4: 
 

POSTURAL ADJUSTMENTS AND REACHING IN 
4- AND 6-MONTHS-OLD INFANTS: AN EMG AND 

KINEMATICAL STUDY 

Abstract 

Adequate postural control is a prerequisite for daily activities such as 

reaching for an object. However, knowledge on the relationship between 

postural adjustments and the quality of reaching movements during human 

ontogeny is scarce. Therefore we evaluated the development of the 

relationship between the kinematic features of reaching movements and 

the accompanying postural adjustments in young infants. Twelve typically 

developing (TD) infants were assessed twice, i.e. at 4 and 6 months of age, 

in supine and supported sitting position. Reaching was elicited by 

presenting toys in the midline at an arm length distance while 

simultaneously surface EMG-activity was recorded from multiple arm-, 

neck-, trunk- and leg muscles. Concurrently kinematics of reaching were 

recorded with an ELITE system; kinematic analysis was restricted to the 

behaviour of so-called movement units, which are submovements of 

reaching determined with the help of peaks in the velocity profile of the 

hand, maximum movement velocity and movement duration. A computer-

algorithm determined significant phasic muscle activity. Activity in neck and 

trunk muscles (postural activity) was related to the onset of the prime 

mover, which was the arm muscle being activated first. The results 

indicated that about 50% of reaching movements in lying and sitting infants 

aged 4 and 6 months were accompanied by direction-specific postural 

adjustments. At 4 months variation dominated, but at 6 months a 
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preference to recruit muscles in a top-down order (during sitting) and in the 

configuration of the complete pattern, i.e. the pattern in which all dorsal 

neck- and trunk muscles are activated in concert, (both conditions) 

emerged. Interestingly, the postural characteristics such as the presence of 

direction-specificity, recruitment of the complete pattern and top-down 

recruitment, were related to how successful the reaching was and the 

kinematics of reaching. It was concluded that the presence of direction-

specific activity is not a prerequisite for the emergence of reaching 

movements. Nevertheless, already from 4 months onwards a better 

postural control is associated with a larger success and a better quality of 

reaching. 

 

Keywords: Postural adjustments, Reaching, Kinematics, EMG, Infants 

 

Introduction 

Adequate postural control is a prerequisite for daily activities such as 

reaching. The tight link between posture and reaching is reflected by the 

presence of postural adjustments accompanying reaching movements 

(Massion 1998).  

It is well known that also during infancy posture affects reaching 

behaviour. For instance, it has been demonstrated that young infants, who 

lack adequate head and trunk control, can perform aimed arm movements 

towards a toy when they are firmly supported in a reclined or upright sitting 

position (Amiel Tison and Grenier 1983; von Hofsten 1982). Without such 

support these aimed movements can not be performed. Other studies 

indicated that a comparable relationship between postural support and the 

ability to produce successful reaching movements is present in older infants 



 114 

(Rochat 1992, Savelsberg and Van der Kamp 1994; Hopkins and 

Rönnqvist 2002).  

Little is however known on the relationship between the organization of 

postural control and the quality of reaching during early infancy. The 

development of postural control and that of reaching has been studied 

mainly as isolated phenomena.  

Kinematical characteristics of reaching have been studied in infants 

sitting in an infant chair or while lying supine from 3 months onwards. 

Initially, around 3 months of age reaching movements are characterized by 

variation, i.e. by irregular and fragmented trajectories, but during the 

following two months reaching trajectories rapidly become more smooth 

and fluent. Reaching movements also becomes more successful, i.e. they 

usually result in grasping of an object between 4 and 5 months of age (Van 

der Fits et al 1999). The major qualitative changes of reaching movements 

consist of an increase in movement velocity and a decrease in the number 

of trajectory corrections (Von Hofsten 1991; Thelen et al. 1993). These 

corrections are termed movement units (MU) and are submovements of 

reaching, which are determined with the help of peaks in the velocity profile 

of the hand (Von Hofsten 1991). During the first half year of life, the 

kinematical characteristics of reaching seem to depend on the child’s 

position: reaching movements in supine (Fallang et al. 2000) consist of 

more MU than those performed in a secured sitting position (Out et al. 

1997).  

The development of postural control is characterized by a protracted 

course (Hadders-Algra 2005). Recent data of Hedberg et al. (2004) 

suggested that the basic level of control in the organisation of postural 

adjustments might have an innate origin. This level of control is involved in 

the generation of basic direction-specific adjustments. Direction-specificity 
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means that perturbations inducing a forward sway of the body, such as 

reaching movements, are accompanied by postural activity in the muscles 

on the dorsal side of the body, whereas perturbations inducing a backward 

body sway are accompanied by activity in the ‘ventral’ muscles (Forssberg 

and Hirschfeld 1994). Functional activity at the second level of control, 

which is involved in the fine-tuning of the basic postural pattern on the basis 

of multi-sensorial afferent input from somatosensory, visual, and vestibular 

systems, seems to emerge around 6 months of age. This modulation can 

be achieved in various ways, for instance, by changing the number of 

direction-specific muscles recruited or by modifying the order in which the 

direction-specific muscles are recruited (e.g., in a caudal-to-cranial 

sequence or in a reverse order). 

The studies of Van der Fits (1999a, b) indicated that postural 

adjustments during reaching are direction-specific from the moment the 

infant is able to produce reaching movements which end in successful 

grasping. The direction-specific adjustments during reaching at early age 

are characterized by variability, for instance, by variation in which muscle is 

recruited and variation in recruitment order. However the Van der Fits’ 

studies indicated that within the variation some age-specific differences in 

postural activity might be observed. The studies suggested that between 4 

and 6 months the number of direction-specific muscles recruited 

decreased; after the age of 6 months it increased again. From early 

reaching age onwards, recruitment of postural muscles during supported 

sitting seemed to follow a cranio-caudal order, an organization which 

became more prominent with increasing age. However, during unsupported 

sitting, an ability which in general emerges between 6 and 8 months (Piper 

and Darah 1994), infants initially recruited postural muscles in a caudo-

cranial order. This dominance of bottom-up recruitment during independent 
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sitting disappears around the age of two years (Van der Heide et al. 2003). 

The difference in recruitment order between the two sitting conditions is an 

illustration of the finding that from 6 months onwards infants gradually 

develop the capacity to fine-tune postural activity to task constraints 

(Hadders-Algra 2005).  

Early interdependence of control of reaching and posture is supported 

by a longitudinal study of four infants by Thelen and Spencer (1998). They 

reported an increased muscle activity in the deltoid and trapezius muscles 

concurrent with the onset of successful reaching. This might be interpreted 

as the emerging stabilisation of head and shoulder providing a supporting 

frame for reaching. Fallang et al. (2000) who studied kinematics of reaching 

in supine with accompanying kinetics of postural control reported that at the 

age of 4 months, a better general postural stability was associated with a 

better reaching performance. In addition they found that at the age of 6 

months the kinematic features of the reaching movements were only 

weakly related to the way posture in supine was organized. The authors 

suggested that the age related change in the association between postural 

activity and reaching performance might point to the emergence of a more 

subtle organization of postural adjustments. Currently, no information is 

available on the relationship between neck-, trunk- and leg-muscle activity 

and the kinematics of reaching during infant development.  

The aim of the present study is to evaluate the development of this 

relationship in supine and sitting condition at 4 and 6 months. The present 

study differed in three important aspects from the Van der Fits’ studies. 

First, the present study combined EMG recording of postural muscles with 

the kinematics of reaching. Second, we did not record activity of one upper 

extremity muscle (i.e. the deltoid), but of multiple arm- and shoulder 

muscles, each of which could act as a so-called prime mover, i.e. the arm 
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muscle recruited first during reaching. Recent data indicated that children 

show considerable variation in prime mover activity and that in less than 

half of the reaching movements the deltoid muscle is used as prime mover 

(Van der Heide et al. 2003). Third, we used a more precise definition of 

direction-specific trials. In the Van der Fits’ studies a trial was classified as 

direction-specific when direction-specificity was present at one of the body-

levels recorded, whether or not postural activity at other levels of the body 

was direction-specific. In the present study we used a more stringent 

definition of direction-specificity: postural activity at all levels of the body 

had to fulfil the criteria for direction-specificity (see methods section). 

Recently the more stringent definition has also been used in other studies 

(Van der Heide et al. 2003, Hedberg et al. 2004).  

Our study addressed the following questions: 1) Do differences in study 

design between the Van der Fits’ studies and the current study result in 

different findings on postural adjustments? For instance, we expected that 

a more strict definition of direction-specificity would reduce the number of 

trials fulfilling the criterion for direction-specificity. 2) Are indicators of better 

postural organization at early age associated with better organized 

reaching movements? We regarded the presence of direction-specificity or 

a cranio-caudal recruitment for instance as indicators of better postural 

organization. Better reaching movements were movements consisting of 

less MU, movements in which the first MU, i.e. the transport MU, covered a 

larger part of the movement, and movements with a higher velocity.  
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Methods 

Subjects 

Thirteen full-term healthy infants (seven girls, six boys) participated 

in the study. They were assessed twice, i.e. at the ages of 4 and 6 months. 

The children were recruited from amongst acquaintances of the 

investigators. The infants’ gestational age at birth varied from 38 to 42 

weeks postmenstrual age (median value: 39 weeks); birth weight from 2930 

to 4280 grams (mean: 3582 g; SD: 468 g). All children had a typical motor 

development. The parents of the infants gave informed consent and the 

procedures were approved by the ethics committee of the UMCG.  

Protocol 

The infants were tested in two positions: lying supine and sitting 

upright in an infant chair. The infant chair had a back-support and a 

horizontal bar at the front which could be adjusted so that the bar was 

located at the level between midway the nipple line and umbilicus (Figure 

1). Reaching was elicited by presenting small, attractive toys in the midline 

and at an arm length distance. Toys were only presented when the infant 

was in a calm and alert behavioural state. We aimed at recording at least 

ten reaching movements with the right arm in each position, but when the 

infant became fussy or tired the session was shortened. In order to confirm 

neurological integrity a standardized neurological examination according to 

Prechtl (1977)18 with age-specific adaptations of the norms according to 

Touwen (1976)13 was carried out after each reaching session. 
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Figure 1 

Infant of 6 months in the two different positions. Note the horizontal bar of the infant chair 

preventing the child to fall out of the chair. Figure published with permission of the infant’s 

caregivers. 

EMG and kinematical recordings  

EMG was measured continuously during the testing session with 

bipolar surface electrodes with an interelectrode distance of 14 mm on the 

following muscles: deltoid (DE), pectoralis major (PM), biceps brachii (BB), 

triceps brachii (TB), neck flexor (NF, sternocleidomastoid), neck extensor 

(NE), rectus abdominis (RA), thoracal extensor (TE), lumbar extensor (LE), 

rectus femoris (RF), and hamstrings (HAM) on the right side of the body. 

DE, PM, BB and TB are referred to as arm muscles, NF, NE, RA, TE, LE, 

RF and HAM as postural muscles. EMG signal were acquired by means of 

an electro-physiological front-end amplifier (Twente Medical Systems 

International, Enschede, the Netherlands) The EMG activity was pre-

processed and recorded continuously with POLY, a software program for 

long-lasting polygraphic recordings (Inspector Research Systems, 

Amsterdam, the Netherlands) at a sample rate of 500 Hz. Simultaneously, 

split-screen video recordings were made from a lateral and frontal view of 

the infant. The video registrations were time-coupled to the EMG 
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recordings. The reaching session took about 30 minutes. The numbers of 

trials with appropriate EMG recording included in the analyses are 

displayed in Table 1.  
 

Table 1 Number of trials analysed per individual for EMG and kinematical recordings 

EMG recordings 

Supine Sitting 

 

Age 

n med range N med range 

4 mo 13 11 3-20 12 9 4-13 

6 mo 12 13 10-15 12 12 7-17 

 Kinematical recordings 

4 mo 9 4 3-9 12 5 3-10 

6 mo 10 5 3-12 12 6 4-11 

 
n = number of infants, med = median value 

 

 Simultaneous with the EMG recordings, movements were recorded 

kinematically with an ELITE system (BTS, Milan, Italy) in a two-camera 

configuration at a sampling frequency of 50 Hz. A reflective marker was 

placed at the right-side of the body on the styloid process of the radius. 

Sampling of the kinematical data started some seconds before toy 

presentation and lasted for 10 s. The periods of kinematical sampling were 

indicated on the EMG recording. The numbers of trials with appropriate 

kinematical recording included in the analyses are displayed in Table 1. 
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Video and EMG analysis  

The video recordings served two purposes. First, the video was used to 

select movements in an appropriate attentional state, performed with the 

right arm. Second, the video was used for classification of the behaviour of 

the movements of the right arm during toy presentation. Movements could 

be classified as pre-reaching movements (Trevarthen 1984), reaching 

movements which did not end in toy contact, reaching movements which 

did end in toy contact and reaching movements which ended in grasping of 

the toy. EMG and kinematical analyses were restricted to trials during 

which the child’s reaching movement either ended in toy contact or 

grasping (‘successful reaches’). 

For the EMG analysis, a computer algorithm was used for the detection 

of phasic muscle activity. The algorithm used a derivative of the root mean 

square of a full rectified signal (200 ms moving window), and marked 

significant deviations from a fixed detection level. The detection level was 

based upon a significant increase in muscle activity of a long-term (3.7 s) 

mean baseline activity. EMG bursts were detected when the activity 

exceeded the detection level for at least 50 ms (Van der Fits et al. 1998, 

1999a,b). The activity of the neck, trunk and leg muscles was considered to 

be related to the arm movement when increased muscle activity was found 

within a time window of 200 ms before activation of the prime mover, i.e. 

the arm muscle that was activated first (virtually always DE, PM or BB) and 

500 ms after activation of the prime mover had ended.  

For each infant, each condition and each age the following parameters 

were calculated: 1) Percentage of direction-specific trials; direction-

specificity meant that both at neck- and trunk level the ‘direction-specific’ 

(i.e., dorsal) muscle was recruited prior to the ventral muscle or without 

activation of the antagonistic ventral muscle. The other EMG-parameters 
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were only calculated for trials with direction-specific postural activity. 

Additional EMG-parameters were: 2) Patterns of postural adjustments 

where patterns consist of the specific combinations in which direction-

specific muscles are activated in concert. 3) The preference pattern defined 

as the pattern present in at least 50% of the trials. 4) The latencies of 

recruitment of postural muscles, defined as the time interval between the 

onset of the prime mover and the onset of activity in the postural muscle. 

For each infant, age, and position median latency values were calculated. 

5) The percentage of trials with top-down recruitment. Recruitment order 

could only be determined when at least two direction-specific muscles 

showed significant phasic activity.  

Kinematical analysis 

Offline kinematical analysis was carried out with the help of the software 

package MatLab (The Mathworks Inc.) files (E. Otten, The Center for 

Human Movement Sciences Groningen, University of Groningen). Arm 

movement onset was defined as the moment at which the 3D velocity of the 

wrist increased � 5% of peak velocity, whereas the moment at which 3D 

wrist velocity decreased to � 5% of peak velocity was considered as the 

end of the movement. The data were filtered using a low-pass filter of 6 Hz 

with zero time-lag. In the kinematical analysis, only trials which met the 

above mentioned criteria were included; they were matched to the 

corresponding EMG-trial (Table 1). We used the following parameters to 

describe the reaching movements: 1) The number of MU per trial. A MU 

consisted of one acceleration and deceleration in the velocity profile of the 

wrist marker. 2) The duration of the reaching movement. 3) The relative 

duration of the first MU (the transport MU) in relation to total duration. 4) 

Maximum reaching velocity.  
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From the kinematical parameters median values were calculated for 

each infant, each condition, and each age separately for trials with 

direction-specific postural activity and for those without. Next, for direction-

specific trials median values were calculated for each infant, age and 

condition 1) for trials in which the pattern where all three dorsal neck and 

trunk postural muscles were recruited was present and for trials with 

another postural pattern and 2) for trials in which postural muscles were 

top-down recruited and for those without top-down recruitment.  

Statistics 

Statistical analyses were performed using the computer package 

SPSS (version 12.1). Due to the non-normal distribution of the data – a 

finding which is typical for infancy – non-parametric statistics were used. 

For the analyses of the effect of age and condition on the EMG and 

kinematical parameters the paired Wilcoxon test was used. Due to data-

loss in the kinematical recordings – a well known problem in infant research 

(Van der Fits et al. 1999b) – it was not possible to use the Wilcoxon test for 

the analyses of the kinematical data and the analyses of the relationships 

between the postural and reaching data. In these cases we decided to use 

the Mann-Whitney U test. Throughout the analyses, differences with a p < 

0.05 were considered statistically significant. 

Results 

Postural adjustments 

Figure 2 shows representative examples of postural activity during 

reaching at both ages in both conditions. In accordance with the Van der 

Fits’ studies (1999a,b) we found that leg muscle activity in infants lying 
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supine and sitting without foot support was not related to postural control. 

Therefore leg muscle activity was not included into the analyses. But in 

contrast to the previous data of Van der Fits et al (1999a,b), who reported 

consistent direction-specific postural activity during reaching from 4 months 

onwards, we found that typically developing infants at 4 and 6 months 

showed direction-specific postural activity in about 50% of the trials both in 

supine and in the supported sitting condition. The difference in findings can 

be explained by the difference in definition of a direction-specific trial. The 

occurrence of direction-specificity was independent of the child’s age and 

position (Table 2).  

 
Table 2 Median (range) of percentage direction specific trials 

 
 Direction specificity 

(%) 
4 mo Supine 60 

(33 - 100) 
4 mo Sitting 50 

(13 - 100) 
6 mo Supine 50 

(29 - 100) 
6 mo Sitting 50 

(25 - 73) 
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Figure 2 

Typical examples of postural EMG activity during a reaching movement in the supine and 
supported sitting position of an infant at 4 and 6 months of age. Each trial lasts 2500 ms. DE 

= Deltoid, PM = Pectoralis Major, BB = Biceps brachii, TB = Triceps brachii, NF = neck 
flexor, NE = neck extensor, RA = rectus abdominis, TE = thoracal extensor, LE = lumbar 

extensor, RF = rectus femoris, HAM = hamstrings. Dotted vertical lines denote the onset of 
the reaching movement as indicated by the kinematics. Horizontal lines delineate the 

presence of significant EMG bursts as defined by the computer algorithm. The prime mover 
is the arm muscle which first shows phasic activity, for instance the prime mover in the left 

hand upper panel is PM. Direction-specific activity in this panel is absent in neck (NF 
recruited prior to NE) and trunk (RA recruited without TE or LE). Both examples at 6 months 
show direction-specific postural adjustments: direction-specific activity is present at the level 

of neck and trunk. 
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The direction-specific trials were characterized by variation in which 

direction-specific muscles were recruited, in the timing and the amplitudes 

of the phasic bursts. The 4-months-olds also varied in preference pattern 

(Fig. 3). But at 6 months – in both conditions - a preference for the 

complete pattern, i.e. the pattern during which NE, TE and LE were 

activated in concert, emerged (Fig. 3; age effect, Wilcoxon supine: p = 0.02 

sitting: p = 0.03). This finding differs from the Van der Fits’s data which 

indicated that selection of the complete pattern emerged after the age of 6 

months (1999a,b). 

 

 
Figure 3 

Individual developmental trajectories of the preference patterns between four and six 
months. Each line represents the development of one infant. N= Neck extensor, T = 

Thoracal extensor, L= Lumbar extensor. X indicates participation of a direction-specific 
muscle in a pattern. Three X’s represents the complete pattern. Age-effect of the preference 

pattern, Wilcoxon, supine: p = 0.02, sitting: p = 0.03. 
 

The latencies to recruitment of the direction-specific muscles were not 

affected by age or condition (table 3). Nevertheless, a developmental trend 

in recruitment order could be distinguished. At 4 months about 20-30% of 

the trials showed top-down recruitment. At 6 months, a similar rate of top-
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down recruitment was found in supine position. But in the sitting condition it 

had increased till 65% (Fig. 4; Wilcoxon: p = 0.004).  

 
Table 3  

Median (range) latencies to recruitment of the direction-specific dorsal muscles (ms). 
 
 Neck extensor Thoracal 

extensor 
Lumbar 
extensor 

4 mo Supine 140 
(-130 -  1046) 

256 
(-152 - 1210) 

229 
(-78 - 1104) 

4 mo Sitting 504 
(-198 - 1584) 

241 
(-156 - 1534) 

462 
(-20 - 816) 

6 mo Supine 464 
(-178 - 1920) 

329 
(-200 - 1814) 

404 
(-130 - 1844) 

6 mo Sitting 295 
(-180 - 1776) 

418 
(-196 - 1724) 

338 
(-170 - 1922) 

Note that latencies in young infants can be rather long. 

Kinematics of reaching 

Typical examples of the kinematics of reaching are presented in 

Figure 5. At 4 months of age the infants showed a variable number of MU 

in supine and sitting position. The number varied between 3 and 6 MU and 

was independent of position. In supine position, the number of MU did not 

change with increasing age, but in sitting it did: at 6 months sitting infants 

used less MU than at 4 months (Mann Whitney U: p = 0.01; Table 4) 

Reaching movements at 4 and 6 months lasted for about 0.5 s (median 

values 0.50 – 0.67 s; Table 4). In supine movement duration did not change 

with age, but in sitting it decreased significantly from 0.67 s at 4 months to 

0.54 s at 6 months (Mann Whitney U p = 0.047; Table 4).  

Similar developmental changes were found for the relative duration of 

the transport unit. In supine position the transport unit covered about 30% 
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of reaching duration at both ages, but in sitting the relative duration 

changed from 28% at 4 months to 37% at 6 months (Mann Whitney U p = 

0.01; Table 4). 

 

 
Figure 4 

Frequency of top-down recruitment at 4 and 6 months in supine and sitting position. Bold 
horizontal lines indicate median values, the boxes represent interquartile ranges and the 

vertical lines total ranges. ** Wilcoxon p < 0.01. 
 

 

Table 4 

Median (range) of kinematical characteristics of reaching movements at different ages and 
positions 

 

  Number of 
MU 

Total 
duration (s) 

Relative 
duration MU 1 

(%)  

Supine 4.3 
(3 - 6) 

0.58 
(0.44 - 1.02) 

30 
(14-35) 4 mo 

Sitting 3.5 
(3 - 5) 

0.67 
(0.32 - 0.82) 

28 
(18 - 37) 

Supine 3.0 
(2 - 5.5) 

0.50 
(0.27 - 0.99) 

31 
(11 - 48) 6 mo 

Sitting 2.5* 
(2 - 3) 

0.54* 
(0.24 - 0.58) 

37** 
(33 - 50) 

Sitting, differences between 4 and 6 months: Mann Whitney U * = p < 0.05; ** = p < 0.01 
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Postural activity affects reaching 

In order to see whether the presence of direction-specific postural 

activity affected the success of reaching, we classified infants as ‘direction-

specific’ when at least 50% of trials in a specific condition showed direction-

specific postural activity.  

In supine position, the presence of direction-specificity tended to be 

related to success of reaching at 4 months: reaching ended in successful 

touching or grasping in 76% of the trials of infants with direction-specific 

postural activity and in 40% (median values) of the trials of infants who 

lacked sufficient direction-specific activity. The difference did however not 

reach statistical significance. At 6 months the success of reaching in supine 

was not affected by the presence of direction- specific activity (‘direction-

specific’ infants: 93% of reaches successful, ‘non-direction-specific’ infants: 

100%). However, in sitting the presence of direction specificity was related 

to success of reaching. 

 At 4 months reaching during sitting ended in successful touching or 

grasping of the toy in 46% of the trials of infants with direction-specific 

postural activity and in 0% (median values) of the trials of infants who 

lacked sufficient direction-specific activity (Mann Whitney U: p = 0.004). At 

6 months reaching during sitting was successful in 81% of the trials of 

‘direction-specific’ infants and in 36% of the trials of infants with limited 

direction-specific activity (Mann Whitney U: p = 0.046). 

At 4 months of age, the presence or absence of consistent direction-

specific postural activity did not affect the kinematical characteristics of the 

successful reaches. 
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Figure 5 

Typical examples of the velocity profile of the wrist marker during a reaching movement in 
supine and sitting position of an infant at 4 and 6 months of age. Dotted vertical lines denote 

the onset of the reaching movement. Blocks indicate the detected Movement Units (MU). 
The arrows indicate the first MU, which is used to calculate the relative duration of the first 

MU. The first MU is in general the MU with the longest duration, in particular in older 
subjects. Note the differences with older children (2-11 years of age), who show median 

values of 1 MU per reaching movement and have reaching movements with a total duration 
of about 1 second. In older children 98% of the reaching movement is covered by the first 

MU (Van der Heide et al. 2005). 
 

But at 6 months reaches in supine which were accompanied by 

direction-specific activity had less MU and a relatively longer duration of the 

transport MU than reaches without direction specific activity (both effects: 

Mann Whitney: p = 0.01). The effect of direction-specificity on the relative 

duration of the transport MU was also present in sitting (Mann Whitney: p = 

0.003). Direction-specificity was not related to the duration of reaching. 
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Table 5 
Median (range) of relative duration of 1st MU in relation to the organization of the postural 

adjustment. 
 

Relative duration of 1st MU (%)  

complete 
pattern 

(NE+TE+LE) 

other 
pattern 

top down 
recruitment 

order 

No top down 
recruitment 

order 
4 
months 
supine 

21 
(13 – 30) 

12 
(5 – 15) 

16* 
(15 – 20) 

5 
(3 – 12) 

4 
months 
sitting 

38 
(24 - 75) 

11 
(4 - 100) 

29* 
(20 – 44) 

9 
(4 – 11) 

6 
months 
supine 

39* 
(11 - 100) 

10 
(6 – 12) 

38* 
(12 - 100) 

9 
(6 – 13) 

6 
months 
sitting 

29* 
(24 – 56) 

17 
(12 - 19) 

23* 
(12 - 66) 

11 
(8 - 12) 

Effect of specific postural characteristic: Mann Whitney U * = p � 0.05  
 

The relative duration of the transport unit - and not the number of MU or 

the total duration of the reaching movement - was also related to other 

postural characteristics. At 6 months, the relative duration of the transport 

MU of reaching movements which were accompanied by the complete 

postural pattern in which NE, TE and LE were activated in concert, was 

significantly longer than that in reaching movements accompanied by other 

direction-specific postural patterns (Mann Whitney U supine: p = 0.03; 

sitting: p = 0.02; Table 5). In addition, the relative duration of the transport 

MU was longer during reaching movements accompanied by direction-

specific activity with top-down recruitment than during reaches without top-

down recruitment. The effect was present at both ages and in both 

conditions (fig 6). 
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Figure 6 

 
Left half: Number of MU during reaching in trials with direction-specific postural activity and in trials in which direction-specific activity 

was not present. Right half: Relative duration of the transport MU (the first MU) during reaching in trials with direction-specific postural 

activity and in trials in which direction-specific activity was not present. The upper panels show data at 4 months, the lower panels at 6 

months. In each half-figure, the left hand panels show data during supine position and right hand ones during sitting. Bold horizontal 

lines indicate median values, the boxes represent interquartile ranges and the vertical lines complete ranges. * Mann Whitney U, p = 

0.02.
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Discussion 

The present study demonstrated that about 50% of reaching 

movements in lying and sitting infants aged 4 and 6 months are 

accompanied by direction-specific postural adjustments. At 4 months 

variation dominates, but at 6 months a preference to recruit muscles in a 

top-down order (during sitting) and in the configuration of the complete 

pattern (both conditions) has emerged. Interestingly, the postural 

characteristics were related to the success and the kinematics of reaching.  

 Our findings differ from those of the Van der Fits studies. The 

differences mainly can be attributed to the more precise definition of 

direction-specific trials in the present study. The more precise definition 

resulted in substantially lower rates of direction-specificity. The studies of 

Hedberg et al. (2004, 2005) indicated that direction-specificity – defined in 

the same precise manner as in the current study - is virtually always 

present in young sitting infants when their balance is grossly perturbed by a 

sudden movement of the support surface. The postural threat during 

reaching while lying supine or while sitting supported is considerably less. 

Apparently young infants recruit direction-specific activity only in 50% of 

trials in this less dangerous situation. The study of Van der Heide et al. 

(2003) showed that older children do use consistently direction-specific 

adjustments while reaching in a stable sitting position. The youngest 

children whom they had studied were 2 years old. This means that it is 

currently unclear at which age the consistent recruitment of direction-

specificity emerges. The finding that only 50% of reaching movements of 

young infants were accompanied by direction-specificity also indicates that 

direction-specificity is not a prerequisite for the generation of reaching 

movements.   
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 The more precise definition of the direction-specific trials may also 

explain why our developmental results differed from the Van der Fits et al. 

studies. Due to their more liberal definition of direction-specificity they first 

found a decrease in number of muscles recruited with increasing age. First 

after the age of 6 months an increase in number of muscles recruited was 

reported, including the increased selection of the complete pattern. By 

including only strictly defined direction-specific trials into the developmental 

analyses, we were able to find developmental trends which previously 

remained obscure. In this way we were able to show that in the age period 

of 4 to 6 months infants develop the capacity to select ‘better’ postural 

patterns, i.e. postural activity which was associated with reaching 

movements with a better kinematic quality.  

At 6 months the infants significantly more often selected the complete 

pattern in which all dorsal neck and trunk muscles were activated in concert 

and a postural adjustment with top-down recruitment. The selection of top-

down recruitment was only found in the posturally more challenging 

position of sitting. The developmental sequence from variation to selection 

fits very well to the ideas of the Neuronal Group Selection Theory (NGST; 

Edelman 1989, Hadders-Algra 2000). According to NGST motor 

development is characterized by two phases of variability. During the phase 

of primary variability motor behaviour is variable, but not geared to external 

conditions. Next, the phase of secondary variability takes over, during 

which motor performance can be adapted to specific situations. The 

transition from primary to secondary variability occurs at function-specific 

ages. The current data indicate that with respect to the development of 

postural adjustments during reaching the transition occurs between 4 and 6 

months. 
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Our study underscores the notion of the importance of postural control 

for the success and quality of reaching. The data indicated that - although 

direction-specificity turned out not to be a prerequisite for being able to 

reach – the presence of direction-specific activity in sitting resulted in a 

higher proportion of reaches which ended successfully in touching or 

grasping of the object. The effect was not present in supine position, which 

probably is due to the stable nature of this position. The stability and ease 

of the supine position compared to that of the sitting position is illustrated 

by the higher rate of success of reaching in the former situation.  

At the age of 4 months the organization of postural adjustments only 

had a minor effect on the kinematical quality of reaching movements. At 

this age only the presence of top-down recruitment was related to a longer 

relative duration of the transport MU. A finding which might indicate that 

also in early infancy head stabilization in space is a major goal in postural 

control (Pozzo et al. 1990). It is noteworthy that elongation of the transport 

MU correlated in particular to improved postural control, not only at 4 

months but also and even more so at 6 months. As the transport MU is the 

part of the reaching movement which is largely determined by feedforward 

programming (Von Hofsten et al 1998), the finding suggests that between 4 

and 6 months feedforward processes become increasingly important in the 

control of reaching and its associated postural adjustments (cf Massion 

1998).   

Concluding remarks 

The present study showed that in early infancy postural adjustments 

during reaching are not consistently accompanied by direction-specificity 

and that the presence of direction-specific postural activity is not a 

prerequisite for successful reaching. Postural development proceeded from 
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variable activity at 4 months to a preference for the in concert activation of 

the direction-specific neck- and trunk muscles and – in sitting position only 

– a preference for top-down recruitment. Our study was the first one to 

demonstrate that markers of better postural control in young infants such as 

direction-specificity, selection of the complete pattern and the presence of 

top-down recruitment were related to more success of reaching and a 

better kinematical quality of reaching movements.  
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Chapter 5: 

DEVELOPMENT OF POSTURAL CONTROL IN 

TYPICALLY DEVELOPING CHILDREN AND 

CHILDREN WITH CEREBRAL PALSY: 

POSSIBILITIES FOR INTERVENTION? 

Abstract  

The basic level of postural control is functionally active from early infancy 

onwards: young infants possess a repertoire of direction-specific postural 

adjustments. Whether or not direction-specific adjustments are used 

depends on the child’s age and the nature of the postural task. The second 

level of control emerges after 3 months: children start to develop the 

capacity to adapt postural activity to environmental constraints. But the 

adult form of postural adaptation first emerges after adolescence. 

 Children with cerebral palsy (CP) in general have the ability to generate 

direction-specific adjustments, but they show a delayed development in the 

capacity to recruit direction-specific adjustments in tasks with a mild 

postural challenge. Children with CP virtually always have difficulties in the 

adaptation of direction-specific activity.  

 The limited data available on the effect of intervention on postural 

development suggest that intervention involving active trial and error 

experience may accelerate postural development in typically developing 

infants and may improve postural control in children with or at high risk for a 

developmental motor disorder. 
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Introduction 

Dysfunctional postural control is one of the key problems in children 

with cerebral palsy (CP), which interfere with the activities of daily life 

(Brogren et al. 2001, Van der Heide et al. 2004). However, little is known 

about the specific nature and development of the postural problems of 

children with CP. Such knowledge is needed for the development of 

successful therapeutic interventions and to evaluate efficacy of therapeutic 

interventions. 

The current paper starts with a review of the development of postural 

control in typically developing children and in children with CP. The review 

zooms in on EMG-studies on muscle coordination during postural 

adjustments. Postural adjustments in children are assessed mainly with the 

help of two paradigms: 1) studies using the external perturbation paradigm 

in which postural adjustments are recorded during a sudden movement of 

the support surface of the sitting or standing child and 2) studies assessing 

internally triggered postural adjustments during reaching movements or 

locomotor activity.  

 In the second part of the paper we review current knowledge on the 

effect of intervention on muscle coordination during postural development 

in children with typical and atypical motor development. 

Basic principals in the organization of postural 

adjustments  

Postural control is organized to guarantee the maintenance of 

equilibrium and to keep the projection of the centre of mass (COM) within 

the stability limits of the body (Massion 1994). It involves the resistance to 

forces of gravity and mechanical support during movement (Massion 1998). 
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The current paper focuses on the balance maintaining aspect of 

postural control. For human beings keeping balance in vertical position is a 

motor control problem of reputed complexity: a multi-joint body has to be 

kept upright on a relatively small area of support with the help of many 

muscles. In terms of motor control, this means that the nervous system is 

faced with a problem of redundancy in degrees of freedom. Bernstein 

(1935) suggested that the adult nervous system solves this problem by 

creating motor synergies. This means amongst others that supraspinal 

control centres do not need to specify each single muscle contraction, but 

may use prestructured neural commands, i.e. the repertoire of synergies 

embedded in the spinal cord and brain stem.  

Forssberg and Hirschfeld (1994) suggested that in the neural control of 

postural synergies two levels can be distinguished. The first level of control 

is involved in the generation of basic direction-specific adjustments. 

Direction-specificity means that perturbations inducing a forward sway of 

the body, such as reaching movements, are accompanied by postural 

activity in the muscles on the dorsal side of the body, whereas 

perturbations inducing a backward body sway are accompanied by activity 

in the ventral muscles (Forssberg and Hirschfeld, 1994). Functional activity 

at the second level of control means involvement in the fine-tuning of the 

basic postural pattern on the basis of multi-sensorial afferent input from 

somatosensory, visual, and vestibular systems. The modulation of postural 

adjustments can be achieved in various ways, for instance, by changing the 

number of direction-specific muscles recruited, by modifying the order in 

which the direction-specific muscles are recruited (e.g., in a caudal-to-

cranial sequence or in a reverse order, Hadders-Algra, 2005). 
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Developmental changes in the first level of control 

Hedberg et al. (2004, 2005) suggested that the basic level of control 

of postural adjustments might have an innate origin. They evaluated 

postural muscle activity in response to sudden perturbations in sitting 

position in infants from 1 month onwards. The results revealed that at the 

age of 1 month, direction-specific activity was present in 85% of the trials 

requesting activity of the dorsal postural muscles and in 72% of the trials 

requiring activity of the ventral muscles (Hedberg et al. 2004). Between 2 

and 4-5 months the rate of direction-specific adjustments remained 70-85% 

to increase to a virtually consistent presence in infants aged at least 7-8 

months (Harbourne et al. 1993, Hadders-Algra et al. 1996, Hedberg et al. 

2005). 

 The early development of internally trigged postural adjustments has 

been addressed in EMG-studies during reaching in supine and sitting 

conditions. ‘Pre-reaching’ movements in infants aged 1-3 months are 

accompanied by postural activity which in general lacks direction-specificity 

(Van der Fits et al. 1999a). At 3-4 months ‘pre-reaching’ activity is replaced 

by reaching movements towards an object and from 4-5 months reaching 

movements increasingly more often result in grasping of an object (Touwen 

1976). At the age of 4 to 6 months about 50% of the reaches towards an 

object in supine and sitting position are accompanied by direction-specific 

activity in the dorsal postural muscles (De Graaf-Peters et al. 2007). This 

means that the presence of direction-specific postural activity is not a 

prerequisite for the generation of reaching movements, but it affects the 

‘success’ of reaching movements. Reaching movements accompanied by 

direction specific adjustments end more often in successful touching or 

grasping of a toy than reaching movements accompanied by postural 

adjustments lacking direction-specificity. In the posturally more safe supine 
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condition the success of reaching is independent of the presence of 

direction-specific activity (De Graaf-Peters et al 2007).  

 Van der Heide et al. (2003) showed that children from the age of 2 

years onwards consistently use direction-specific adjustments while 

reaching in sitting position. This means that a consistent recruitment of 

direction-specific adjustments during reaching while sitting emerges at 

some age between 6 months and 2 years. 

 Until recently it was unclear whether direction-specific activity was 

present during stance in young infants who were not yet able to stand 

independently. Sveistrup and Woollacott (1996) had studied postural 

adjustments with the external perturbation paradigm in infants in the pull-to-

stand phase during standing with support. The results indicated some, 

inconsistently present, direction-specific activity. It remained unclear, 

however, whether the absence of consistent direction-specific activity could 

be attributed to the infants’ developmental level of neural control or to the 

presence of support, as it is well known that the presence of support alters 

postural activity (Cordo and Nashner, 1982). Recently, Hedberg et al. 

(2006) managed to study some infants at a similar developmental stage 

aged 8 to 10 months by means of external perturbations during stance 

without support. The data showed that direction-specific activity could be 

found consistently at least at one of the levels recorded, i.e. lower leg, 

upper leg and neck. But consistent direction-specificity at all levels 

recorded was first found at the age of 14 months, when all infants were 

able to stand independently. Previously it had already been demonstrated 

that young children who are well able to stand independently show 

consistent direction-specific postural activity during external perturbations in 

stance (Forssberg and Nashner 1982, Woollacott et al. 1987, Sveistrup and 

Woollacott 1996). 
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 To summarize, already at young age, infants show direction-specific 

adjustments during lying supine and sitting. The extent to which direction-

specific adjustments are found depends on the postural demands of the 

task. From the developmental age that infants can stand independently 

consistent direction-specific adjustments are found.  

 

Developmental changes in the second level of control 

Direction-specific postural muscle activity at young age is characterized 

by variation (Hadders-Algra 2005). Variation is found in muscles which are 

recruited, in the temporal ordering of muscle activity, in antagonist 

recruitment, and in the degree to which the postural muscles are 

contracted. However, within these variations, developmental trends can be 

distinguished. 

Prior to the emergence of reaching, the development of postural muscle 

activity only has been studied by means of external perturbations in sitting 

infants. The external perturbation experiments revealed that infants at 1 

month of age use a variable repertoire of direction-specific adjustments. 

This means that the direction-specific muscles are activated in any possible 

combination, including the so-called complete pattern during which all 

direction-specific muscles are activated in concert (Hedberg et al. 2004). At 

1 month of age infants respond during 10-20 % of the perturbations with the 

complete pattern. But with increasing age the complete pattern is less often 

found, and around 3 months, this pattern is virtually absent. Prechtl (1984) 

already indicated that the age of 3 months may be considered as a moment 

of major neurodevelopmental transition. The finding that postural control 

untill the age of 3 months is not related to achievements in spontaneous 

motor behaviour in supine position whereas such a relation is present after 
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3 months, supports the notion of a transition (Hedberg et al. 2005, de 

Graaf-Peters et al. 2006). In addition, the Positron Emission Tomography 

studies of Chugani (1998) indicated that around the age of 3 months 

substantial changes occur in the distribution of metabolic activity in the 

brain. In newborn infants the highest degree of glucose metabolism, which 

might serve as an indicator of functional activity, is found in the primary 

sensory and motor cortex, cingulate cortex, thalamus, brain stem, 

cerebellar vermis, and hippocampal region. At 2 to 3 months of age glucose 

utilization increases in the parietal, temporal, and primary visual cortices, 

basal ganglia and cerebellar hemispheres. 

After the age of 3-4 months the complete pattern more often occurs, but 

the muscle recruitment patterns still remain rather variable. The increase of 

the occurrence of the complete pattern has been reported for multiple 

conditions. For instance, at 6 months of age the occurrence of the complete 

pattern is already 50% during backward translations in sitting, 30% during 

forward translations and about 50% during reaching movements in supine 

and sitting position (Hadders-Algra et al. 1996a, De Graaf-Peters et al. 

2007). After 6 months the use of the complete pattern further increases. At 

9-10 months of age it is used in 75% of perturbation trials causing a 

backward sway of the body and in 100% of perturbation trials inducing 

forward body sway (Hadders-Algra et al. 1996a). A similarly high 

prevalence of the complete pattern during reaching in sitting position is first 

observed at 15 months of age (Hadders-Algra 2005). When the child 

becomes older the dominance of the complete pattern disappears. It 

disappears during reaching while sitting between the age of 18 months and 

2 years and during external perturbations in sitting between 2½ and 3 years 

(Hadders-Algra et al. 1998, Van der Heide et al. 2003).  
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In stance, the development of muscle recruitment patterns only has 

been evaluated in studies using the external perturbation paradigm. Infants 

at the verge of independent stance show substantial variation in which 

direction-specific muscles are activated. The variation includes the 

complete pattern, which in the study of Hedberg et al. (2006) meant the 

activation of direction-specific lower- and upper leg muscles and neck 

muscles. A preference for the use of the complete pattern emerges at 2 

years of age and lasts at least until the age of 10 years (Forssberg and 

Nasher 1982, Sveistrup and Woollacott 1996, Woollacott et al. 1998, 

Sundermier et al. 2001). It is even likely that the complete pattern remains 

the preference pattern into adulthood (Keshner et al. 1988, Aruin & Latash 

1995).  

The data indicate that the differences in ages at which the complete 

pattern is used preferentially in the various conditions, depend on 

differences in the nature of the postural task: an external perturbation 

challenges balance control more than a self-generated reaching movement 

and during standing and walking balance control is challenged more than 

during sitting.  

Also the development of the recruitment order of the muscles involved 

in a postural adjustment is characterized by variation (Hadders-Algra et al. 

1996a, De Graaf-Peters et al. 2007). Infants initially develop a slight 

preference for a top-down recruitment during which the neck muscle is 

recruited first (Hadders-Algra et al. 1996a, Van der Fits et al. 1999b, De 

Graaf-Peters et al. 2007). During reaching, the preference for top-down 

recruitment first becomes stronger between 4 and 6 months (De Graaf-

Peters et al. 2007). But infants of 8 to10 months who sit independently 

have a slight preference for a bottom-up recruitment (Hadders-Algra et al. 

1996a, Van der Fits et al. 1999b). From preschool age onwards recruitment 
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order during external perturbations and reaching in sitting is characterized 

by variation (Hadders-Algra et al. 1998, Brogren et al 1998, Van der Heide 

et al. 2003). During reaching a gradual preference within the variation 

develops for top-down recruitment. But it is only after puberty that the top-

down recruitment becomes the dominant recruitment order during reaching 

(Van der Heide et al. 2003). 

During the initial phases of standing, postural adjustments are also 

characterized by variation in recruitment order. However, the perturbation 

experiments showed that a preference for a bottom-up strategy emerges 

already between 10 and 12 months (Hedberg et al. 2006). The preference 

for bottom-up recruitment order persists into adult life, in particular during 

external perturbations (Nashner 1976, Nashner et al. 1979, Forssberg & 

Nasher 1982, Sveistrup and Woollacott 1996, Woollacott et al. 1998, 

Sundermier et al. 2001). In this respect it is interesting to note that adults 

during self-produced arm movements show a considerable variation in 

recruitment order (Cordo & Nashner 1982, Aruin and Latash 1995).  

The data above indicate that the capacity to fine-tune postural activity to 

task constraints in terms of recruitment order emerges between 4 and 6 

months of age. In addition they underline that recruitment order during 

childhood is characterized by variation. Whether or not a child adopts a 

preference for a specific form of recruitment depends in particular on the 

child’s age and the nature of the postural challenge. 

Remarkably, the development of postural adjustments in sitting position 

is characterized by the absence of antagonistic co-activity (Hadders-Algra 

et al. 1996, Van der Fits et al. 1999a, Hedberg et al. 2005). Only between 6 

and 24 months some antagonistic activity is observed in specific situations: 

during external perturbations inducing a backward sway of the body 



 151

(Hadders-Algra et al. 1996a, 1998) and in the neck muscles during 

reaching (Van der Heide et al. 2003).  

During the development of standing the situation is different. 

Perturbation experiments indicated that during the earliest phases of stance 

development some antagonistic activity may be observed (Sveistrup and 

Woollacott 1996, Hedberg et al. 2006). Children aged 1½ -5 years often 

exhibit antagonistic co-activation in the leg muscles when balance is 

disturbed by an external force (Forssberg and Nashner 1982, Berger et al. 

1992, 1995). Beyond the age of about 5 years the antagonistic muscles no 

longer are co-activated with the agonist, but they are recruited in a 

reciprocal manner (Forssberg and Nashner 1982, Sundermier et al. 2001). 

Antagonistic co-activation may be found beyond the age of 5 years, but 

only in situations during which balance is threatened considerably, e.g. 

during rapid backward displacements: adult subjects show in this situation 

a co-activation of the lower leg muscles (Nashner en Cordo 1981, Oddsson 

1989).  

Amplitude modulation of EMG activity is considered to be one of the 

most subtle forms of fine tuning of postural control (Van de Heide et al. 

2003). The ability to modulate postural adjustments in this subtle way 

emerges at 9-10 months. From that age infants are able to adapt postural 

muscle activity with respect to the velocity of a reaching arm movement and 

to the amount of forward or backward rotation of the pelvis in sitting position 

(Hadders-Algra et al. 1996a, Van der Fits et al. 1999). Which muscle’s 

activity is modulated strongly depends on the nature of the task. For 

instance, sitting children aged 3 to 7 years in particularly modulate the 

amplitude of the upper leg muscles during external perturbations inducing a 

backward body-sway (Brogren et al 2001). During reaching while sitting 

preschool and school-aged children do not show a clear preference to 
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modulate the degree of contraction of a specific direction specific muscle. It 

is only after puberty that a preference to modulate the amplitude of the 

more cranially located muscles emerges (Van der Heide et al. 2003). 

Perturbation experiments during standing revealed that from the age of 

independent stance children are able to modulate EMG amplitude with 

respect to the size of the perturbation (Roncesvalles et al. 2002). Like in the 

sitting position, the way in which the degree of contraction of the direction-

specific muscles is modulated strongly depends on the nature of the 

postural task and the age of the child. Berger et al. (1992, 1995) showed 

that in the age period between 2 and 11 years the degree to which lower 

leg muscle EMG amplitude is modulated during external perturbations 

decreases with increasing age. They also reported that the activity of the 

direction-specific tibialis anterior was modulated to a larger extent than that 

of the direction-specific gastrocnemius muscle.  

Summarizing, the development of the second level of control is complex 

and is characterized by variation. The developmental timing of the various 

aspects of the fine tuning of postural control depends on the difficulty of the 

postural task. The fine tuning of postural control runs a protracted course: it 

first reaches an adult level of control after adolescence. 

Postural control in children with CP 

Nowadays CP is described as ‘a group of disorders of the development 

of movement and posture, causing limitation in activity, that are attributed to 

non-progressive disturbances that occurred in the developing foetal or 

infant brain. The motor disorders of cerebral palsy are often accompanied 

by disturbances of sensation, cognition, communication, perception, and/or 

behaviour, and/or by a seizure disorder’ (Bax et al. 2005). The definition 

underscores the notion that there is large variation amongst children 
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diagnosed with CP. Children with CP invariably show deficits in 

development of postural control. The exact nature of the deficits is only 

known to a limited extent. Most studies on postural muscle activity in 

children with CP assessed relatively small groups of children, dealt with 

school-age only, and only included children with mild to moderate forms of 

the disorder. Current knowledge is outlined below. 

Only one study addressed the development of postural control of 

children with CP during infancy (Hadders-Algra et al. 1999). The study 

consisted of a longitudinal assessment of postural control during reaching 

between 4 and 18 months in five infants with a spastic hemiplegia and two 

infants with severe bilateral spastic CP. The infants with spastic hemiplegia 

showed direction-specific adjustments from 15 months onwards. Unlike 

typically developing infants they did not develop the ability to modulate 

EMG-amplitude to the velocity of the reaching arm or to initial pelvis 

position in the age period till 18 months. Postural development of one of the 

infants with bilateral spastic CP resembled that of the infants with 

hemiplegia, but it proceeded at a slower pace. Postural control of the other 

infant with bilateral spastic CP, who also showed signs of dyskinesia and 

who was not able to sit at the age of 4 years, was severely disorganised: 

she lacked direction-specific postural adjustments and was not able to 

adjust postural activity to task-specific conditions. 

  Also beyond infancy children with CP in general show direction-specific 

postural activity, both during sitting and standing (Nashner et al. 1983, 

Burtner et al. 1998, Woollacott 1998, Brogren et al. 1998, 2001, Van der 

Heide et al. 2004). However, mild to moderate problems to recruit direction-

specific activity may occur in particular in the leg muscles (Van der Heide et 

al. 2004, Woollacott et al. 2005). Only children with severe CP not able to 

sit independently show a total lack of direction specific postural adjustments 
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(Hadders-Algra et al. 1999a,b). Preschool and school-age children with 

cerebral palsy always show dysfunctions in the fine tuning of the postural 

adjustment, i.e. an invariable recruitment order, an excessive degree of 

antagonistic co-activation during external perturbations, and a reduced 

capacity to modulate postural adjustments (Van der Heide et al. 2004, 

Brogren Carlberg and Hadders-Algra 2005). 

A strong preference for a top-down recruitment of the postural muscles 

in children with CP is found, not only during perturbation experiments in 

sitting and standing position, but also during reaching in a sitting position 

(Nashner et al. 1983, Brogren et al. 1998, Woollacott et al. 1998, Van der 

Heide et al. 2004). A clear cranio-caudal recruitment involves an early 

recruitment of the neck extensor muscle. The fact that this strategy more 

often occurs in children with mild to moderate forms of CP than in children 

with severe CP, might indicate that the preference for cranio-caudal 

recruitment reflects the child’s strategy to cope with deficient postural 

control (Latash and Anson 1996, Van der Heide et al. 2004). In addition, 

the top-down recruitment strategy might reflect that head stabilization in 

space is a major goal of postural control (Pozzo et al. 1990).  

Children with CP show a high amount of antagonistic co-activation 

during perturbation experiments in sitting and standing position (Brogren et 

al. 1998; 2001, Woollacott et al. 1998, Woollacott and Shumway-Cook 

2005). In sitting position co-activation is especially high during perturbations 

inducing a backward body sway (Brogren et al. 1998, 2001). During 

perturbations inducing a forward sway of the body little antagonistic co-

activation is found. This could be related to a higher stability in this situation 

induced by the configuration of the sitting body and to more experience as 

forward body sway is frequently used in daily activities such as reaching 

(Brogren et al. 1998; 2001). Antagonistic co-activation is rarely found in 
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children with CP during reaching in a sitting position (Van der Heide et al. 

2004). 

The major postural dysfunction of children with CP is the substantially 

reduced capacity to modulate the degree of postural muscle contraction to 

the specifics of the situation (Brogren et al. 2001, Van der Heide et al. 

2004, Woollacott et al. 2005). Children with CP have for instance difficulties 

in using information stemming from the initial body configuration to adapt 

postural activity during reaching while sitting (Van der Heide et al. 2004). 

Children with spastic hemiplegia are able to use the information of the body 

configuration to some extent to modulate postural activity during reaching; 

children with bilateral spastic CP lack this capacity entirely (Van der Heide 

et al. 2004). Children with CP are able to use the information originating 

from the reaching arm, including the velocity of the arm to adjust the degree 

of contraction of the direction-specific postural muscles (Van der Heide et 

al. 2004). 

The above data indicate that children with severe forms of CP, i.e. 

children who are not able to sit independently by the age of 1½ years, are 

hampered by serious dysfunction of the basic level of postural control. In 

children with less severe forms of CP the first level of control is basically 

intact. At the second level of control, multiple forms of disorganization 

and/or adaptation are found: a dominance of cranio-caudal recruitment, an 

increased degree of antagonistic co-activation and a reduced or absent 

capacity to adapt the degree of muscle contraction to the specifics of the 

situation. The extent to which these problems are present depends on the 

postural challenge of the situation.  
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Figure 1 

Effect of two types of intervention in infants at high risk for developmental motor disorders 
on postural control. Typical examples of postural activity during reaching in sitting position at 
6 months in an infant who had received traditional paediatric physiotherapy (TPP; left panel), 

an infant who had received COPCA intervention (middle) and a typically developing (TD) 
infant (right panel). Duration of each trial is 2500 ms. DE = Deltoid, PM = Pectoralis Major, 

BB = Biceps brachii, TB = Triceps brachii, NF = neck flexor, NE = neck extensor, RA = 
rectus abdominis, TE = thoracal extensor, LE = lumbar extensor, RF = rectus femoris, HAM 
= hamstrings. Dotted vertical lines denote the onset of the reaching movement as indicated 
by simultaneously recorded kinematics. Horizontal lines delineate the presence (onset and 
offset) of significant EMG bursts as defined by the computer algorithm. During the reaching 
movement of the TD infant (right) postural activity in neck and trunk is direction-specific: NE 
starts prior to NF; TE and LE are recruited, the antagonistic RA not. Postural activity in the 
infants who received COPCA and TPP intervention is also direction-specific. However note 
the synchronous recruitment of the postural muscles shortly after the onset of reaching in 

the infant of the TPP group. 
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The effect of intervention on development of postural 

control 

Paediatric physiotherapeutic intervention in children with or at high risk 

for developmental motor disorders often aims at improving postural control. 

However, only limited information is available on the effect of intervention 

on postural muscle activity.  

Two studies addressed the effect of training on the development of 

postural control in typically developing infants. Hadders-Algra et al. (1996) 

studied the effects of balance training on postural control in sitting during 

infancy. At the age of 5-6 months 20 infants were randomly assigned to a 

group which obtained three months of daily balance training or a control 

group without balance training. Balance training was carried out at home by 

family members and consisted of playful presentation of toys in the 

sideward and semi-backward direction in the border zone of sitting without 

falling. The balance play was carried out three times a day during 5 

minutes. Postural control was assessed by means of external perturbations 

in sitting position at base-line, at the age of 7-8 months and once again at 

9-10 months. The data revealed a significant effect of training on the 

organization of postural activity at the second level of control: the trained 

infants showed a clearly accelerated development of the ability to select the 

complete pattern out of their repertoire and of the ability to modulate the 

degree of ventral muscle contraction to the velocity of the moving platform 

and to body configuration at perturbation onset. The other study was 

carried out by Sveistrup and Woollacott (1997). They studied the effect of 

exposure to 100 balance perturbations per day during three consecutive 

days in 15 infants in the pull-to-stand phase aged 9-11 months. The study 

indicated that training resulted in an increase of the rate of direction-specific 
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adjustments, an increase of the use of the complete pattern, and of distal to 

proximal muscle recruitment. This means that balance training in typically 

developing infants may result in an acceleration of postural development. 

One study addressed the effect of balance training in children with CP 

(Shumway-Cook et al. 2003, Woollacott et al. 2005). Woollacott and 

coworkers trained balance in four children with bilateral spastic CP and two 

children with spastic hemiplegia aged 7 to 13 years by means of exposure 

to 100 balance perturbations per day for a period of five days. The training 

resulted in improvements in the direction-specificity of the adjustments, a 

faster recruitment of the postural muscles, a more frequent use of a bottom-

up recruitment and an improved ability to modulate the degree of muscle 

contraction (Woollacoot et al. 2005). The improvements in postural muscle 

activity were associated with a reduction of postural sway (Shumway-Cook 

et al. 2003). 
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Figure 2 

Effect of two types of intervention in infants at high risk for developmental motor disorders 

on frequency of direction-specific adjustments at 4 and 6 months in supine and sitting 

position, including reference values of age-matched typically developing (TD) infants (n=12). 

The boxes represent median values. TPP = group which received traditional paediatric 

physiotherapy (n=11), COPCA = group which received COPCA intervention (n=9). Mann 

Whitney:  ** p < 0.01, * p < 0.05. Not indicated with a symbol: significant increase in 

direction-specificity in sitting COPCA infants between 4 and 6 months (Wilcoxon p = 0.04) 
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Recently we evaluated the effect of two forms of early intervention on 

postural development in 20 infants at high risk for developmental motor 

disorders such as CP. Infants with definitely abnormal general movements 

at the corrected age of 3 months were randomly assigned to either 

traditional paediatric physiotherapeutic intervention (n=11) or a novel 

intervention program called COPCA (n=9). COPCA (Coping and caring for 

infants with neurological dysfunction – a family centred programme; see 

Blauw-Hospers et al. 2007, this issue) is based on the motor developmental 

principles of the Neuronal Group Selection Theory (NGST; Edelman 1989, 

Hadders-Algra 2000a,b) and on new insights in the field of education and 

family care (Dale 1996, Rosenbaum et al. 1998). Traditional paediatric 

physiotherapy in the Netherlands usually consists of NeuroDevelopmental 

Treatment (NDT). Intervention was provided for a period of three months. 

Postural activity was assessed at 4 and 6 months during reaching while 

lying supine and while sitting with support. At the age of 4 months both 

groups of at risk infants showed less direction-specific activity in supine and 

sitting than age-matched typically developing infants. At the age of 6 

months postural control in the group of infants who had received COPCA 

intervention was in some aspects significantly better than that of the group 

who had received traditional paediatric physiotherapy (Figures 1-4). The 

infants who had received COPCA intervention showed more direction-

specific adjustments in sitting (Figure 2), more often recruited the complete 

pattern in supine and sitting position (Figure 3) and showed significantly 

less often a synchronous onset of postural muscle activity (Figures 1 and 

4). Postural performance at 6 months of the high risk infants who had 

received COPCA intervention had improved to such an extent that it closely 

resembled that of typically developing peers. 
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Figure 3 

Effect of two types of intervention in infants at high risk for developmental motor disorders 

on individual developmental trajectories of preference patterns between 4 and 6 months, 

including reference data of age-matched typically developing (TD) infants (n=12). TPP = 

group which received traditional paediatric physiotherapy (n=11), COPCA = group which 

received COPCA intervention (n=9). The preference pattern is defined as the pattern 

present in at least 50% of the trials. Each line represents the development of one infant. N= 

Neck extensor, T = Thoracal extensor, L= Lumbar extensor. X indicates participation of a 

direction-specific muscle in a pattern. Three X’s represent the complete pattern. Differences 

in the preference of the complete pattern at 6 months between the various groups: Mann 

Whitney:  ** p < 0.01, * p < 0.05. 
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The two studies on the effect of intervention on postural development in 

children with or at risk for a developmental motor disorder indicate that 

intervention which requires active trial and self-produced and variation error 

experience is able to improve postural control. The data also suggest that 

the more traditional approach of intervention, such as NDT, which involves 

a substantial amount of handling and provision of postural support, is not 

effective in improving postural development.  

 

Concluding remarks 

During typical development the basic level of postural control is 

functionally active from early infancy onwards. This means that already at 

early postnatal age the infant possesses a repertoire of direction-specific 

postural adjustments. Whether or not direction-specific adjustments are 

used depends on the child’s age and the nature of the postural task. After 

the age of major neurodevelopmental transition at 3 months the capacity to 

adapt postural activity to environmental constraints emerges. Yet, it takes 

at least till adolescence before an adult type of postural adaptation has 

been achieved.  

Children with CP in general have the ability to generate direction-

specific adjustments, but they show a delayed development in the capacity 

to recruit direction-specific adjustments in tasks with a mild postural 

challenge, such as reaching while sitting. Children with CP virtually always 

have difficulties in the fine-tuning of postural activity.  

The few studies available on the effect of intervention on postural 

development indicate the following. Intervention by means of balance 

training accelerates the development of postural control in typically 

developing infants. There is also some evidence that balance training with 

active trial and error experience may improve postural control in children 
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with or at high risk for a developmental motor disorder. Intervention by 

means of NDT does not result in improved postural control. 

 
Figure 4 

Effect of two types of intervention in infants at high risk for developmental motor disorders 
on postural control on the frequency of synchronous postural muscle activity at 4 and 6 
months in supine and sitting position, including reference data of age-matched typically 

developing (TD) infants (n=12). TPP = group which received traditional paediatric 
physiotherapy (n=11), COPCA = group which received COPCA intervention (n=9). 

Synchronous postural muscle activity was defined as present when at least two of the five 
neck and trunk muscles had been recruited in the narrow time-window ending at 80 ms after 

the onset of the prime mover, i.e. the arm muscle recruited first. The boxes represent 
median values. Between group differences: Mann Whitney:  ** p < 0.01, * p < 0.05. Within 
group differences: Wilcoxon: # p < 0.01. Differences between TD group and intervention 

groups at 4 months not indicated with symbols: Mann Whitney: TPP-supine: p = 0.001, TPP-
sitting: p = 0.04, COPCA-supine: p = 0.002, COPCA-sitting: p = 0.001. 
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Chapter 6: 

DISCUSSION 
The goal of this last chapter is to find out whether or not the findings 

of the previous chapters fit in with the specific developmental framework 

(bottom-up) that lays at the basis of the research design in order to 

transform data by ordering to information and eventually scientific 

knowledge about development and, in case of deviant development, 

intervention. The information derived from the research data is described in 

the light of the theoretical framework – frame of knowledge – presented in 

chapter 1 and suggestions for ongoing research are given. 

Data transformed into information 
In chapter 2 data is ordered into information about ontogeny of the 

human nervous system. By this ordering several aspects about this 

developmental pathway come forward. In chapter 2 we concluded that the 

development of the human brain is characterized by a protracted, neatly 

orchestrated chain of specific ontogenetic events. The continuous changes 

of the nervous system have consequences for the vulnerability to adverse 

conditions, for diagnostics and for physiotherapeutical intervention. The 

term “orchestrated”, however, may be a little confusing in that it seems to 

refer to a director and thus introducing the homunculus problem. I did not 

mean to refer to a specific cause, or a causing entity, it is the affordance 

structure of both endogenous, and exogenous events and structures – the 

environment of development- that shapes development through more or 

less specific pathways (more or less consistent between organisms of the 

specie). The environment consists both of endogenous and exogenous 

processes and developmental “results”. Environment does not solely refer 
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to external context; RNA and proteins, for instance consist, of the relative 

environment of DNA. 

The presence of periods with specific neuro-developmental events 

results in windows of specific vulnerability for adverse influences. The 

ontogenetic neural timetable might have consequences for the timing of 

early intervention. The period between 28 weeks Post Menstrual Age and 

15 months postnatally seems to offer the best opportunities. The findings of 

chapter 2 suggest restricting intervention prior to 40-44 weeks to forms of 

intervention which aim at mimicking the intrauterine environment, such as 

proposed in the Neonatal Individualized Developmental Care and 

Assessment Program (NIDCAP) (Als et al 1994).  

 Besides the therapeutical consequences, it was derived from the 

data that the infant’s age-specific nervous system invokes the need of an 

age-specific neurological assessment. That is, the application of 

neuromotor evaluation techniques which are adapted to the age-specific 

characteristics of the nervous system. In addition, the age-dependent 

characteristics of the nervous system affect the way in which neural 

dysfunction is expressed. Neurological dysfunction in adults is expressed 

by means of specific and localized signs, e.g., by means of the specific 

syndrome of a spastic hemiplegia in case of stroke. In contrast, 

neurological dysfunction in young infants is expressed by means of 

generalized and aspecific dysfunction.  

The marked developmental changes of the brain have important 

implications for the prediction of developmental disorders at early age. The 

neurodevelopmental changes can induce a disappearance of dysfunctions 

present at early age. The reverse is also possible: children can be free from 

signs of dysfunction at early age, but grow into a functional deficit with 
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increasing age due to the age-related increase in complexity of neural 

functions (Vohr and Carcia Coll 1985, Hadders-Algra 2002). 

In summary, chapter 2 provides information and the information 

does not show how contextual changes will positively affect motor 

development. However, it offers a time-window in which intervention 

theoretical would have the best possible chance to be successful. 

 

Information transformed into scientific knowledge 

Typical development 
Especially, chapter 4 shows that Edelman’s (1987, 1989) notions 

about motor development can be recognized in the development of postural 

control. Hadders-Algra (2005) stated this before in a review about 

development of postural control during the first 18 months of life. Selection 

occurs on postural activity that is characterized by variation. The study 

reported in chapter 4 demonstrated that about 50% of reaching movements 

in lying and sitting infants aged 4 and 6 months are accompanied by 

direction-specific postural adjustments. At 4 months variation dominates, 

but at 6 months a preference to recruit muscles in a top-down order (during 

sitting) and in the configuration of the complete pattern (both supine and 

sitting position) has emerged. Interestingly, the postural characteristics 

were related to the success and the kinematics of reaching. The findings 

differ from those of the Van der Fits (1999 a, b) studies. Mainly the 

differences can be attributed to the more precise definition of direction-

specific trials in the present study. The more precise definition resulted in 

substantially lower rates of direction-specificity. It is noteworthy that 

elongation of the transport Movement Unit (MU) correlated in particular to 

improved postural control, not only at 4 months but also and even more so 
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at 6 months. As the transport MU is the part of the reaching movement 

which is largely determined by feedforward programming (Von Hofsten et al 

1991), the finding suggests that between 4 and 6 months feedforward 

processes become increasingly important in the control of reaching and its 

associated postural adjustments (cf Massion 1998).  

 In both chapters 4 and 5 a main part is used for development of the first 

level of postural control; direction specificity. Hedberg et al. (2004, 2005) 

suggested that this basic level of control in the organisation of postural 

adjustments might have an innate origin. The theoretical framework of 

chapter 1 states that explanation by innate systems seems implausible. A 

different explanation derived from the data of chapter 4, literature and the 

theoretical framework of chapter 1 might solve this problem. 

 Hedberg et al (2004) evaluated postural muscle activity due to sudden 

perturbations in sitting position in infants from 1 month onwards. The 

results revealed that at the age of 1 month, direction-specific activity – 

defined in the same precise manner as in the study in chapter 4 - was 

present in 85% of the trials requesting activity of the dorsal postural 

muscles and in 72% of the trials requiring activity of the ventral muscles 

(Hedberg et al. 2004). Between 2 and 4-5 months the rate of direction-

specific adjustments remained 70-85% to increase to a virtually consistent 

presence in infants aged at least 7-8 months (Harbourne et al. 1993, 

Hadders-Algra et al. 1996, Hedberg et al. 2005). However, a perturbation is 

a quite forceful stimulus. The postural threat during reaching while lying 

supine or while sitting supported is considerably less. Apparently young 

infants recruit direction-specific activity only in 50% of trials in this less 

dangerous situation.Van der Heide et al. (2003) showed that older children 

do use consistently direction-specific adjustments while reaching in a stable 

sitting position. The youngest children whom they had studied were 2 years 
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old. This means that it is currently unclear at which age the consistent 

recruitment of direction-specificity emerges. Further research is needed. 

However, the finding that only 50% of reaching movements of young infants 

were accompanied by direction-specificity also indicates that direction-

specificity is not a prerequisite for the generation of reaching movements. 

 Direction specificity is defined as the postural activity in the muscles at 

the dorsal side when the body sways forward and vice versa. It seems 

likely that this reaction occurs by the contextual forces that interact with the 

muscles. Indeed, Hedberg et al (2004), could not rule out that cutaneous 

mechanoreceptors, which are known to be extremely sensitive to direction 

specific stretch in combination with propioceptive information resulted in 

information generating the direction specific response (Olausson et al. 

2000). In addition, Berger et al. (1987) showed that in infants, just able to 

walk, monosynaptic stretch potentials were responsible for the postural 

response. In fact, it was not until the age of 6 years that an adult like 

pattern was reached with suppression of monosynaptic stretch reflexes and 

an early cerebral potential during a perturbation. So, whenever a force, 

forceful enough, displaces an infant at early age, the muscles might react 

through this kind of feedback mechanism. Which muscles react depends on 

the vector of the displacement. It is possible that these are the first direction 

specific reactions Hedberg et al (2004) found.  

Within the theoretical framework of chapter 1 it is possible that 

these reactions in feedback processes to the primary repertoires for motor 

commands are responsible for a hierarchic integrated pattern (selection at 

the supraspinal level) that counts for the selection of consistent direction 

specific postural activity at the age of 8-9 months, which are used later as 

central commands (control). It is conceivable that such patterns emerge.  
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Forssberg and Hirschfeld (1994) already stated that the complex 

pattern of fast postural adjustments at adult age are centrally generated 

and not simply composed of various reflexes. However, they assume a 

Central Pattern Generator (CPG) on the basis of postural adjustments. 

Nevertheless, this CPG is a same kind of computational model as the LAD 

(chapter 1), in which assumed inborn parameters (patterns) need to be set 

by the environment or environmental triggers (selections of the best 

strategy occurs). CPG encounters the same implausibility’s as LAD (see 

chapter 1). The problems that computational approaches meet are nicely 

paraphrased by Edelman (2006, p.8): “there has been a widespread, 

largely unsupported, tacit view that the brain operates like a computer”. 

With respect to modeling the brain, Edelman states that although “the 

computer is an essential tool for such a task; it is not an appropriate model 

for the brain” (p. 8). Moreover, the vision of a CPG was based on animal 

experiments of Macpherson (1986, 1988 a,b) and the notion that in human 

adults the same principals were found (Macpherson 1989). It is noteworthy 

that all these experiments are done with adults (cats and humans). So, it is 

presumable that at adult age central commands are responsible for the 

postural response, but this is not necessarily the case at young age and 

pattern-variation, like Hedberg (2004, 2005) states, is not enough prove for 

an innate system. Besides, other studies failed to show such an early 

direction specific response. Woollacott and coworkers (1987) did not find 

direction specific adjustments at the age 4-5 months, but in this study 

infants were fully supported by an infant seat. Harbourne et al (1993) found 

direction specificity at this age, but failed to show it at 2-3 months of age. 

Finally, the less dangerous situation of reaching in grasping in chapter 4 

showed only direction specificity in 50% of the reaches at 4 and 6 months 

of age, which also indicates that direction-specificity is not a prerequisite for 
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the generation of reaching movements. For future research I would suggest 

to replicate the study of Hedberg et al. (2004) and to expand the design 

with Cerebral Potentials (CPs), like the study of Berger et al (1987), to 

check the above mentioned hypotheses and to find out at which age central 

commands (control) are integrated in the postural response. 

The postural characteristics were related to the success and the 

kinematics of reaching. The data indicated that - although direction-

specificity turned out not to be a prerequisite for being able to reach – the 

presence of direction-specific activity in sitting resulted in a higher 

proportion of reaches which ended successfully in touching or grasping of 

the object. In addition, the relative duration of the transport unit was also 

related to other postural characteristics. At 6 months, the relative duration 

of the transport MU of reaching movements which were accompanied by 

the complete postural pattern in which all direction specific postural 

muscles were activated in concert, was significantly longer than that in 

reaching movements accompanied by other direction-specific postural 

patterns. Moreover, the relative duration of the transport MU was longer 

during reaching movements accompanied by direction-specific activity with 

top-down recruitment than during reaches without top-down recruitment. 

We stated that this was a sign that between 4 and 6 months feed-forward 

processes become increasingly important in the control of reaching and its 

associated postural adjustments.  

Feed-forward denotes planned actions. This fits well with the theory 

about peripheral coordination’s and central commands (control). Feedback 

mechanisms become possible as soon as relatively more central neural 

maps emerge on basis of output provided by the more peripheral (lower) 

neural systems accompanying coordinated actions (see also Edelman, 

1987; neural maps which relate to exogenous activity logically precede the 



 183

emergence of neural maps which have as input the output of such 

preceding maps, that are still interacting with the physical environment). 

The top down process of central control is logically impossible until neural 

maps have emerged that do not communicate in a direct way with the 

outside environment. In other words, as soon as peripheral coordination is 

displayed in such ‘abstract’ (feedback) neural maps, the process of central 

control being feed-forward processes, can be activated. The fact that in the 

postural ‘better’ trials reaches showed ‘better’ kinematics supports 

Edelman’s notions about the partly innate value system, in which the 

feedback of these reaches are valued higher and make hierarchic 

integrated patterns possible. Thus, the value-system can be regarded as a 

feedback mechanism. Edelman’s value-system is in fact a logical 

prerequisite in shaping development. This might be why the second level 

seems to be based on the basic level of direction specificity and why the 

study of chapter 4 shows that the more strict definition of direction 

specificity leads to a developmental pathway of variation leading to 

selection. Further research to establish these notions is needed. 
 

Effect of intervention 
 The last part of this discussion focuses on possible effects on 

motor-development of contextual changes. In chapter 3 specific postural 

support, like suggested in chapter 1, affects the variability in Specific 

Movements (SpM); movements displayed in a repeatable and definable 

way. However, it is not shown whether this change in variability affects 

developmental outcome. So, more research is needed to establish an effect 

on developmental outcome of this specific pillow support. 

In Edelman’s notions variation in motor behaviour promotes motor-

development. In General Movements (GMs) variation is known as the 
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indication of normal movements (Hadders-Algra 2004). GMs are complex 

and variable movements which involve the whole body. GMs start at 8 

weeks PMA and continue to be common until 4-5 months postnatal age. 

However, specific pillow support did not affect the quality of GMs. This 

finding underscores the notion that GMs are endogenously generated 

motor patterns, which are relatively insensitive to direct environmental 

influences (Prechtl 2001, Hadders-Algra 2004). 

 Specific pillow support, however, did affect the size of the repertoire 

of specific movements, in particular in infants with minor neurological 

dysfunction (MND) which indicates the presence of mild neurological 

abnormalities and/or mildly abnormal GMs. The support provided by the 

pillows appeared to facilitate spontaneous exploration of specific 

movements, which in turn seems to be associated with favourable motor 

development (Hadders-Algra 2000). The question why these SpM, which 

also must be mostly endogenously generated, are affected by specific 

pillow support and not the GMs, might be answered with the theoretical 

framework of Edelman.  

GMs do not interact with the context. The SpM are interacting with the 

context, otherwise these movements could not be repeated in a definable 

way. The interaction with the context, in general the own body, might trigger 

a value-system, as was mentioned in Edelman’s theory. According to 

Edelman and coworkers, “Previous studies of synthetic neural models have 

demonstrated the critical importance of the ability to sense environmental 

saliency in producing adaptive patterns of behavior. We suggested that 

saliency, or value, is largely but not wholly mediated by the activity of 

neuronal value systems. The defining characteristics of such value systems 

are their responsiveness to salient sensory stimuli, their anatomical 

projections that reach widespread areas of the brain, and their ability to 
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modulate neural activity and/or synaptic change (Sporns et al, 2000, 

p.130).” So, although, the primary neuronal repertoires are derived from the 

GMs, in the generation of these primary neuronal repertoires the value 

system might not play a significant role. In the development of goal directed 

movements, however, the value system does play a significant role. This 

might be why more variability is displayed when specific pillow support is 

provided to the infant. 

Hence, when Hadders-Algra (2006) suggests that only the phase of 

GMs can be considered as primary variability in NGST, she might point at 

the role of the value systems in motor-learning, instead of the primary and 

the secondary neuronal repertoires, because she also states that on a 

macroscopic level the structure of the primary repertoires and the 

secondary repertoires do not differ, but that in the microscopic level of 

synapses, receptors and transmitters they do. 

The finding that specific pillow support did not affect GMs quality but did 

affect the frequency and repertoire of specific movements, suggests that 

specific pillow support may facilitate motor behaviour first after the major 

neural transformation occurring at the age of 3 months (Prechtl 1984). The 

age of 3 months is the age at which specific movements become a 

prominent part of motor behaviour (Prechtl 1984). It is the age of transition 

in postural development (Hadders-Algra 2005) after which spontaneous 

motor behaviour and reaching movements become more tightly coupled to 

postural behaviour (Van der Fits et al 1999, Hedberg et al 2005). This in 

combination with the above described theory may explain why infants with 

MND, who in general have minor dysfunctions in postural control (Hadders-

Algra 2005), may benefit from external postural support during the early 

developmental phases of goal directed motor behaviour. Richness in the 

internal degrees of freedom – a lot of variation in GMs– makes it possible to 
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reach the goals for SpM proposed by the value system with relative ease. 

However, whenever the internal possibilities are restricted (infants with 

MND) it will be much more difficult to reach such movement goals. The aid 

of external support will be of more importance; restricted internal 

possibilities plus external aid by restricting the degrees of freedom to miss 

the goal leads to comparable success as reaching that goal given a rich 

enough internal general movement system (typically developing infants).  

In chapter 5 the switch at 3 months of age is also mentioned. The 

Positron Emission Tomography studies of Chugani (1998) indicated that 

around the age of 3 months substantial changes occur in the distribution of 

metabolic activity in the brain. In newborn infants, the highest degree of 

glucose metabolism, which might serve as an indicator of functional activity, 

is found in the primary sensory and motor cortex, cingulate cortex, 

thalamus, brain stem, cerebellar vermis, and hippocampal region. At 2 to 3 

months of age glucose utilization increases in the parietal, temporal, and 

primary visual cortices, basal ganglia and cerebellar hemispheres. It seems 

that central commands, which we coupled to feedforward processes, are 

becoming a part of the developmental process. Combining this with the role 

of the value-system and the fact that the value system might be an 

essential trigger for effect of intervention, 3 months of age seems to be the 

most proper time to start with intervention for infants with a high risk for 

developmental motor disorders. In addition, 3 months of age is exactly in 

the period of the time-window for early intervention derived from chapter 2. 

However, whether the effect of pillow support is also present in infants with 

clear neurological dysfunction and – even more important – whether daily 

application of pillow support would result in a more favourable neuromotor 

development, are pressing questions for future research. 
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 Finally, in chapter 5 preliminary results were given of an intervention 

study which started at 3 months of age in infants with a high risk for 

developmental motor disorders. The Intervention COPCA is based on the 

motor developmental principles of the Neuronal Group Selection Theory 

(NGST; Edelman 1989) and on new insights in the field of education and 

family care (Dale 1996, Rosenbaum et al. 1998). It seems the COPCA 

intervention increases the ability to generate direction-specific postural 

activity, is able to increase the repertoire of postural muscle activity and to 

promote situation appropriate selection out of the repertoire. On the other 

hand, only some preliminary results were given and it is not known whether 

the effect of the COPCA intervention can be replicated, neither if the effect 

is still present at later age. There is some other evidence that intervention 

affects the development of postural control in typically developing infants 

(Hadders-Algra et al 1996, Sveistrup and Woollacott 1997). There is also 

some support that balance training can improve postural control in children 

with CP (Shumway-Cook et al. 2003, Woollacott et al. 2005). Still, much 

future research is needed. 

Concluding remarks 
Data derived from typically developing infants fit within the 

framework of Edelman Brain Body Devices (BBD, NGST 1987, 1989, 

2006). From movements variability selection emerges. In addition, from this 

point of view it is doubtful (discussible) whether or not the first level of 

postural control has an innate origin, at least in so far that innate is defined 

as a pre-determined structure or device, like the assumed central pattern 

generator (CPG).  

Examining the data, it was suggested that feedforward processes 

may be regarded as instances of central control and the feedback 
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mechanism stemming from peripheral coordination. Edelman’s value 

systems (2003, 2006, Sporns et al 2000) could be envisioned as a 

feedback mechanism acting on peripheral coordination. The difference in 

affecting the quality of GMs and SpM seems to be based on the influence 

of this value system. It appears that context is a prerequisite to ‘recognize’ 

and to ‘value’ the movements. GMs do not interact with context, but it is 

assumable that the development of the GMs follow the principles of NGST; 

variation in movements and selection of the primary repertoires which can 

be used for development of goal-directed motor behaviour.  

The principles of the value-system as feedback mechanism become 

visible in the influence of specific pillow support on SpM. The effect is more 

prominent after the age of 3 months. Three months of age can be regarded 

as an age of a major transition (Prechtl 1984, Van der Fits et al 1999, 

Hedberg et al 2005, Chugani 1998). It is assumable that at this age the 

value system starts to interact with motor-development and that it is the 

most promising age to start successfully with intervention. In the time 

window derived from biological data, three months of age is exactly which 

suggest that intervention should start between 28 weeks PMA and 15 

months of age. However, the data suggested that intervention before 44 

weeks PMA should aim at mimicking the intra-uterine environment. 

The success of intervention starting at 3 months of age is supported 

by preliminary data of the VIP-project. It seems the COPCA intervention 

increases the ability to generate direction-specific postural activity, is able 

to increase the repertoire of postural muscle activity and to promote 

situation appropriate selection out of the repertoire. 

However, lots of research need to be done to establish above 

mentioned notions.  
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Summary 
 

The aim of this thesis is to find out if the data derived from chapter 

2-5 transformed by ordering to information fits the theoretical framework on 

motor-development by Gerald Edelman, especially his view on Brain Body 

Devices, (BBD) and Neuronal Group Selection Theory (NGST). Hadders-

Algra stated several times that Edelman’s theory offers a promising 

framework to describe both typical and abnormal infant development. 

According to Edelman, development is characterized by plasticity and does 

not stem from any kind of pre-programming or pre-determination. 

Moreover, characteristics of both the nervous system and the body must be 

taken into account, in order for the organism to survive in a world 

dominated by physics, and physical and social laws and constants. In the 

introduction chapter, ideas on development are sketched in order to locate 

Edelman’s developmental theory within the developmental tradition. Of 

course, the overview is very limited; a complete overview would justify a 

complete thesis. Especially Werner’s orthogenetic principle, dynamical 

system theory (DST) and Waddington’s epigenesis, are highlighted. In the 

introduction chapter considerations about human development and in more 

detail motor-development are described from theoretical point of view. In 

the other chapters we depart from data to find out whether or not it fits in 

with the specific developmental framework that laid at the basis of the 

research design. 

Chapter 2 reviews current data on the structural development of the 

human nervous system. Focus is on the timing of ontogenetic events in the 

telencephalon. During the first half of gestation especially neuronal 

proliferation and migration occur. The period of the existence of the 

functionally important transient structure ‘subplate’ and the major period of 
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glial cell proliferation and programmed cell death takes place in the second 

half of gestation. During the last trimester of gestation and the first 

postnatal year there is a peak in axon and dendrite sprouting and synapse 

formation. Major part of telencephalic myelination occurs during the first 

year after birth. Many developmental processes continue throughout 

childhood and adolescence, such as myelination, synapse formation and 

synapse elimination. Evidence is emerging that the peak of synapse 

elimination occurs between puberty and the onset of adulthood. From early 

foetal life onwards neurotransmitter systems are present and their pre- and 

perinatal development is characterized by periods of transient 

overexpression. The latter is for instance true for the acetylcholinergic, 

catecholaminergic and glutamate systems. The continuous changes of the 

nervous system have consequences for vulnerability to adverse conditions, 

for diagnostics and for physiotherapeutical intervention. 

The study of chapter 3 aims at evaluating the effect of specific 

postural support on motor behaviour of infants with and without minor 

neurological dysfunction (MND). The presence of pillows does not affect 

the time spent with General Movements (GMs) or Specific Movements 

(SpM) or GM-quality. GMs are complex and variable movements which 

involve the whole body. GMs start at 8 weeks post menstrual age (PMA) 

and continue to be common until 4-5 months postnatal age. Specific 

movements are movement’s displayed in a repeatable and definable way, 

like touching the trunk. Specific postural support, however, did promote 

variation in motor behaviour of young infants. This is particularly true for 

infants with MND. 

Chapter 4 and 5 describe the development of postural control in 

children. In the development of postural control two functional levels are 

distinguished. The first level deals with direction specificity. Direction 
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specific postural adjustments on the dorsal side of the body are found when 

the disturbance of balance induces a forward sway and on the ventral side 

of the body during a backward sway. The second level of postural control is 

the fine-tuning of these direction specific postural adjustments. This fine-

tuning can be achieved various ways, for instance, by changing the number 

muscles which are part of the postural pattern, order of recruitment (cranial-

caudal or vice versa), and modulation of the amplitude (Forssberg & 

Hirschfeld 1994). 

In chapter 4 the development of the relationship between the 

kinematical features of reaching movements and the accompanying 

postural adjustments in young infants is evaluated. At 4 and 6 months of 

age about 50% of reaching movements in lying and sitting infants are 

accompanied by direction-specific postural adjustments. At 4 months the 

adjustments are characterized by variation, but at 6 months a preference to 

recruit muscles in a top-down order (during sitting) and in the configuration 

of the complete pattern, i.e. the pattern in which all dorsal neck- and trunk 

muscles are activated in concert, (both conditions) emerges. The postural 

characteristics such as the presence of direction-specificity, recruitment of 

the complete pattern and top-down recruitment, are related to how 

successful the reaching was and the kinematics of reaching. It seems that 

the presence of direction-specific activity is not a prerequisite for the 

emergence of reaching movements. Nevertheless, already from 4 months 

onwards a better postural control is associated with a larger success and a 

better quality of reaching. 

In chapter 5 data about the development of postural control in 

typically developing children and children with CP is reviewed. The basic 

level of postural control is functionally active from early infancy onwards: 

young infants possess a repertoire of direction-specific postural 
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adjustments. Whether or not direction-specific adjustments are used 

depends on the child’s age and the nature of the postural task. The second 

level of control emerges after 3 months: children start to develop the 

capacity to adapt postural activity to environmental constraints. But the 

adult form of postural adaptation first emerges after adolescence. 

 Children with cerebral palsy (CP) in general have the ability to generate 

direction-specific adjustments, but they show a delayed development in the 

capacity to recruit direction-specific adjustments in tasks with a mild 

postural challenge. Children with CP virtually always have difficulties in the 

adaptation of direction-specific activity. The limited data available on the 

effect of intervention on postural development suggest that intervention 

involving active trial and error experience may accelerate postural 

development in typically developing infants and may improve postural 

control in children with or at high risk for a developmental motor disorder. 

 In chapter 6 we depart from the previous chapters to find out whether or 

not it fits in with the specific developmental framework (bottom-up) that laid 

at the basis of the research design in order to transform data by ordering to 

information and eventually scientific knowledge about development, 

intervention, in case of deviant development. Data derived from typically 

developing infants fit within the framework of Edelman Brain Body Devices 

From variability selection emerges. In addition, from this point of view, I 

think it is doubtful whether or not the first level of postural control has an 

innate origin, at least in so far that innate is defined as a pre-determined 

structure or device, like the assumed central pattern generator (CPG). In 

chapter 6 it is suggested that feedforward processes may be regarded as 

instances of central control and the feedback mechanism stemming from 

peripheral coordination. Edelman’s value systems could be envisioned as a 

feedback mechanism acting on peripheral coordination. The difference in 
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affecting the quality of GMs and SpM seems to be based on the influence 

of this value system. The effect is more prominent after the age of 3 

months. Three months of age can be regarded as an age of a major 

transition. It is assumable that at this age the value system starts to interact 

with motor-development and that it is the most promising age to start 

successfully with intervention. In the time window derived from biological 

data, three months of age is exactly which suggest that intervention should 

start between 28 weeks PMA and 15 months of age. The success of 

intervention starting at 3 months of age is supported by preliminary data of 

an early intervention project. It seems the new COPCA intervention 

increases the ability to generate direction-specific postural activity, is able 

to increase the repertoire of postural muscle activity and to promote 

situation appropriate selection out of the repertoire. However, lots of 

research needs to be done to establish above mentioned notions. In this 

last chapter indications for ongoing research are given. 
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Samenvatting 
 

In dit proefschrift wordt onderzocht of data met betrekking tot de 

motorische ontwikkeling van jonge kinderen en baby’s, afkomstig uit zowel 

literatuur studie, als uit eigen onderzoek, het theoretisch kader over 

ontwikkeling van de motoriek van Gerald Edelman ondersteunen, dan wel 

ontkrachten. Edelman’s theorie is door Hadders-Algra aangedragen als een 

bruikbaar kader voor de beschrijving van normale en afwijkende 

ontwikkeling van baby’s en kinderen. In Edelman’s visie (tegenwoordig 

genoemd de Brain Body Devices, BBD, en eerder bekend als de Neuronale 

Groep Selectie Theorie, de NGST) moet ontwikkeling ook daadwerkelijk als 

ontwikkeling (proces) worden beschreven, zonder er van uit te gaan dat 

motorisch gedrag al voor de geboorte is voorgeprogrammeerd of 

gedetermineerd in het brein. Bij het beschrijven van het 

ontwikkelingsproces moet volgens Edelman rekening worden gehouden 

met eigenschappen van zowel het zenuwstelsel, als van het lichaam, de 

vrijheidsgraden van het organisme (systeem). Een organisme moet 

overleven in een wereld met onder meer fysische en sociale 

wetmatigheden en constanten. Functionaliteit met betrekking tot deze 

omgevingsvariabelen is van vitaal belang, uiteindelijk wordt ieder 

organisme afgerekend op het succesvol in de wereld blijven tot ten minste 

de voortplanting een feit is. 

In het inleidende hoofdstuk worden ideeën over de algemene 

ontwikkeling van de mens en meer specifiek de motorische ontwikkeling 

globaal geschetst. Van hieruit worden de ideeën van Edelman in de traditie 

van ontwikkelingsdenken geplaatst. Ontwikkeling tracht het proces te 

beschrijven, waarin iets ontstaat dat er voorheen niet was, bijvoorbeeld hoe 

mensen vanuit gebruik van simpele werktuigen uiteindelijk in onze tijd in 
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staat zijn geweest om complexe computers en virtuele internationale 

gemeenschappen te creëren. In principe dwingt het innemen van een 

ontwikkelingsperspectief te laten zien hoe zaken tot wording komen, hoe 

vanuit eenvoudige beginsituaties complexe gehelen ontstaan. Natuurlijk is 

dit doel direct te ambitieus. Hoe ooit vanuit materie leven is ontstaan, is nog 

steeds onbekend. Wel is bekend dat, in tegenstelling tot materie, levende 

systemen in hun ontwikkeling een toenemende mate van samenhang laten 

zien. Deze toename van complexiteit is op elke schaal zichtbaar: de 

ontwikkeling van de soort (evolutie, of phylogenese, van een eencellige tot 

een complex zoogdier is een lange evolutionaire weg, waarin de 

complexiteit enorm is toegenomen), de schaal van de ontwikkeling van het 

individu (ontogenese, van foetus tot volwassene), de ontwikkeling van 

kennis (van speer tot computer) en de sociale ontwikkeling (van 

nomadenstam tot geglobaliseerde EU). 

Dit proefschrift gaat over de ontwikkeling van het zenuwstelsel. 

Belangrijk voor ieder ontwikkelingsperspectief is, dat het perspectief niet 

buitenspel wordt gezet. Dit klinkt triviaal, maar is dat niet. Iedereen zal 

begrijpen dat het onzin is om te veronderstellen dat een amoebe de 

complexiteit van een menselijke cortex (of zelfs wat dit kan opleveren, 

zoals kennis) al als mogelijkheid in zich heeft en dat slechts de 

omstandigheden de ontwikkelingsmogelijkheid van amoebe tot mens 

moeten selecteren. Echter, het veronderstellen dat de blauwdruk van 

bijvoorbeeld het komen tot complex motorisch handelen ligt in een 

genetisch bouwplan (DNA) kan zinvol zijn voor het bestuderen van de 

relatie tussen te verwachten ontogenetische uitkomsten en een min of 

meer stabiele controleparameter (een afwijking van een norm in het DNA), 

die als voorspeller van waarde is. Tegelijkertijd zegt deze relatie niets over 

ontwikkeling. Dat hoeft ook niet, maar als we een ontwikkelingsstandpunt in 



 204 

willen nemen, is het problematisch dat dit vaak niet wordt beseft: 

blauwdruktheorieën zetten ontwikkeling buitenspel. Dit proefschrift probeert 

aandacht te vragen voor een ontwikkelingsperspectief, omdat dat juist de 

ontwikkelingsneurologie (en ook de ontwikkelingspsychologie) onderscheidt 

van de algemene neurologie en psychologie. In hoofdstuk 1 wordt 

ingegaan op deze ontwikkelingstheorievorming. Met name de dynamische 

systeem theorie (DST) wordt hier gepresenteerd om de eerder genoemde 

ideeën van Edelman een plaats te geven.  

In hoofdstuk 2 wordt een overzicht gepresenteerd van recente 

gegevens over de biologische ontwikkeling van het menselijke 

zenuwstelsel. De nadruk ligt hierbij op de timing van ontogenetische 

gebeurtenissen in de grote hersenen. Gedurende het eerste half jaar van 

de prenatale ontwikkeling komen vooral neuronale proliferatie (het ontstaan 

van de zenuwcellen) en migratie (het verplaatsen van de neuronale cellen 

binnen het zenuwstelsel) voor. De tweede helft van de prenatale periode 

wordt gekenmerkt door het bestaan van een functioneel belangrijke 

tijdelijke structuur ‘de subplate’. In deze periode vindt ook het grootste 

gedeelte van de glia cel proliferatie en ‘geprogrammeerde’ celdood plaats. 

Gedurende het laatste trimester van de prenatale periode en het eerste 

postnatale jaar is er een piek in axonen en dendrieten uitgroei en synaps 

formatie. Het grootste gedeelte van de myelinisatie van de grote hersenen 

vindt plaats gedurende het eerste jaar van het postnatale leven. Veel 

processen blijven actief gedurende de kinderjaren en puberteit zoals 

myelinisatie, synaps formatie en synaps eliminatie. Het blijkt dat er een piek 

in synaps eliminatie ontstaat tussen puberteit en jong volwassenheid. 

Vanaf de vroege foetale leeftijd zijn neurotransmitter systemen aanwezig 

en wordt de pre- en postnatale ontwikkeling gekenmerkt door periodes van 

tijdelijk verhoogde productie. Deze verhoogde productie wordt met name 
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gevonden in de acetylcholinerge, catecholaminerge en glutamaat 

systemen. Tot slot wordt in hoofdstuk 2 geconcludeerd dat de voortdurende 

veranderingen binnen de ontwikkeling van het menselijk zenuwstelsel 

consequenties hebben voor de kwetsbaarheid van het systeem voor 

veranderde omstandigheden, voor diagnoses en fysiotherapeutische 

interventie. 

In hoofdstuk 3 wordt het effect van specifieke 

houdingsondersteuning op het motorische gedrag van baby’s met en 

zonder minor neurological dysfuntion (MND) geëvalueerd. Baby’s werden 

ondersteund door middel van een hoefijzervormig kussen onder de nek en 

schouders, of door een klein rechthoekig kussen onder het bekken, of door 

beide. Houdingsondersteuning door middel van kussens bleek geen effect 

te hebben op de tijd dat een baby Generaliseerde bewegingen (GMs) of 

Specifieke bewegingen (SpM) laat zien, noch op de kwaliteit van GMs. 

GMs zijn spontaan gegenereerde complexe en variabele bewegingen die 

een baby maakt, waarbij het hele lichaam betrokken is, totdat deze 

bewegingen geleidelijk op de leeftijd van 4-5 maanden worden vervangen 

door SpM. SpM zijn de eerste duidelijk herkenbare bewegingen, de 

voorlopers van doelgerichte bewegingen, zoals bijvoorbeeld hand-knie 

contact en wrijven van de voetjes tegen elkaar. Hoewel de 

kussenondersteuning geen invloed had op de GMs, bevorderde de 

specifieke houdingsondersteuning de variatie in de SpM en met name bij 

de baby’s met MND. 

In hoofdstukken 4 en 5 wordt de ontwikkeling van de 

houdingsregulatie bij kinderen beschreven. Twee functionele niveaus 

worden onderscheiden in de ontwikkeling van de houdingsregulatie. Het 

eerste niveau is richtingspecificiteit. Houdingsspieractiviteit ontstaat aan de 

rugzijde (dorsale zijde) van het lichaam als het lichaam naar voren wordt 
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gebracht en aan de buikzijde (ventrale zijde) als de verstoring van het 

evenwicht naar achteren is gericht. Gebaseerd op dit eerste niveau is het 

tweede te onderscheiden functionele niveau, dat de fijnafstemming 

(finetuning) betreft van deze richting specifieke houdingsspieractiviteit. De 

finetuning kan op verschillende manieren bereikt worden, bijvoorbeeld door 

verschillende spieren samen aan te spannen of de volgorde in tijd van 

aanspannen te veranderen (van boven naar beneden of omgekeerd). 

In hoofdstuk 4 wordt de relatie onderzocht tussen de ontwikkeling 

van houdingsregulatie tijdens het reiken en kinematische parameters van 

het reiken bij jonge kinderen van 4 en 6 maanden oud. Zowel op de leeftijd 

van 4 maanden als op de leeftijd van 6 maanden ging 50% van de 

reikbewegingen vergezeld van richtingspecifieke houdingsspieractiviteit. Op 

4 maanden liet deze houdingsspieractiviteit een variabel beeld zien, maar 

op de leeftijd van 6 maanden ontstond een voorkeur om de 

houdingsspieren van boven naar beneden (top-down) aan te spannen (in 

zit) en een voorkeur voor het complete patroon; het patroon waarbij alle 

dorsale houdingsspieren en nekspieren samen geactiveerd worden (beide 

condities). De karakteristieken van de houdingsregulatie, zoals de richting 

specificiteit, het top-down aanspannen en het complete patroon, 

vertoonden een relatie met het succes van de reikbeweging en de 

kinematiek van de reikbeweging. Het blijkt dat richtingsspecificiteit (het 

eerste functionele niveau) geen voorwaarde is voor het ontwikkelen van 

succesvol reiken, omdat slechts 50 % van de reikbewegingen 

richtingspecifiek was, maar dat vanaf de leeftijd van 4 maanden een betere 

houdingsregulatie wel geassocieerd kan worden met een betere kwaliteit 

van de reikbewegingen. 

In hoofdstuk 5 wordt een overzicht gepresenteerd van de literatuur 

over de ontwikkeling van de houdingsregulatie bij zich normaal 
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ontwikkelende kinderen en kinderen met een cerebrale parese (CP). Het 

eerste niveau (richtingspecificiteit) is actief vanaf jonge leeftijd. Jonge 

baby’s laten een groot variabel repertoire aan verschillende 

houdingsspieractiviteit zien. Het wel of niet ontstaan van richtingspecifieke 

activiteit lijkt gebaseerd op de aard van de verstoring van het evenwicht. Bij 

een grote verstoring (abrupte verplaatsing) wordt eerder consistente 

richtingsspecifieke activiteit in de houdingspieren gevonden dan tijdens een 

zelfgegenereerde verstoring, zoals het reiken naar een voorwerp. Het 

tweede niveau van houdingsregulatie ontstaat na de leeftijd van 3 

maanden. Vanaf die leeftijd ontstaat de capaciteit om houdingsregulatie 

aan te passen aan de invloeden van de context van de taak. Echter, een 

volwassen patroon ontstaat pas na de puberteit.  

Kinderen met CP ontwikkelen bijna altijd, maar wel trager, 

richtingspecifieke houdingsactiviteit. Er worden echter altijd problemen 

gevonden in de ontwikkeling van de finetuning (het tweede functionele 

niveau) van de houdingsactiviteit van kinderen met CP. De kleine 

hoeveelheid gegevens over het effect van interventie op de ontwikkeling 

van houdingsregulatie laat zien dat interventie gebaseerd op actieve trial en 

error ervaring mogelijk de ontwikkeling van houdingsregulatie positief 

beïnvloedt. Dit geldt zowel voor zich normaal ontwikkelende kinderen, als 

voor kinderen met een verhoogd risico op de ontwikkeling van motorische 

problematiek.  

In het laatste hoofdstuk worden de gegevens uit de hoofdstukken 2 

tot en met 5 gerelateerd aan het in hoofdstuk 1 besproken theoretisch 

kader, dat de basis was voor het onderzoeksontwerp en mogelijk leidt tot 

nieuwe feiten over de neuromotorische ontwikkeling en mogelijkheden voor 

interventie. De gegevens over de normale ontwikkeling passen binnen het 

theoretisch kader van de NGST/ BBD. Vanuit motorische activiteit, 
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gekenmerkt door variatie, ontstaat selectie van een voorkeurspatroon. 

Vanuit het theoretisch kader en de gevonden resultaten betwijfel ik of het 

eerste niveau van houdingsregulatie, in het perspectief van een 

voorgeprogrammeerde structuur, zoals een Centrale Patroon Generator 

(CPG), een aangeboren oorsprong heeft.  

Het lijkt erop dat centrale sturing (op hersenniveau centraal 

gegenereerde commando’s), die in dit hoofdstuk worden gekoppeld aan 

zogenaamde feedforward processen, ontstaat zodra de perifere coördinatie 

is ontstaan en via een feedback mechanisme de netwerken van input 

verschaft die niet meer rechtstreeks met de buitenwereld (via de zintuigen) 

communiceren. Dat wil zeggen, zodra bewegingen en activiteiten op 

perifeer niveau (lichaam, extremiteit, spierniveau) worden gekoppeld aan 

hogere (meer abstracte) neuronale netwerken, kunnen deze hogere 

netwerken, omgekeerd, centraal worden aangestuurd en hiermee 

vervolgens de perifere coördinatie (de automaten) worden aangestuurd. 

Edelman’s visie schrijft een belangrijke rol toe aan het ’waardesysteem’ in 

de ontwikkeling van de neuronale groepen die in staat zijn tot centrale 

sturing. Het waardesysteem is niet een tastbaar systeem of orgaan, maar 

bestaat uit de versterking van verbindingen tussen neuronale groepen door 

middel van overdracht van neurotransmitters als gevolg van de feedback 

van het systeem op de verrichte handeling (succesvol, prettig, enz.). Het 

waardesysteem kan binnen deze visie dus gezien worden als een feedback 

mechanisme dat reageert op de perifere coördinatie. Het verschil in effect 

van kussenondersteuning op GMs en SpM zou gebaseerd kunnen zijn op 

de werking van dit waardesysteem.  

Het effect op de SpM was prominenter aanwezig na de leeftijd van 

3 maanden dan daarvoor. De leeftijd van 3 maanden blijkt een leeftijd van 

grote transities. Het is aannemelijk dat dit de leeftijd is dat het 
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waardesysteem begint te interacteren met de motorische ontwikkeling. 

Daarmee wordt 3 maanden de meest veelbelovende leeftijd om te starten 

met interventie, omdat het systeem vanaf dan in staat is om te leren van de 

interactie met de omgeving. Deze leeftijd valt dan ook midden in de periode 

die in hoofdstuk 2 naar voren kwam als periode om te starten met 

interventie, namelijk tussen 28 weken post menstruele leeftijd en 15 

maanden postnatale leeftijd.  

Het mogelijke succes van het starten met interventie op de leeftijd 

van 3 maanden wordt ondersteund door de eerste resultaten van het 

Vroegtijdige Interventie Project (hoofdstuk 5). In dit project wordt bij 

kinderen met een verhoogd risico op het ontwikkelen van motorische 

problemen op de leeftijd van 3 maanden gestart met interventie. Uit de 

voorlopige resultaten blijkt dat de nieuw ontwikkelde COPCA interventie, 

die gebaseerd is op de ideeën van Edelman, de ontwikkeling van 

richtingspecifieke houdingsactiviteit, de variabiliteit van de 

houdingsspieractiviteit en de mogelijkheid om een selectie te maken uit het 

repertoire van de houdingsspier activiteit bevordert. Echter, nog veel 

onderzoek is nodig om deze visie te ondersteunen. In het laatste hoofdstuk 

worden indicaties voor verder onderzoek gegeven.  
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Stellingen behorende bij het proefschrift: 
 

Time takes time to pass 
Considerations about neuro-motor development and early 

intervention 
 

Victorine de Graaf-Peters 
 
 

1) Alleen door ontwikkeling van motoriek ook als proces te begrijpen, worden 
mogelijkheden tot interventie inzichtelijk. (hoofdstuk 1) 

 
 

2) Het verklaren van complex menselijk gedrag als voortkomend uit neuronale 
structuren, is vergelijkbaar met het verklaren van het vinden van de 
bestemming van een autorit vanuit de werking van de ontsteking van de 
verbrandingsmotor. (hoofdstuk 1) 

 
 

3) Het gebruik van kussentjes ter ondersteuning van de houding onder 
schouders of pelvis, kan worden opgevat als een a-specifieke parameter die 
de dynamische ontwikkeling van specifiek motorisch gedrag van baby’s 
positief beïnvloedt. (hoofdstuk 3) 

 
 

4) Richtingspecifieke houdingsspieractiviteit is geen voorwaarde voor het leren 
reiken en grijpen; het beïnvloedt echter wel de kwaliteit van de 
reikbeweging. (hoofdstuk 4) 

 
 
5) Drie maanden lijkt de meest veelbelovende leeftijd om te starten met 

vroegtijdige interventie voor kinderen met een verhoogd risico op het 
ontwikkelen van motorische problematiek (hoofdstuk 3, 5 en 6) 

 
 

6) “De vernietigende droom van de moderne maatschappij: het verwachten 
van oneindige groei uit een eindige bron.” (Eveline Nieuwenhuis) 

 
 

7) “Een huwelijk is samen proberen problemen op te lossen die je individueel 
niet had gehad.” (Gerrit Klaassen) 

  
 

8) “Als oorlog zou worden betaald door inzameling bij burgers en 
vluchtelingenhulp vanuit algemene middelen, dan zou oorlog snel afgelopen 
zijn." (Miranda Döll) 

 
 

9) “Vergeetachtigheid is een vorm van vrijheid.” (Khalil Gibran) 
 
 

10) “Bij gebrek aan kennis, is de zekerheid groot.” (Leo van Eykern) 
 
 


