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ABSTRACT 

Gait is a complex human motor activity with walking being considered the most im-

portant mode of locomotion. Engaging in concurrent tasks while walking is routine in daily 

life, and although walking is a highly practiced task, dual tasking has shown to alter gait per-

formance, revealing the involvement of cognitive processes in gait control. Yet for children, 

research on single- and dual-task walking is scarce. This cumulative dissertation comprises 

five articles that extend the research on gait in children with and without developmental risks 

and disorders. The samples in the research were 138 typically developing children, 44 very 

preterm children, 32 children with autism spectrum disorder (ASD), and 30 children with at-

tention deficit/hyperactivity disorder (ADHD). For gait analysis (i.e., measurements of spatio-

temporal and variability gait parameters) the GAITRite system was used. Single-task walking 

was investigated in children with ASD whereas the gait of the other children was further as-

sessed while they concurrently performed motor and cognitive tasks. Findings for typically 

developing children showed an increase in gait maturation with increasing age in single- and 

dual-task conditions, indicating that in middle childhood gait is still developing. Further, re-

sults revealed a developmental delay in gait variability in children with ASD and ADHD, in-

dicating that these children walk less regularly than controls. Dual tasking caused gait altera-

tions in all children, indicating that walking is not an automatic activity but rather requires 

cognitive processes. Finally, in typically developing children and children with ADHD, a mo-

tor concurrent task had a greater effect on gait than a cognitive concurrent task, possibly be-

cause it competes more strongly with walking for processing resources. The present results 

emphasize that gait forms an important part of children’s motor development with matura-

tional changes across childhood and support the idea that cognitive processes are involved in 

the control of gait. Furthermore, they highlight the necessity to account for the type of concur-

rent task in dual-task walking paradigms and the careful selection and interpretation of the 

gait parameters under consideration.  
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1. Introduction 

The human body is designed for efficient motion, which includes the bipedal gait 

(Keen, 1993). Furthermore, while there are various ways allowing us to independently move 

through our environment, the most common mode of locomotion is the walking gait (Adolph, 

Vereijken, & Shrout, 2003; Sparrow, 2000). Walking involves the interplay of neural and 

musculoskeletal systems to produce coordinated limb movements (Hausdorff, 2007). There-

fore, gait performance can be an important marker of an individual’s motor functioning (e.g., 

Lord, Galna, & Rochester, 2013). For adult samples, gait analysis has been recognized as a 

powerful tool for identifying symptoms of incipient pathology, tracking disease progression 

in clinical samples, measuring the efficacy of interventions, and predicting cognitive decline 

as well as falls (e.g., Amboni, Barone, & Hausdorff, 2013; Beauchet et al., 2009; Hausdorff, 

2005). For children, on the other hand, research on gait has mostly concentrated on the early 

years of life, with the onset of independent walking forming one of the most studied mile-

stones of infant motor achievement (Adolph et al., 2003). For the time after infancy, prelimi-

nary findings have indicated that gait analysis can reveal disorder-related walking characteris-

tics that along with other signs and symptoms can provide important information on a child’s 

development, including motor functioning (e.g., Drillis, 1958; Dusing & Thorpe, 2007). 

However, gait characteristics have so far only rarely been included in investigations of chil-

dren’s motor functioning during childhood. Therefore, research on gait characteristics of chil-

dren at risk for impairments in motor functioning, including children with developmental 

risks such as very preterm birth (i.e., birth before the 32nd gestational week) or developmen-

tal disorders (e.g., autism spectrum disorder, ASD; attention deficit/hyperactivity disorder, 

ADHD), is only emerging. 

In everyday life we usually walk and concurrently perform tasks such as fastening 

jacket buttons or listening to someone talk. Studies investigating adults as well as children 

(e.g., Hung, Meredith, & Gill, 2013; Woollacott & Shumway-Cook, 2002) have shown that 
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gait performance is affected in such dual-task walking conditions, indicating that cognitive 

processes such as executive functions are involved in the control of gait. Studies with adult 

samples have also revealed that gait changes related to dual tasking become stronger with in-

creasing age and are particularly profound in neurological patients with impairments in execu-

tive functions (e.g., Al-Yahya et al., 2011; Beurskens & Bock, 2012; Sheridan, Solomont, 

Kowall, & Hausdorff, 2003; Yogev et al., 2005). For children, previous studies showed that 

effects of a concurrent task on walking decrease with increasing age, indicating that dual-task 

gait is still developing during childhood (Abbruzzese et al., 2014; Boonyong, Siu, van Don-

kelaar, Chou, & Woollacott, 2012). However, for child samples including subjects with im-

pairments in executive functions such as children with ADHD (e.g., Wilding, 2005) or chil-

dren born very preterm (e.g., Mulder, Pitchford, Hagger, & Marlow, 2009), little is known re-

garding the role that such impairments may play in dual-task gait.  

The present dissertation aims to extend current knowledge on gait development of 

children with and without developmental risks and disorders. Specifically, we investigated 

single- and dual-task walking along with the effects of age and type of concurrent task on var-

ious gait parameters with a variety of samples: typically developing children (Article 1), chil-

dren born very preterm (Article 2), children with ASD (Article 3), and children with ADHD 

(Articles 4 and 5).  

Chapter 2 provides an overview of the existing theoretical and empirical background 

relevant to this dissertation. Chapter 3 presents the research questions derived from the theo-

retical and empirical background. Chapter 4 gives a short description of the individual studies 

and samples, as well as an overview of the corresponding measures and scales along with the 

procedures used in gait analysis. Chapter 5 comprises a synopsis of the results, which is fol-

lowed in Chapter 6 by a general discussion of the main findings and suggestions for future re-

search.   
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2. Theoretical Background 

2.1 Gait 

Gait is defined as a form of bipedal locomotion, which is achieved through the move-

ment of different body segments and the forward propulsion of the body’s center of gravity 

(Bruijn, Meijer, Beek, & Van Dieën, 2013). Furthermore, gait is a remarkably complex motor 

skill involving interactions between the neural networks in the central nervous system and the 

intraspinal nervous system on the one hand and the mechanical periphery consisting of bones 

and muscle on the other (Scafetta, Marchi, & West, 2009). That is, while neural control sys-

tems are responsible for coordinating limb movements, with muscles receiving commands 

from the nervous system, sensory information is also sent back that modifies the activity of 

the central neurons (Hausdorff, 2007; Scafetta et al., 2009). Gait assessment is therefore a 

useful method of exploring brain–behavior relationships by means of examining the integrity 

of the central nervous system, and it provides an important marker of an individual’s motor 

functioning (Lord et al., 2013).  

2.2 Gait parameters and their measurement  

Gait is a cyclic activity involving a sequence of strides, which can be characterized by 

spatiotemporal and variability parameters (Hausdorff, 2007; Lord et al., 2013). Spatiotem-

poral characteristics are expressed as the mean of multiple strides and include, for example, 

measures of gait velocity (obtained by dividing the distance traveled by ambulation time, ex-

pressed in centimeters per second), stride length (the distance between the heel points of two 

consecutive footfalls of the same foot, expressed in centimeters), stride time (the time elapsed 

between the first contact of two consecutive footfalls of the same foot, expressed in seconds), 

and base of support (the perpendicular distance from heel point of one footfall to the line of 

progression of the opposite foot, expressed in centimeters). To account for participants’ 

height or leg length, normalized spatiotemporal gait parameters may be used (Dusing & 

Thorpe, 2007; Hof, 1996; Stansfield et al., 2003). While gait velocity as a general indicator of 
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functional performance is the most commonly reported gait outcome (Al-Yahya et al., 2011), 

stride length and stride time reflect gait patterning (Gabell & Nayak, 1984), and base of sup-

port measures equilibrium (Nayate et al., 2012). Variability parameters of gait, on the other 

hand, reflect stride-to-stride fluctuations in spatiotemporal parameters, which are sensitive to 

subtle physiological changes such as neural maturation and are believed to reflect the automa-

ticity and regularity of gait (cf. Hausdorff, 2005). One possibility of measuring variability in 

spatiotemporal gait parameters is the calculation of the percentage coefficient of variation 

(CV = standard deviation/mean × 100). 

Measurements of spatiotemporal and variability gait parameters can be obtained by 

various methods, including paper-and-pencil tests (McDonough, Batavia, Chen, Kwon, & 

Ziai, 2001), electronic foot switches, and video-based analysis. However, most of these meth-

ods are labor intensive and time consuming (Bridenbaugh & Kressig, 2010; McDonough et 

al., 2001). To improve the feasibility of assessing spatiotemporal and variability gait parame-

ters, several electronic walkway systems have been developed such as the GAITRite system 

(GAITRite Platinum; CIR Systems, USA). It consists of a portable walkway with grids of 

embedded, pressure-sensitive sensors and allows a computerized calculation of gait parame-

ters with proven validity and reliability for adults and children (Bilney, Morris, & Webster, 

2003; Cutlip, Mancinelli, Huber, & DiPasquale, 2000; McDonough et al., 2001; Thorpe, 

Dusing, & Moore, 2005; Van Uden & Besser, 2004). Furthermore, it does not require the 

placement of any devices on the person, and subjects can wear their normal shoes and clothes, 

which makes it possible to assess gait performance as it is exhibited under everyday circum-

stances.  

2.3 Gait in typically developing children  

Typically developing children master independent walking, commonly defined as tak-

ing a minimum of five unaided steps, at approximately 12 to 14.5 months of age (Piper, 1994; 

Storvold, Aarethun, & Bratberg, 2013). The subsequent gait development is characterized by 
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rapid improvements over the following months (Adolph et al., 2013) until by the age of 3 

years the visually apparent unsteadiness in walking has been replaced by a more stable gait 

pattern (Sutherland, Olshen, Biden, & Wyatt, 1988). With increasing age children show more 

subtle improvements in spatiotemporal gait parameters (e.g., enhanced gait velocity and step 

length) before reaching a mature gait pattern at about 7 years (e.g., Adolph et al., 2013; Hill-

man, Stansfield, Richardson, & Robb, 2009; Holm, Tveter, Fredriksen, & Vollestad, 2009). 

Gait variability, on the other hand, further develops beyond this age with gait becoming more 

regular during middle and late childhood before reaching maturity in adolescence (Froehle, 

Nahhas, Sherwood, & Duren, 2013; Hausdorff, Zemany, Peng, & Goldberger, 1999; Hillman 

et al., 2009; Lythgo, Wilson, & Galea, 2009, 2011). Thus, previous findings indicate that spa-

tiotemporal and variability gait parameters of typically developing children seem to undergo 

temporally distinct developmental trajectories with gait variability showing a later maturation 

than spatiotemporal gait parameters. To further investigate this assumption, Article 1 of the 

present dissertation included spatiotemporal as well as variability gait parameters and investi-

gated possible age-dependent differences in a large sample of typically developing school-

aged children.  

2.4 Gait in children with developmental risks and disorders  

Numerous studies have shown that children with developmental risk factors such as 

very preterm birth as well as children with developmental disorders such as ASD or ADHD 

are more likely to show impairments in motor development, including difficulties with gross 

and fine motor functions and coordination, compared to their typically developing peers (e.g., 

Goyen, & Lui, 2009; Van Damme, Simons, Sabbe & van West, 2015). However, although 

such impairments in motor development can lead to alterations in movement patterns, includ-

ing walking (Adolph et al., 2003; Kindregan, Gallagher, & Gormeley, 2015), gait characteris-

tics have rarely been included in investigations of children’s motor functioning, and research 

on gait characteristics of children with developmental risks and disorders is scarce. 
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2.4.1 Gait in children born very preterm. The incidence of very premature birth has 

been rising in the past two decades and the survival rate of children born very preterm without 

major impairments has increased due to improved neonatal care (Saigal & Doyle, 2008). 

However, even among generally well-developing preterm children there is evidence that they 

are at increased risk for several long-term sequels (Lemola, 2015), including impairments in 

motor development (De Kieviet, Piek, Aarnoudse-Moens, & Oosterlaan, 2009; Goyen, & Lui, 

2009). Previous studies with preterm children have indicated that the onset of independent 

walking is delayed (Gabriel et al., 2009; Jeng et al., 2008; Nuysink et al., 2013). In this vein, 

studies with preterm infants have shown that the measure of onset of independent walking re-

flects various degrees of motor delay (e.g., Jeng, Yau, Liao, Chen, & Chen, 2000) and that 

qualitative aspects of early leg movements such as coordination may predict subsequent neu-

rodevelopmental disorders (Vaal, Van Soest, Hopkins, Sie, & Van der Knaap, 2000; Jeng, 

Chen, Tsou, Chen, & Luo, 2004). Furthermore, during childhood and adolescence, preterm 

children show an increased risk for gross motor deficits in dynamic and static balance skills 

(e.g., one-leg standing or heel walking) compared to typically developing peers (e.g., Marlow, 

Hennessy, Bracewell, & Wolke, 2007). Hence, although motor impairments have been stud-

ied in very preterm children (De Kieviet et al., 2009; Goyen & Lui, 2009), gait development 

after infancy remains unexplored. The present dissertation aimed at filling this gap in research 

and investigated in Article 2 spatiotemporal and variability gait parameters in a sample of 

school-aged children born very preterm in comparison to a control group of full-term chil-

dren. 

2.4.2 Gait in children with ASD. For the neurodevelopmental disorder ASD—

characterized by the core symptoms of impairments of social communication and repetitive 

behaviors with limited interests (American Psychiatric Association, 2013)—previous findings 

show a delayed onset of independent walking (e.g., Provost, Lopez, & Heimerl, 2007; Segawa 

& Nomura, 1991) as well as differences in gait parameters compared to typically developing 
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controls during childhood. Regarding gait variability, studies have consistently reported high-

er values, indicating a less regular and less automatic gait pattern, among children with ASD 

(Nayate et al., 2012; Rinehart, Tonge, Bradshaw, et al., 2006; Rinehart, Tonge, Iansek, et al., 

2006) whereas results for spatiotemporal measures have been mixed, with some studies find-

ing reduced stride length and increased stride time for children with ASD compared to con-

trols (e.g., Lim, O’Sullivan, Choi, & Kim, 2016; Vernazza-Martin et al., 2005; Weiss, Moran, 

Parker, & Foley, 2013) and others reporting no group differences (e.g., Chester & Calhoun, 

2012; Rinehart, Tonge, Bradshaw, et al., 2006). This inconsistency in results for spatiotem-

poral gait parameters is possibly due to differences in methodology (i.e., different gait analy-

sis systems) and inclusion criteria (e.g., gender, age, intellectual functioning).  

Furthermore, while findings on outcomes during adolescence and adulthood suggest 

that in most cases ASD is a lifelong condition that involves persistent impairments in mental, 

linguistic, social, and motor abilities (Eaves & Ho, 2008; Nordin & Gillberg, 1998; Van 

Damme et al., 2015), there is evidence that a small percentage of children diagnosed with 

ASD lose their symptoms that support a diagnosis of ASD at some point during their life 

(Fein et al., 2013). However, so far, it has not been investigated whether this also holds true 

for gait development, that is, whether gait impairments of children with ASD normalize dur-

ing development or persist. Hence, important gaps in research on gait in children with ASD 

are evident. First, it has not been investigated whether a delayed onset of independent walking 

is associated with later gait development during childhood in subjects with ASD. Second, 

whereas recent studies indicated impairments in motor skills (for review see Paquet, Olliac, 

Golse, & Vaivre-Douret, 2015) and higher gait variability (e.g., Nayate et al., 2012) in chil-

dren with ASD, no study has so far investigated possible associations between motor skills 

and gait variability. Finally, it remains unclear whether with increasing age, gait variability 

measures of children with ASD decrease or remain persistent and nonconvergent toward that 

of typically developing subjects. Article 3 of the present dissertation sought to fill these gaps 



CHILDREN’S GAIT IN SINGLE- AND DUAL-TASK CONDITIONS 8 

 

in research by examining gait performance and collecting information on early motor mile-

stones as well as assessing motor skills of a larger sample covering a wider age range of chil-

dren with ASD than in previous studies. 

2.4.3 Gait in children with ADHD. A similar pattern of open research questions re-

lated to gait development during childhood emerges for ADHD—one of the most frequently 

diagnosed neurodevelopmental disorders in childhood, characterized by symptoms of age-

inappropriate impulsivity, hyperactivity, and inattention (American Psychiatric Association, 

2013). Results of two previous studies investigating gait in school-aged children with ADHD 

(off or without medication) found a tendency toward higher values in gait variability, such 

that children with ADHD showed a trend toward a less regular gait pattern compared to con-

trols, but the two groups did not differ in gait velocity (Leitner et al., 2007; Papadopoulos, 

McGinley, Bradshaw, & Rinehart, 2014). However, the sample sizes in both studies were 

small (16 and 14 children with ADHD respectively), which may have limited their power to 

detect statistically significant group differences in gait variability. Furthermore, similar to the 

results mentioned above in the context of ASD, findings exist showing that ADHD symptoms 

tend to improve with age and that children diagnosed with ADHD outgrow their symptoms in 

adulthood (Burke & Edge, 2013; Faraone, Biederman, & Mick, 2006). In contrast, other stud-

ies reported continuation of ADHD into adulthood and found persistent symptoms of inatten-

tion, disorganization, distractibility, and impulsivity (Fischer & Barkley, 2007). However, the 

questions regarding persistent or improving impairments have so far not been addressed in the 

context of gait development in children with ADHD. Thus, the first goal of Article 4 of the 

present dissertation was to replicate previous results indicating a tendency toward a less regu-

lar walking pattern in children with ADHD by including a larger sample than those used in 

the two previous studies (i.e., Leitner et al., 2007; Papadopoulos et al., 2014). Additionally, 

the second goal of Article 4 was to investigate whether gait variability in children with 
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ADHD decreases with increasing age toward that of typically developing children or whether 

it remains persistent and nonconvergent toward controls across age.  

2.5 Gait in dual-task conditions 

Engaging in cognitive and motor concurrent tasks while walking is routine in daily 

life. Such dual-task conditions have been shown to alter adults’ and children’s gait when 

compared to walking without an additional task (i.e., single-task walking), indicating that alt-

hough walking is a highly practiced task, the regulation of gait is not a fully automatic activity 

but rather requires cognitive processes such as executive functions (e.g., Woollacott & 

Shumway-Cook, 2002). Executive functions refer to higher cognitive processes that include 

the control and allocation of attentional resources necessary for adaptive planning of behav-

iors (Anderson, 2002). Dividing attention (e.g., as required in dual-task paradigms) can also 

be considered an example of an executive function task (Springer et al., 2006). Two theories 

have been used to explain dual-task effects on gait. The capacity-sharing theory proposes that 

attentional resources are limited in capacity and have to be shared between two tasks 

(Kahneman, 1973; Tombu & Jolicœur, 2003). Researchers have suggested that gait decre-

ments occur when the attentional demands of the concurrent task exceed the attentional re-

source capacity available (Huang & Mercer, 2001; Woollacott & Shumway-Cook, 2002). In 

contrast, the bottleneck theory (Pashler, 1994) proposes that two tasks that are performed 

simultaneously can only be carried out sequentially. This poses high demands on the capacity 

to switch between tasks, which in turn may lead to diminished performance in one or both of 

the tasks. However, there is currently no agreement on which theory best explains cognitive 

processing and dual-task effects (Yogev-Seligmann, Hausdorff, & Giladi, 2008). 

2.5.1 Dual-task gait in typically developing children. Most studies on dual-task ef-

fects on gait in typically developing children investigated spatiotemporal gait parameters such 

as gait velocity or stride length (e.g., Boonyong et al., 2012; Cherng, Liang, Hwang, & Chen, 

2007; Hung et al., 2013), whereas only a few studies investigated gait variability. These re-
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vealed inconsistent results, with some researchers reporting no effect of dual tasking (Ab-

bruzzese et al., 2014; Katz-Leurer, Rotem, & Meyer, 2013; Leitner et al., 2007) and others 

showing an increase in gait variability (Schaefer, Lövdén, Wieckhorst, & Lindenberger, 

2010). However, the sample sizes in these studies were small, limiting the statistical power of 

these analyses. Furthermore, two studies investigated age-dependent differences in dual-task 

gait and found that the effects of concurrent tasks on walking were stronger for younger than 

older children or adults (Abbruzzese et al., 2014; Boonyong et al., 2012). Hence, the investi-

gation of age-dependent differences in dual-task gait is also the subject of the present disserta-

tion, and Article 1 sought to extend existing research by investigating dual-task effects on 

spatiotemporal as well as variability gait parameters in a larger sample of typically developing 

children than previously studied. Finally, studies investigating children with developmental 

impairments have shown that children with motor and cognitive deficits are more vulnerable 

to dual-task gait decrements than typically developing children (e.g., Cherng, Liang, Chen, & 

Chen, 2009; Katz-Leurer, Rotem, Keren, & Meyer, 2011), which in turn may affect motor 

behavior (e.g., physical activity; Cairney et al., 2005), injury risk (Bloemers et al., 2011), and 

psychosocial functioning (i.e., risk of peer rejection, social and emotional problems; Bejerot, 

Plenty, Humble, & Humble, 2013). However, for typically developing children it remains un-

known whether an association between dual-task gait effects (i.e., change in gait from single- 

to dual-task walking conditions) and cognition, as well as motor behavior, injuries, and psy-

chosocial functioning, exists. This gap in research is addressed in Article 1 of the present dis-

sertation. 

2.5.2 Dual-task gait in children with impairments in executive functions. The as-

sociation between gait performance and impaired executive functions was initially investigat-

ed in adult samples with recent findings showing that dual-task effects on gait and particularly 

on gait variability are more profound in older individuals (Beurskens & Bock, 2012) and pa-

tients with neurological impairments who exhibited deficits in executive functions (Al-Yahya 
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et al., 2011). It is assumed that impaired executive functions contribute to stronger effects of 

dual tasking on gait by limiting the ability to devote the appropriate amount of attention to 

walking when concurrently performing another task (Hausdorff, 2005). This may also hold 

true for children with impairments in executive functions, such as children with severe post-

traumatic brain injury, for whom a study showed reduced gait velocity as well as higher gait 

variability in dual-task conditions compared to typically developing controls (Katz-Leurer et 

al., 2011).  

Impairments in executive functions have also been reported for children born very pre-

term (Aarnoudse-Moens, Weisglas-Kuperus, van Goudoever, & Oosterlaan, 2009; Hagmann-

von Arx et al., 2014; Mulder et al., 2009) but so far no study has investigated whether those 

impairments play a role in gait performance in dual-task conditions. Accordingly, Article 2 

aimed at filling this gap in research by examining whether spatiotemporal as well as variabil-

ity gait parameters would be more affected in very preterm than in full-term children when 

walking and concurrently performing tasks.  

ADHD has repeatedly been linked to deficits in executive functions (e.g., Gillberg, 

2003; Steger et al., 2001; Wilding, 2005; Willcutt, Doyle, Nigg, Faraone, & Pennington, 

2005), which may affect walking performance in dual-task conditions. However, so far only 

one study has investigated walking patterns of children with ADHD in a dual-task paradigm 

(Leitner et al., 2007). Results showed that a cognitive concurrent task significantly altered gait 

performance of children with ADHD but this dual-task effect on gait was comparable be-

tween children with and without ADHD (Leitner et al., 2007). As it may have been assumed 

that children with ADHD would show lower gait performance compared to controls when 

their impaired executive functions were additionally taxed by a concurrent task (Leitner et al., 

2007), Article 5 of the present dissertation aimed at shedding further light on dual-task walk-

ing of children with ADHD.  
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2.5.3 Effects of different concurrent tasks on gait. A previous investigation of dual-

task effects on gait among typically developing preschool children showed that gait altera-

tions are apparent for both motor and cognitive concurrent tasks but that effects on walking 

are stronger for a motor concurrent task compared to a cognitive concurrent task (Cherng et 

al., 2007). These findings can be interpreted from the perspective of the multiple-resource 

model of attention (Wickens, 1991) assuming that two tasks will interfere with each other if 

they share the same pool of resources. Hence, a cognitive concurrent task might not cause gait 

alterations to the same extent as a motor concurrent task that shares resources with walking 

(Yogev-Seligmann et al., 2008). Article 1 of the present dissertation tested this assumption for 

typically developing school-aged children by including a cognitive as well as a motor concur-

rent task while walking and investigated whether a motor concurrent task would affect gait 

parameters more strongly than a cognitive concurrent task. Furthermore, this assumption has 

so far not been investigated in children with ADHD since Leitner et al. (2007) included a 

cognitive but not a motor concurrent task in their study. Therefore, Article 5 aimed at filling 

this gap in research and investigated whether a motor concurrent task would affect gait per-

formance of children with ADHD more strongly than a cognitive concurrent task. 
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3. Research Questions 

The aim of the present dissertation is to extend existing research on gait development 

during childhood by examining spatiotemporal as well as variability gait parameters of typi-

cally developing children, children with the developmental risk factor of very preterm birth, 

and children with the developmental disorders ASD and ADHD. Thus, this dissertation in-

cludes investigations of walking conditions without an additional task (i.e., single-task walk-

ing) as well as dual-task conditions where children were asked to perform concurrent tasks 

while walking. In particular, within the scope of five articles the following research questions 

are addressed:  

1. Gait characteristics of typically developing children (Article 1) 

a. Is age related to gait (i.e., spatiotemporal and variability gait parameters) in single- and 

dual-task walking?  

b. Does a concurrent task affect spatiotemporal as well as variability gait parameters? 

c. Does a motor concurrent task affect gait more strongly than a cognitive concurrent task? 

d. Are fewer dual-task gait effects related to better cognitive performance, better motor 

behavior, lower injury risk, and fewer injuries, as well as higher psychosocial  

functioning? 

2. Gait characteristics of very preterm children (Article 2) 

a. Do very preterm children differ in gait (i.e., spatiotemporal and variability gait parame-

ters) compared to control children born full-term in single-task walking? 

b. Does a concurrent task affect spatiotemporal as well as variability gait parameters of 

very preterm children? 

c. Does a concurrent task affect gait of very preterm children more strongly compared to 

controls?  
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3. Gait characteristics of children with ASD (Article 3) 

a. Do children with ASD differ in gait (i.e., spatiotemporal and variability gait parameters) 

compared to typically developing control children in single-task walking? 

b. Do children with ASD and control children differ in their age of onset of independent 

walking and is there an association with gait variability? 

c. Do children with ASD and control children differ in their motor skills and are these 

skills associated with gait variability? 

d. Does gait variability of children with ASD show an age-dependent decrease and con-

verges toward that of control children? 

4. Gait characteristics of children with ADHD (Articles 4 and 5) 

a. Do children with ADHD differ in gait (i.e., spatiotemporal and variability gait parame-

ters) compared to typically developing control children in single-task walking? 

b. Does gait variability of children with ADHD show an age-dependent decrease and con-

verges toward that of control children? 

c. Does a concurrent task affect gait of children with ADHD more strongly compared to 

controls?  

d. Does a motor concurrent task affect gait of children with ADHD more strongly than a 

cognitive concurrent task? 
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4. Method 

Sections 4.1 and 4.2 provide an overview of the samples, measures, and corresponding 

scales of each article. Section 4.3 summarizes the gait analysis procedure and includes infor-

mation on the concurrent tasks the children performed while walking.  

4.1 Samples 

Article 1 (Hagmann-von Arx+, Manicolo+, Lemola, & Grob, 2016; +shared first 

authorship). In Article 1 we examined whether age is related to gait characteristics (i.e., spa-

tiotemporal and variability gait parameters) in single- and dual-task walking of typically de-

veloping school-aged children. Furthermore, we investigated whether a concurrent task af-

fects spatiotemporal as well as variability gait parameters and whether a motor concurrent 

task affects gait more strongly than a cognitive concurrent task. Finally, we examined whether 

fewer dual-task gait effects (i.e., lower change in gait velocity and gait variability from single- 

to dual-task walking) would be related to better cognitive performance, better motor behavior 

(i.e., higher sports participation), lower injury risk, and fewer injuries, as well as higher psy-

chosocial functioning (e.g., higher physical and psychological well-being, higher social ac-

ceptance). The sample of Article 1 was recruited from birth announcements in newspapers as 

well as from local schools and consisted of 138 typically developing school-aged children 

with a mean age of 10.0 years (SD = 1.5).  

Article 2 (Hagmann-von Arx, Manicolo, Perkinson-Gloor, Weber, Grob, & 

Lemola, 2015). In Article 2 we examined whether generally well-developing children born 

very preterm differ in their gait characteristics (i.e., spatiotemporal and variability gait param-

eters) compared to full-term control children in single-task walking. Furthermore, we investi-

gated whether concurrent tasks affect spatiotemporal as well as variability gait parameters of 

very preterm children. Finally, we examined whether concurrent tasks affect gait of very pre-

term children more strongly compared to controls. The sample of Article 2 consisted of 44 

very preterm children (< 32 weeks of gestation, mean birth weight = 1,423 g) with a mean age 
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of 9.5 years (SD = 1.3) who were recruited from an initial cohort of 260 very preterm chil-

dren, born between 2001 and 2006 and postnatally treated at the University Children’s Hospi-

tal Basel (Switzerland). This sample of 44 very preterm children included 20 children with 

very low birth weight (≤ 1,500 g; mean birth weight: 1,026 g) and 24 children with birth 

weight > 1,500 g (mean birth weight: 1,754 g). The comparison sample included 44 full-term 

children (> 37 weeks of gestation) with a mean age of 9.5 years (SD = 1.3) who were recruit-

ed from birth announcements in newspapers as well as from local schools.  

Article 3 (Manicolo+, Brotzmann+, Hagmann-von Arx, Grob, & Weber, submit-

ted; +shared first authorship). In Article 3 we examined whether children with ASD differ 

in gait characteristics (i.e., spatiotemporal and variability gait parameters) compared to typi-

cally developing controls in single-task walking. Furthermore, we investigated whether chil-

dren with ASD and controls differ in their age of onset of independent walking and whether 

an association with gait variability exists. Additionally, in Article 3 we investigated whether 

children with ASD and control children differ in their motor skills and whether these skills are 

associated with gait variability. Finally, we examined whether gait variability of children with 

ASD shows an age-dependent decrease and converges toward that of control children. The 

sample of Article 3 consisted of 32 children with ASD with a mean age of 9.2 years (SD = 

3.8) who were recruited from an initial cohort of 98 children diagnosed with ASD according 

to the ICD-10 (World Health Organization, 1992) and treated between 2008 and 2013 at the 

University Children’s Hospital Basel (Switzerland). Children with Asperger’s syndrome or 

pervasive developmental disorder not otherwise specified were not included in the study sam-

ple. For the control group, 36 typically developing siblings of participating children with ASD 

as well as children from private surroundings of coworkers were recruited (mean age: 9.0 

years; SD = 3.8).  

Article 4 (Manicolo, Grob, Lemola, & Hagmann-von Arx, 2016) and Article 5 

(Manicolo, Grob, & Hagmann-von Arx, submitted). In Article 4 we examined whether 
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children with ADHD differ in their gait characteristics (i.e., spatiotemporal and variability 

gait parameters) compared to typically developing control children in single-task walking. 

Furthermore, in Article 4 we investigated whether gait variability of children with ADHD 

shows an age-dependent decrease and converges toward that of control children. In Article 5 

we investigated whether a concurrent task affects gait of children with ADHD more strongly 

compared to controls and whether a motor concurrent task affects gait of children with ADHD 

more strongly than a cognitive concurrent task. The sample of Articles 4 and 5 consisted of 30 

children diagnosed with ADHD with a mean age of 10.9 years (SD = 1.5) who were recruited 

from privately practicing pediatricians and the University Children’s Hospital Basel (Switzer-

land). The inclusion criteria comprised an ADHD diagnosis according to DSM-IV (American 

Psychiatric Association, 1994) or ICD-10 (World Health Organization, 1992) and the diagno-

sis was confirmed by the Conners’ Parent Rating Scale (Conners, 2001). Following recom-

mendations by Thompson (2007), those children with ADHD who were being medicated dis-

continued medication at least 24 h before testing. A control group of 28 typically developing 

children with a mean age of 10.8 years (SD = 1.4) was recruited from local schools. 

4.2 Measures 

The measures and corresponding scales of each article are displayed in Table 1.  

4.3 Procedure 

The assessment of each child lasted approximately 1 to 3 h and consisted of different 

measures and corresponding scales depending on the study sample being investigated (see 

Table 1). However, gait analysis was performed with all children included in the present dis-

sertation. The gait parameters were measured using GAITRite, which consists of a 701-cm-

long walkway with 23,040 integrated pressure sensors and a 1.25-m-long nonrecordable zone 

on each end to minimize effects of acceleration and deceleration. Therefore, children walked 

approximately 10 m per walk and all gait analyses were performed according to the European 

guidelines for spatiotemporal analysis (Kressig, Beauchet, & European GAITRite Network 
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Group, 2006). For the sample of children with ASD and the corresponding control children, 

gait was investigated in single-task walking only, whereas for all other study samples (i.e., 

typically developing children, very preterm children, and children with ADHD, as well as cor-

responding control children) gait was further assessed while concurrently performing motor 

and cognitive tasks. The concurrent tasks were selected according to related and previously 

conducted research. All typically developing children included in Article 1 and all children 

with ADHD and control children included in Article 5 were asked to walk at their normal 

pace and simultaneously perform the cognitive task of listening to and memorize digits (i.e., 

digits task) and the motor task of fastening and unfastening a button at stomach height (i.e., 

button task) while walking. The concurrent digits and button tasks were also included in the 

investigation of children born very preterm and the corresponding control children included in 

Article 2. Additionally, two other concurrent tasks (one cognitive and one motor) were inves-

tigated: The cognitive concurrent task was naming animals at self-selected speed and rhythm 

and the motor concurrent task was carrying a tray (45 cm × 30 cm) loaded with seven table 

tennis balls. Hence, very preterm children and controls performed four dual-task walking 

conditions and, furthermore, their gait performance was assessed in three triple-task walking 

conditions. While triple-task walking, children were asked (1) to name animals and carry a 

tray with balls; (2) to listen to and memorize digits and carry a tray with balls; and (3) to lis-

ten to and memorize digits and fasten and unfasten a button.  
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Table 1   
Description of measures and corresponding scales of each article 

Article Measure Scale 

Article 1 

GAITRite Spatiotemporal gait parameter: Velocity  
Variability gait parameters: CV stride ve-
locity, CV stride time, CV stride length 

WISC-IV (Petermann & Petermann, 2011) Intelligence (full-scale IQ) 

CANTAB Executive functions 

Parents' report on children's motor behavior and 
injuries 

Participation in sports, number of injuries 

IBC (Brandau & Daghofer, 2010) Injury risk 

KIDSCREEN-52 (Ravens-Sieberer et al., 2008) Psychosocial functioning 

M-ABC-2 (Petermann, 2008) Motor skills, screening for DCD 

Article 2 

GAITRite Spatiotemporal gait parameters: Velocity, 
cadence, stride length, single support time, 
double support time, normalized velocity, 
normalized cadence, normalized stride 
length  
Variability gait parameters: CV stride ve-
locity, CV stride length 

WISC-IV (Petermann & Petermann, 2011) Intelligence (full-scale IQ), screening for in-
tellectual impairment 

M-ABC-2 (Petermann, 2008) Motor skills, screening for DCD 

IDS (Grob, Meyer, & Hagmann-von Arx, 2009) Subtest for selective attention 

SDQ (Goodman, 1997) Hyperactivity–inattention 

Article 3 

GAITRite Spatiotemporal gait parameters: Velocity, 
stride time, stride length, base of support  
Variability gait parameters: CV stride ve-
locity, CV stride time, CV stride length 

Parents' reports on children's age of achievement 
of motor milestones 

Sit upright autonomously, walk autono-
mously 

M-ABC-2 (Petermann, 2008) Motor skills 

Article 4 

GAITRite Spatiotemporal gait parameters: Velocity 
Variability gait parameters: CV stride 
length, CV stride time 

WISC-IV (Petermann & Petermann, 2011) Intelligence (full-scale IQ), screening for in-
tellectual impairment 

M-ABC-2 (Petermann, 2008) Motor skills, screening for DCD 

Article 5 

GAITRite Spatiotemporal gait parameters: Velocity, 
stride length, stride time 
Variability gait parameters: CV stride ve-
locity, CV stride length, CV stride time 

WISC-IV (Petermann & Petermann, 2011) Intelligence (full-scale IQ), screening for in-
tellectual impairment 

M-ABC-2 (Petermann, 2008) Motor skills, screening for DCD 

Note. WISC-IV = Wechsler Intelligence Scale for Children, 4th edition. CANTAB = Cambridge Neuropsy-
chological Test Automated Battery. IBC = Injury Behavior Checklist. M-ABC-2 = Movement Assessment 
Battery for Children, 2nd edition. IDS = Intelligence and Development Scales. SDQ = Strengths and Diffi-
culties Questionnaire. CV = Coefficient of variation (%). DCD = Developmental coordination disorder.  
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5. Synopsis of Results 

Chapter 5 summarizes the results of the articles included in the present dissertation ac-

cording to the research questions. 

5.1 Gait characteristics of typically developing children  

Results of Article 1 (Hagmann-von Arx, Manicolo et al., 2016) for typically develop-

ing school-aged children revealed that in single-task walking, age was not related to gait ve-

locity. However, when we accounted for differences in children’s leg length and accordingly 

normalized gait velocity, results revealed a negative relation between age and normalized ve-

locity, indicating that older children showed lower gait velocity than younger children. Fur-

ther, a negative relation was found between age and gait variability, such that younger chil-

dren walked with higher gait variability than older children. Regarding age-dependent dual-

task effects on gait, the results revealed that in the motor dual-task condition where children 

had to fasten and unfasten a button while walking (i.e., button task), age was positively relat-

ed to gait velocity, whereas no age-dependent dual-task effect on gait velocity was found in 

the cognitive dual-task condition where children were asked to listen to and memorize digits 

while walking (i.e., digits task). Additionally, in both dual-task conditions, age was negatively 

related to gait variability, such that younger children walked with higher gait variability than 

older children.  

In dual-task conditions where children were asked to walk and simultaneously perform 

the concurrent digits or button task, children walked with reduced gait velocity and normal-

ized gait velocity as well as increased gait variability compared to single-task walking. Fur-

thermore, the motor concurrent task altered gait performance more strongly than the cognitive 

concurrent task, such that children showed a greater decrease in gait velocity and normalized 

velocity as well as greater increase in gait variability when walking and performing the button 

task compared to the digits task. Finally, in Article 1 no associations between the change in 

gait from single- to dual-task conditions (i.e., dual-task gait effects) and cognitive perfor-
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mance, motor behavior, number of injuries, injury risk, or psychosocial functioning were re-

vealed.  

5.2 Gait characteristics of children born very preterm  

For single-task walking, our results of Article 2 (Hagmann-von Arx et al., 2015) 

showed that generally well-developing school-aged children born very preterm did not differ 

in spatiotemporal and variability gait parameters compared to control children born full-term. 

Furthermore, dual- and triple-task conditions interfered with gait, leading to decreased gait 

velocity, cadence (steps per minute), and stride length as well as increased single support time 

(the time elapsed between the last contact of the current footfall and the initial contact of the 

next footfall of the same foot, expressed in seconds), double support time (the time when both 

feet are on the floor, expressed in seconds), and gait variability compared to single-task walk-

ing in both preterm and full-term children. The same pattern of results emerged for both 

groups of children for normalized gait parameters, showing lower normalized velocity, lower 

normalized cadence, and lower normalized stride length in dual- and triple-task conditions 

compared to single-task walking. Results additionally showed a systematic decrease in stride 

velocity variability from preterm children with birth weight ≤ 1,500 g to preterm children 

with birth weight > 1,500 g to full-term children. This increase in stride velocity variability 

with decreasing maturity of the children at birth was most apparent in conditions in which the 

children had to listen to and memorize digits while walking. No significant group differences, 

however, emerged in spatiotemporal gait parameters, normalized gait parameters, or stride 

length variability.  

5.3 Gait characteristics of children with ASD 

Results of Article 3 (Manicolo, Brotzmann et al., submitted) showed that children with 

ASD walked with higher gait variability (i.e., higher variability for stride velocity, stride time, 

and stride length) and a wider base of support than controls. No group differences emerged 
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for gait velocity, stride time, or stride length, such that children with ASD did not show any 

significant alterations in these spatiotemporal gait parameters compared to controls.  

Furthermore, in Article 3 we found that children from the control group were able to 

walk autonomously at an earlier age (i.e., mean age 13.3 months) than children with ASD 

(i.e., mean age 16.4 months). However, results further showed that this early motor milestone 

was not associated with the development of gait regularity of children with ASD and controls 

later in childhood, since there was no significant association of the age of onset of walking 

autonomously with any measure of later gait variability.  

Results additionally revealed that compared to controls, children with ASD showed 

impaired motor skills, indicated by a lower overall score of the Movement Assessment Bat-

tery for Children, 2nd edition (M-ABC-2; Petermann, 2008) and lower scores in each of the 

areas examined by this test: manual dexterity, ball skills, and balance. For children with ASD, 

the M-ABC-2 overall score was negatively associated with gait variability, such that better 

motor skills went along with a more regular walking pattern (i.e., lower gait variability), 

whereas no such association was found for controls. Finally, results of Article 3 revealed that 

children with ASD displayed an age-dependent decrease in their gait variability toward that of 

typically developing control children. 

5.4 Gait characteristics of children with ADHD 

Article 4 (Manicolo et al., 2016) showed that in single-task walking, children with 

ADHD and control children had similar gait velocity and similar variability in stride length, 

whereas the two groups differed significantly in stride time variability, such that children with 

ADHD walked with higher variability than controls. Further, Article 4 also showed that age 

was negatively associated with gait variability in children with ADHD, indicating that with 

increasing age, gait became more regular and converged toward that of typically developing 

controls.    
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Results of Article 5 (Manicolo et al., submitted) showed that compared to single-task 

walking, dual tasking significantly affected walking performance of children with ADHD and 

typically developing controls (i.e., higher gait velocity, stride length, and gait variability as 

well as lower stride time), whereby dual-task effects on gait were comparable between the 

two groups. Finally, for children with ADHD and controls, the motor concurrent task affected 

gait performance more strongly than the cognitive concurrent task, such that children showed 

greater alterations in spatiotemporal and variability gait parameters when walking while per-

forming the button task compared to the digits task. 
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6. General Discussion 

The aim of the present dissertation was to expand current knowledge of gait character-

istics in children with and without developmental risks and disorders by investigating spatio-

temporal as well as variability gait parameters of typically developing children, children born 

very preterm, and children with ASD and ADHD when walking with and without concurrent 

tasks. 

6.1 Gait characteristics of typically developing children 

Results of Article 1 (Hagmann-von Arx, Manicolo et al., 2016) showed that while age 

was not related to gait velocity, a negative relation between age and normalized velocity as 

well age and gait variability emerged. Hence, when we accounted for children’s leg length, 

which was correlated with age and therefore may have confounded our results, older children 

walked with lower velocity than younger children. This finding contradicts previous results 

where normalized velocity was unaffected by age (Dusing & Thorpe, 2007). However, we 

normalized velocity to leg length (Hof, 1996), whereas Dusing and Thorpe (2007) normalized 

their data to height. Hence, because of the different methods of normalization, it is not possi-

ble to directly compare the results and draw conclusions. The negative relation between age 

and gait variability, on the other hand, is in line with previous research showing higher gait 

variability in younger compared to older typically developing children (Hausdorff et al., 

1999). These results provide evidence that gait variability may be more sensitive to more sub-

tle physiological changes such as neural maturation than spatiotemporal gait parameters 

(Hausdorff, 2005) and that gait variability continues to develop into adolescence. At the same 

time, our results highlight the importance of not only assessing spatiotemporal gait parameters 

but also considering gait variability as an index of gait automaticity and regularity when in-

vestigating typically developing children’s gait maturation, because these gait measures seem 

to undergo temporally distinct developmental trajectories.  
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Compared to single-task walking, dual-task conditions caused children to walk with 

reduced gait velocity and normalized gait velocity as well as increased gait variability, which 

is in accordance with previous research (Boonyong et al., 2012; Cherng et al., 2007; Hung et 

al., 2013). Hence, our results further support the notion that also for children, gait is not a ful-

ly automatic activity but rather requires cognitive processes such as executive functions (e.g., 

Woollacott & Shumway-Cook, 2002). Furthermore, our results concerning age-dependent du-

al-task effects confirm previous findings (Boonyong et al., 2012) by showing that younger 

children walked with lower gait velocity than older children when walking and concurrently 

fastening and unfastening a button. Accordingly, we found that younger children walked with 

higher gait variability than older children in both dual-task conditions (i.e., digits and button 

task), confirming that dual-task gait is still developing in middle childhood (Abbruzzese et al., 

2014). 

We were further able to show that dual-task effects on walking differed between the 

two types of concurrent tasks, with the motor concurrent task (i.e., button task) causing great-

er gait alterations in spatiotemporal and variability parameters than the cognitive concurrent 

task (i.e., digits task). These findings can be interpreted from the perspective of the multiple-

resource model of attention (Wickens, 1991) that assumes that two tasks will interfere with 

each other if they share the same pool of resources. Walking requires visual input and further 

involves the response of moving and controlling body segments, which can be subsumed un-

der the term somatosensation (cf. Cherng et al., 2007). The motor concurrent button task also 

requires visual input as well as a somatosensory response. In contrast, the cognitive concur-

rent digits task requires auditory input and involves a vocal response. According to these as-

sumptions, the button task competes more strongly for processing resources with walking 

(i.e., visual input and somatosensory response) than the digits task, which may explain why 

greater dual-task gait decrements were found for the motor compared to the cognitive dual-

task walking condition. 
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Finally, our results revealed that no association between the change in gait from sin-

gle- to dual-task conditions (i.e., dual-task gait effects) and cognition as well as other aspects 

of children’s development (e.g., motor behavior, number of injuries) exists. Since we were the 

first to investigate such associations in a sample of typically developing children, our results 

provide preliminary evidence that dual-task gait effects are not related to these aforemen-

tioned aspects of child development during middle childhood. However, the dual-task gait 

decrements apparent in Article 1 (Hagmann-von Arx, Manicolo et al., 2016) support the no-

tion that also among typically developing children, cognitive processes play an important role 

in gait control. 

6.2 Gait characteristics of children born very preterm  

Our results reported in Article 2 (Hagmann-von Arx et al., 2015) showed that concur-

rent task performance while walking altered spatiotemporal and variability gait parameters of 

children born very preterm and control children born full-term, thus further supporting the no-

tion that gait requires cognitive processes such as executive functions (Woollacott & Shum-

way-Cook, 2002). Furthermore, while in single-task walking children born very preterm did 

not differ in spatiotemporal and variability gait parameters compared to controls, concurrent 

task performance in dual- and triple-task conditions revealed group differences in stride ve-

locity variability, with a systematic decrease in stride velocity variability from preterm chil-

dren with birth weight ≤ 1,500 g to preterm children with birth weight > 1,500 g to full-term 

children. These findings are in line with research showing that motor impairments occur more 

frequently in preterm children who were less mature at birth (De Kieviet et al., 2009; Erikson, 

Allert, Carlberg, & Katz-Salamon, 2003). Furthermore, higher gait variability is also present 

in individuals who exhibit impairments in executive functions (e.g., Hausdorff, 2005; Sheri-

dan et al., 2003; Yogev et al., 2005; Yogev-Seligmann et al., 2008), suggesting that deficits in 

executive functions in preterm children (Aarnoudse-Moens et al., 2009; Hagmann-von Arx et 

al., 2014; Mulder et al., 2009) may have contributed to higher stride velocity variability when 
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comparing the group of preterm children to controls reported in Article 2 (Hagmann-von Arx 

et al., 2015). Further, the systematic increase in stride velocity variability with decreasing ma-

turity of the children at birth was most apparent in conditions in which children had to listen 

to and memorize digits. This finding is consistent with a previous study reporting that a con-

current auditory task showed the largest interference effect on gait in typically developing 

children (Huang, Mercer, & Thorpe, 2003), suggesting that walking while performing a task 

requiring continuous processing of new auditory information is particularly difficult. Since no 

group differences, however, emerged for spatiotemporal and normalized gait parameters, our 

results further support the notion that gait variability may provide a more discriminant and 

sensitive measure of gait than other gait variables (Hausdorff, 2005).  

6.3 Gait characteristics of children with ASD 

In accordance with previous studies (Nayate et al., 2012; Rinehart, Tonge, Bradshaw, 

et al., 2006; Rinehart, Tonge, Iansek, et al., 2006), we found in Article 3 (Manicolo, Brot-

zmann et al., submitted) that children with ASD walked with higher gait variability along with 

a wider base of support, indicating a less regular and less steady walking pattern than typical-

ly developing controls (Nobile et al., 2010; Shetreat-Klein, Shinnar, & Rapin, 2012). Fur-

thermore, our results showed no group differences in gait velocity, stride time, or stride length 

and, therefore, confirmed previous findings reporting no significant alterations in these spatio-

temporal gait parameters in children with ASD compared to controls (Rinehart, Tonge, Brad-

shaw, et al., 2006; Rinehart, Tonge, Iansek, et al., 2006). Hence, as mentioned above for very 

preterm children, the here-reported findings for children with ASD highlight the importance 

of investigating gait variability, providing a discriminant and sensitive measure of gait per-

formance (Hausdorff, 2005).  

In line with results of previous studies (Ozonoff et al., 2008; Provost et al., 2007; Seg-

awa & Nomura, 1991; Teitelbaum, Teitelbaum, Nye, Fryman, & Maurer, 1998), our data 

from parents’ reports showed that children from the ASD group reached the motor milestone 
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of walking autonomously later (i.e., mean age 16.4 months) than controls (i.e., mean age 13.3 

months). However, results for children with and without ASD further showed that this early 

motor milestone was not associated with later gait regularity. As we were the first to investi-

gate such associations, our findings provide preliminary evidence to refute the assumption 

that the age of reaching the motor milestone of walking autonomously during infancy will 

predict later gait development during childhood among subjects with ASD. Nevertheless, the 

information on early motor milestones is based on retrospective parental reports and hence 

needs to be interpreted with caution. 

Our results additionally revealed that children with ASD not only showed significant 

difficulties with motor skills, indicated by a lower M-ABC-2 overall score as well as lower 

skills in each area examined by this test (i.e., manual dexterity, ball skills, balance), but also 

that among children with ASD, better motor skills went along with a more regular walking 

pattern, indicated by lower gait variability, whereas no such association was found for con-

trols. Hence, while our findings on impaired motor skills in children with ASD replicate pre-

vious findings (e.g., Green et al., 2002, 2009; Hilton et al., 2007; Liu & Breslin, 2013), our 

results are the first to show that those impairments in motor skills are associated with gait 

regularity in children with ASD. Thus, gait regularity may form a further dimension of motor 

dysfunction associated with ASD (Paquet et al., 2015) and may be part of a more general im-

pairment in movement ranging from fine and gross motor skills measured by the M-ABC-2 to 

the planning and execution of skilled motor sequences such as walking (Minshew, Sung, 

Jones & Furman, 2004). 

Finally, we were the first to show that gait variability of children with ASD displayed 

an age-dependent decrease toward that of controls, indicating that their gait performance be-

comes more regular with increasing age and converges toward that of typically developing 

controls. A possible explanation for this result may lie in the reported delay in brain matura-

tion in prefrontal brain structures of children with ASD (Zilbovicius et al., 1995), which, 
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among other things, include higher order motor control regions (Shaw et al., 2007, 2012). 

However, the cerebellum, which is significantly involved in motor movement and locomotor 

activity (e.g., Anderson, Polcari, Lowen, Renshaw, & Teicher, 20014; Pasini, D’Agati, Pitzi-

anti, Casarelli, & Curatolo, 2012), may also have played a role in our finding of a develop-

mental delay in gait regularity among children with ASD, since previous studies reported ab-

normalities such as volume reduction in children with ASD (Dougherty, Evans, Myers, 

Moore, & Michael, 2015). Still, these explanations regarding neural underpinnings are only 

assumptions because we were not able to directly investigate a possible association between 

brain maturation, structural abnormalities, and gait patterns in children with ASD.  

6.4 Gait characteristics of children with ADHD 

In accordance with previous research, results of Article 4 (Manicolo et al., 2016) indi-

cate that compared to controls, children with ADHD showed similar gait velocity and similar 

stride length variability but significantly higher variability in stride time in single-task walk-

ing. These results lend support to the notion of a less regular gait pattern in children with 

ADHD compared to typically developing children (Leitner et al., 2007; Papadopoulos et al., 

2014) and at the same time highlight once more the importance of including gait variability as 

a sensitive and discriminant measure in gait assessment (Hausdorff, 2005). Given that gait 

variability has been linked to executive functions in adult samples (Amboni et al., 2013), def-

icits in executive functions associated with ADHD (Willcutt et al., 2005) may have contribut-

ed to the alterations in gait variability among children with ADHD reported in this disserta-

tion. However, deeper brain structures such as the basal ganglia and the cerebellar vermis are 

also known to be involved in the regulation of locomotor activity (Engström, Van’t Hooft, & 

Tedroff, 2012), often referred to as “motor control” (Leitner et al., 2007). Thus, the alterations 

in gait variability reported here might be related not only to executive functions associated 

with frontal brain regions (Silk et al., 2005) but also to subcortical motor structures.  
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Furthermore, our results showed that children with ADHD displayed an age-dependent 

decrease in their gait variability and therefore an increase in gait regularity toward that of con-

trols. This may indicate that children with ADHD lag behind in their gait development com-

pared to typically developing children but eventually approach normality with increasing age 

(Burke & Edge, 2013). Further support for this assumption stems from neurodevelopmental 

findings showing that children with ADHD display a delay in brain maturation—particularly 

in prefrontal regions important for cognitive processes, including executive functions, and al-

so for motor planning—but that brain maturation eventually converges toward typically de-

veloping controls (Shaw et al., 2007). Therefore, one could hypothesize that this maturational 

delay in prefrontal regions may be associated with the here-reported maturational process in 

gait regularity in children with ADHD. However, as mentioned above regarding possible neu-

ral underpinnings of gait alterations in children with ASD, we explored neither potential un-

derlying mechanisms nor the origins of the neural control related to gait variability and its 

possible association with brain maturation in children with ADHD. 

Additionally, in Article 5 (Manicolo et al., submitted) we found that dual-task effects 

on gait are apparent for a cognitive and a motor concurrent task: When listening to and mem-

orizing digits and when unfastening and fastening a button while walking, both children with 

ADHD and typically developing controls showed a decrease in gait velocity and stride length 

whereas stride time and all measures of gait variability increased compared to single-task 

walking. For children with ADHD our results are therefore the first to show that not only a 

cognitive concurrent task (Leitner et al., 2007) but also a motor concurrent task affects gait 

performance. Further, our results are in line with previous research showing that in typically 

developing children, cognitive (Boonyong et al., 2012; Huang et al., 2003) and motor (Cherng 

et al., 2007; Hung et al., 2013) concurrent tasks affect gait. Hence, as mentioned above for 

very preterm children (i.e., Article 2; Hagmann-von Arx et al., 2015) as well as for typically 

developing children (i.e., Article 1; Hagmann-von Arx, Manicolo et al., 2016), the results 
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showing dual-task gait effects in children with ADHD and controls further support the notion 

that gait is not a fully automatic activity but rather requires cognitive processes (Woollacott & 

Shumway-Cook, 2002). At the same time, our results show that children with ADHD and 

controls did not differ in any gait parameter in both dual-task conditions. This is in contrast to 

our hypothesis included in Article 5 (Manicolo et al., submitted) stating that children with 

ADHD will show more strongly compromised dual-task gait performance compared to chil-

dren without ADHD. Since impaired executive functions are common for children with 

ADHD (e.g., Gillberg, 2003; Steger et al., 2001; Wilding, 2005; Willcutt et al., 2005), these 

results may to some extent contradict previous findings reporting a link between impaired ex-

ecutive functions and poorer gait performance in dual-task conditions among healthy older 

adults compared to healthy young adults (Beurskens & Bock, 2012) and among clinical adult 

samples compared to healthy controls (Sheridan et al., 2003; Yogev et al., 2005). However, 

our results are in line with Leitner et al. (2007) reporting that the effect of dual tasking on gait 

was comparable between children with and without ADHD. 

Finally, in line with the findings mentioned above for Article 1 (Hagmann-von Arx, 

Manicolo et al., 2016) with typically developing children, our results showed that dual-task 

effects on walking differed between the two types of concurrent tasks: For children with 

ADHD as well as for controls, the motor concurrent button task caused a greater decrease in 

spatiotemporal gait parameters and a greater increase in gait variability than the cognitive 

concurrent digits task. Therefore, this finding is in line with previous research indicating a 

greater dual-task gait effect for a motor than for a cognitive concurrent task (Cherng et al., 

2007) and can also be interpreted from the perspective of the multiple-resource model of at-

tention that assumes two tasks will interfere with each other if they share the same pool of re-

sources (Wickens, 1991). Hence, not only for typically developing controls but also for chil-

dren with ADHD, the motor concurrent button task possibly interfered more strongly with 
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walking regarding processing resources and therefore caused a greater dual-task gait effect 

than the cognitive concurrent digits task.   

6.5 Strengths and Limitations 

An important strength of the present dissertation is the inclusion of different study 

samples, offering the opportunity to investigate gait characteristics of children following typi-

cal development as well as further focus on gait characteristics of children with a develop-

mental disorder such as ASD and ADHD or a developmental risk factor such as preterm birth. 

In this vein, the present dissertation addresses a broad range of important research questions 

related to gait development and therefore extends the still limited knowledge on gait charac-

teristics of clinical and nonclinical child samples. At the same time, we were able to recruit 

large study samples covering a wide age range. Especially for the samples of children with a 

developmental risk or a developmental disorder we were able to investigate larger numbers of 

children than in previous studies. 

A further strength is the inclusion of homogenous cohorts of children in the clinical 

samples. Given that previous studies indicated differences between children with Asperger’s 

syndrome and children with infantile or atypical autism in their neurological basis, clinical 

characteristics, and comorbidities (Remscheid & Kamp-Becker, 2007) as well as differences 

in motor performance (Papadopoulos et al., 2012) including gait patterns (e.g., Rinehart, 

Tonge, Bradshaw, et al., 2006), we included only children with infantile and atypical autism 

and excluded children with Asperger’s syndrome or pervasive developmental disorder not 

otherwise specified from our study sample. Furthermore, typically developing children, in-

cluding all control children, as well as children with ADHD and very preterm children were 

screened for developmental coordination disorder and were excluded from the study sample if 

significant motor impairment was indicated by an M-ABC-2 overall score below the 16th 

percentile (Petermann, 2008).  
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Another strength of the present dissertation is that gait characteristics were assessed 

using the electronic GAITRite system, which has proved to be a valid and objective method 

for measuring gait parameters in children and offers the possibility of reliably identifying sub-

tle changes in gait (Thorpe et al., 2005). Furthermore, during gait assessment children wore 

their normal clothes and shoes and it was therefore possible to assess gait performance as it is 

exhibited under daily circumstances.   

Although the present dissertation has a number of strengths and is able to provide im-

portant knowledge related to gait characteristics in children with and without developmental 

risks and disorders, it also has its limitations. Regarding gait assessment, the walkway system 

GAITRite allowed us to analyze spatiotemporal gait parameters and to calculate variability 

measures thereof. However, GAITRite allows neither the investigation of peculiar walking 

patterns such as toe walking, which has previously been reported for children with ASD (Ac-

cardo & Barrow, 2015; Barrow, Jaworski, & Accardo, 2011; Marcus, Sinnott, Bradley, & 

Grey, 2010) and children with ADHD (Engström et al., 2012), nor the qualitative analysis of 

gait motion, such as head and trunk posturing (Rinehart, Tonge, Bradshaw, et al., 2006) or ki-

netic gait parameters (Chester, Tingley, & Biden, 2006).  

A further limitation is that our analyses were performed on cross-sectional data. How-

ever, the testing of developmental trends and changes as well as maturational patterns in sin-

gle- and dual-task walking should be based on longitudinal data, ideally including the objec-

tive assessment of infant prewalking motor milestones.       

As mentioned above, along with typically developing children and children from the 

preterm sample, participating children with ADHD were screened for developmental coordi-

nation disorder to make sure that none had significant motor impairments, which could have 

interfered with their gait performance. However, up to 47% of children with ADHD and up to 

41% of preterm children meet diagnostic criteria for developmental coordination disorder 

(Edwards et al., 2011; Kadesjö & Gillberg, 2003; Martin, Piek, Baynam, Levy, & Hay, 2010; 
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Tervo, Azuma, Fogas, & Fiechtner, 2002; Williams, Lee, & Anderson, 2010) and hence our 

results cannot be generalized to individuals with a co-morbid diagnosis. Additionally, chil-

dren with ADHD were not classified according to any ADHD subtype and we were therefore 

not able to investigate whether gait characteristics differ between subtypes.  

Finally, our sample of children with ASD included children being medicated as well 

as children without medication. However, because of the small number of children being 

medicated (i.e., nine children), we could not investigate possible medication effects and our 

findings therefore cannot be generalized to drug-naïve subjects with ASD.  

6.6 Conclusions and Outlook 

Taken together, the results of the present dissertation indicate that gait forms an im-

portant part of children’s motor functioning and undergoes significant developmental changes 

across childhood. In this vein, findings from Article 1 (Hagmann-von Arx, Manicolo et al., 

2016), Article 3 (Manicolo, Brotzmann et al., submitted), and Article 4 (Manicolo et al., 

2016) with typically developing children and children with ASD and ADHD showed age-

dependent gait alterations, indicating that gait is still developing during middle childhood. 

Furthermore, when compared to typically developing controls, both children with ASD and 

children with ADHD displayed a delay in gait development, indicated by a higher gait varia-

bility, which decreased with increasing age toward that of controls. Hence, this similarity in 

the developmental pattern of gait variability found for children with ASD and ADHD in the 

present dissertation may add to the growing body of research highlighting common behavior-

al, cognitive, and neural features of these two neurodevelopmental disorders, including a de-

lay in brain maturation in prefrontal structures (Dougherty et al., 2015; Shaw et al., 2007, 

2012; Zilbovicius et al., 1995). However, it remains the task of future research to shed further 

light on possible common neural underpinnings of the here-reported gait alterations and age-

dependent decrease in gait variability among subjects with ASD and ADHD. Additionally, fu-

ture studies investigating children’s gait development should apply a longitudinal approach as 
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well as include a comparison sample of adult participants in order to determine at what age 

subjects reach maturity in different gait parameters.  

When comparing gait characteristics of typically developing children with those of 

children with a developmental risk factor (Article 2; Hagmann-von Arx et al., 2015) or a de-

velopmental disorder (Article 3; Manicolo, Brotzmann et al., submitted; Article 4; Manicolo 

et al., 2016; Article 5; Manicolo et al., submitted), we found significant group differences for 

gait parameters in either single-task walking or when children were asked to perform concur-

rent tasks while walking. Hence, our findings support the inclusion of gait analysis when in-

vestigating children’s motor functioning and endorse a shift in focus to a movement perspec-

tive, which may provide new insight on children’s motor development (Kindregan et al., 

2015; Provost et al., 2007). Particularly regarding developmental disorders such as ADHD or 

ASD for which deviations from normative motor development are not included as primary di-

agnostic categories (American Psychiatric Association, 2013), the findings of the present dis-

sertation support the importance of considering motor functioning, including gait parameters, 

in addition to other developmental skill areas outlined in diagnostic manuals. However, since 

the number of studies including quantitative methods for gait analysis of children with and 

without developmental risks and disorders is still very limited, the findings reported here need 

replication. Future studies should attempt not only to replicate but also to extend our findings 

by investigating in an integrative approach various aspects of children’s locomotion such as 

spatiotemporal and variability gait measures along with qualitative measures such as head and 

trunk posturing (Rinehart, Tonge, Bradshaw, et al., 2006) as well as kinetic and kinematic gait 

parameters (Chester et al., 2006). This approach may prospectively help with determining the 

degree of specificity of deficits and the development of useful tools for diagnosis (Kindregan 

et al., 2015; Provost et al., 2007). 

Regarding gait parameters, findings of all five articles included in the present disserta-

tion showed that age-dependent effects as well as group differences between children with 
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and without a developmental risk factor or a developmental disorder are most apparent in var-

iability measures of gait (cf. Article 1; Hagmann-von Arx, Manicolo et al., 2016; Article 2; 

Hagmann-von Arx et al., 2015; Article 3; Manicolo, Brotzmann et al., submitted; Article 4; 

Manicolo et al., 2016; Article 5; Manicolo et al., submitted). Hence, in addition to being a 

more discriminant gait measure than spatiotemporal parameters, gait variability also under-

goes a temporally distinct developmental trajectory (Hausdorff, 2005). Following previous re-

search with adult samples, it has been suggested that gait variability reflects the underlying 

neural control of gait, with demonstrated sensitivity to pathological and aging processes (e.g., 

Lord, Howe, Greenland, Simpson, & Rochester, 2011). However, for child samples, gait vari-

ability has not been studied as extensively and findings of the present dissertation may there-

fore underscore the importance for future studies to include measures of gait variability when 

investigating walking characteristics as well as when quantifying gait maturity of clinical and 

nonclinical samples. 

With regard to walking and concurrently performing tasks, Article 1 (Hagmann-von 

Arx, Manicolo et al., 2016), Article 2 (Hagmann-von Arx et al., 2015), and Article 5 (Manico-

lo et al., submitted) with typically developing children, very preterm children, and children 

with ADHD consistently found that children’s gait parameters show alterations when children 

engage in concurrent tasks compared to single-task walking. These results support the sugges-

tion that walking is not a fully automatic activity but rather requires cognitive processes (e.g., 

Woollacott & Shumway-Cook, 2002). As mentioned earlier (cf., Chapter 2, Section 2.4), two 

theories have been proposed to explain gait alterations while performing a concurrent task, 

namely, the capacity-sharing theory (Kahneman, 1973; Tombu & Jolicœur, 2003) and the bot-

tleneck theory (Pashler, 1994). However, our findings do not favor one theory over the other 

and it therefore remains the task of future research to investigate underlying mechanisms of 

dual-task interference and clarify which theory best explains cognitive processing and dual-

task effects (Yogev-Seligmann et al., 2008).  
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Additionally, findings of Article 1 (Hagmann-von Arx, Manicolo et al., 2016) and Ar-

ticle 5 (Manicolo et al., submitted) showed that a motor concurrent task affected gait perfor-

mance of typically developing children and children with ADHD more strongly than a cogni-

tive concurrent task. We interpreted these findings following the multiple-resource model of 

attention (Wickens, 1991) and accordingly assumed that the motor concurrent task competes 

more strongly for processing resources with walking and therefore caused greater dual-task 

gait decrements than the cognitive concurrent task. Thus, for future studies results of the pre-

sent dissertation underscore the importance of taking the type of concurrent task into account 

when investigating children’s gait in a dual-task paradigm. Additionally, Article 2 (Hagmann-

von Arx et al., 2015) with very preterm children showed that with decreasing maturity of the 

children, gait variability increased, which was most apparent in conditions in which children 

had to listen to and memorize digits. Hence, different types of concurrent tasks may affect 

gait differently and future research could therefore systematically investigate other types of 

concurrent tasks and compare their effects on children’s gait parameters. Knowing the effects 

concurrent tasks may have on the walking performance of children may raise the awareness of 

how activities should be structured to minimize dual-task interference and therefore possibly 

prevent accidental injuries.  

In sum, the findings of the present dissertation extend existing research on gait of typi-

cally developing children and children with developmental risks and disorders by providing 

information on their walking characteristics in single- and dual-task conditions. At the same 

time, our findings support the idea that cognitive processes are involved in the control of gait 

and highlight the necessity to account for children’s age, the type of concurrent task, and the 

careful selection and interpretation of the gait parameters under consideration. 
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