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ABSTRACT 
 

The functional neuroanatomy of the motor system underlying finger movements has been 

thoroughly elucidated in young adults. However, less is known about this system at 

younger and older ages, and in disorders. This dissertation presents three studies that 

were designed to address the functional anatomy of simple finger movement in three 

groups, older normal adults, children and children with the reading disability 

developmental dyslexia. To investigate age-related effects, we first conducted a meta-

analysis on within-group data from older and young adults performing regularly paced 

finger-movement tasks. In our second study, we investigated the motor system in children 

and young adults with functional magnetic resonance imaging (fMRI) during irregularly 

paced finger movements of the thumb. We found that all groups recruited contralateral 

primary sensorimotor cortex (SM1), supplementary motor area (SMA), and ipsilateral 

cerebellum. Compared with young adults, we found that older adults and children 

exhibited greater recruitment of SM1 ipsilateral to the side of movement and caudal SMA, 

and weaker recruitment of rostral SMA. We also found weaker activation in children 

compared with young adults in basal ganglia. Overall, these findings suggest that some 

of the changes to the motor system that occur between childhood and young adulthood 

are mirrored in older age, while others are unique to each side of the lifespan. To 
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investigate dyslexia-related effects, we acquired fMRI data in children with and without 

this reading disability as they performed the same irregularly paced finger-movement task. 

We then examined task-evoked activation and functional connectivity (FC) using motor 

areas as seeds. Both groups exhibited task-evoked activation in contralateral SM1, SMA, 

and ipsilateral cerebellum, and we did not find between-group differences. However, we 

found several functional connections that were different between groups, most notably a 

functional disconnection in children with dyslexia between the right cerebellum seed and 

left SM1, suggesting compromise of the cortico-cerebellar loop. Overall, these findings 

illustrate that the functional neuroanatomy of the motor system is age-dependent and, to 

a more limited extent, dyslexia-dependent. 
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CHAPTER I 
 
 
 

GENERAL INTRODUCTION 

 

 

 

 

INTRODUCTION 

Over the past four decades, the functional organization of the motor system in humans has been 

characterized using brain imaging techniques (Ingvar and Philipson 1977; Mazziotta et al. 1985; 

Grafton et al. 1991; Kim et al. 1993a; Kim et al. 1993b; Sanes et al. 1995; Witt et al. 2008). This 

began with xenon-inhalation coupled with external detectors (Ingvar and Philipson 1977), positron 

computed tomography (Mazziotta et al. 1985), and positron emission tomography (PET) (Grafton 

et al. 1991) to measure cerebral blood flow through motor cortex, and then became dominated, 

beginning in the early/mid 1990s, with functional magnetic resonance imaging (fMRI) (Kim et al. 

1993a; Kim et al. 1993b; Sanes et al. 1995). These fMRI studies of the motor system have focused 

largely on hand and finger movements due to the limitations that brain imaging imposes on body 

movements; and in 2008, a meta-analysis by Witt and colleagues summarized 38 of these 

published studies using a quantitative meta-analysis (Witt et al. 2008). Here, they identified sets 

of brain areas (described below) that were consistently activated across studies of differing 

experimental protocols as well as sets of brain areas that were consistently activated across 

studies using similar experimental protocols (e.g., parceling the 38 studies by stimulus modality 

or task complexity). Importantly, most of these studies were conducted in young adults, which 

represents a narrow pool of the population. Beyond young adults, study of simple finger 
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movements in other age groups is limited. There is a reasonable corpus on the motor system in 

older adults (Calautti et al. 2001; Hutchinson et al. 2002; Mattay et al. 2002; Elsinger et al. 2003; 

Tombari et al. 2004; Marshall et al. 2004; Wu and Hallett 2005; Heuninckx et al. 2005; Jaillard et 

al. 2005; Riecker et al. 2006; Gerloff et al. 2006; Sharma et al. 2009; Kato and Izumiyama 2010; 

Rehme et al. 2011; Loibl et al. 2011)), but agreement amongst them is variable. Less is known 

about the functional anatomy of finger movement in  pediatric populations (Rivkin et al. 2003; De 

Guio et al. 2012). Finally, age-related (development and aging) changes, such that groups of 

children or older adults are compared with groups of young adults, are in paucity (Calautti et al. 

2001; Hutchinson et al. 2002; Mattay et al. 2002; Riecker et al. 2006; McGregor et al. 2009; Loibl 

et al. 2011; De Guio et al. 2012). 

Understanding the brain bases of finger movements in older adults and children, and how 

these may differ from the motor system in young adults, is important because it provides a 

foundation to understand normal age-dependent function of the motor system and a foundation 

by which to study disorders of or that affect the motor system in older age or childhood. In addition, 

a better understanding of developmental and aging effects on the motor system could serve as 

proxy for understanding other age-related differences in other brain systems. 

The expectation of altered functional neuroanatomy of the motor system in these other 

age groups is expected for three reasons. First, performance on a variety of motor tasks is worse 

in children and older adults when compared to young adults (Ruff and Parker 1993; Smith et al. 

1999; Largo et al. 2001), indicating age-dependent changes across the lifespan. Second, studies 

of brain structure have reported differences between young adults and children and older adults 

on measures of gray (Good et al. 2001; Sowell et al. 2002) and white matter (Lebel et al. 2012). 

Therefore, it is the hypothesis of this work that the reported behavioral and structural differences 

of young adults compared to other age groups indicates that the functional neuroanatomy of the 

motor system in young adults will also be different by comparison to other age groups.  
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In Chapters 2 and 3 of this thesis, I test this hypothesis using different techniques to 

investigate the motor systems of different age groups. Several studies on aging have begun to 

address these expected age-related effects and have revealed differences in brain activity when 

comparing young and older adults on right-hand finger movements tasks; specifically, they 

showed that while both young and older adults recruit SM1 contralateral to the side of movement, 

older compared with young adults additionally recruit SM1 ipsilateral to the side of movement 

(Hutchinson et al. 2002; Mattay et al. 2002; Riecker et al. 2006; McGregor et al. 2009; Loibl et al. 

2011). Thus, I began in Chapter 2 by quantitatively summarizing the results of these studies using 

the activation likelihood estimation (ALE) meta-analytical technique (Turkeltaub et al. 2002), and 

identify commonalities and differences between ALE maps generated for older and young adults.  

In contrast to studies on aging, only one study has compared children and adults and the 

results, as discussed below, were limited (De Guio et al. 2012). In Chapter 3, I used original data 

acquired at the Center for the Study of Learning (CSL) at Georgetown University to investigate 

the brain bases of irregularly-paced, dominant and non-dominant hand finger-tapping in children 

and compared them to those of young adults. 

Age is not the only factor that effects the functional neuroanatomy of the motor system; 

differences in brain areas subserving voluntary movement have also been associated with various 

disorders (Yu et al. 2007; Rehme et al. 2012; Roessner et al. 2012, 2013; Poujois et al. 2013), 

and not necessarily movement disorders (Mostofsky, Rimrodt, et al. 2006). This has not yet been 

done in the learning disability developmental dyslexia, which, as with development and aging, has 

also been associated with deficits in motor performance and differences in brain anatomy and 

function subserving voluntary movement (Wolff et al. 1984; Fawcett et al. 1996; Nicolson et al. 

1999; Wolff 2002; Vandermosten et al. 2012; Krafnick et al. 2014). First, there is considerable 

evidence from the behavioral literature that performance on a variety of different types of motor 

tasks can differ depending upon these factors (Wolff et al. 1984; Fawcett et al. 1996; Wolff 2002). 
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And second, the presence/absence of dyslexia has been linked to differences in brain structural 

measures (Vandermosten et al. 2012; Fan et al. 2014; Krafnick et al. 2014). In Chapter 4, I 

investigate the differences in the brain areas subserving finger tapping in children with the 

dyslexia, when compared to normal control children. Dyslexia presents as an interesting case for 

examining differences in the motor system because motor impairment is not a defining feature of 

this disorder, rather it is characterized as an unexpected difficulty in learning to read (Peterson 

and Pennington 2012; Eden et al. 2016). Here, I used original data acquired by CSL to investigate 

the differences in the functional neuroanatomy of the motor system of children with and without 

dyslexia in the context of both task-evoked activation and functional connectivity. 

Toward establishing a sufficient framework to interpret the results of these studies, the 

remainder of this chapter will provide background on the motor system heretofore. I will begin with 

what is currently known about the motor system in young adults and subsequently describe the 

ways in which motor performance and the structure of motor system brain areas are different as 

a function of age and the presence/absence of dyslexia. 

 

THE MOTOR SYSTEM IN HEALTHY ADULT HUMANS AND MACAQUES 

 Studies employing functional brain imaging technology commonly ask participants to 

perform finger-tapping paradigms in which participants are instructed to tap their fingers (one or 

multiple) in response to an auditory or visual pacing stimulus. Using the activation likelihood 

estimation (ALE) method (Turkeltaub et al. 2002), a recent meta-analysis of 38 functional 

magnetic resonance imaging (fMRI) and positron emission tomography (PET) studies showed 

that motor control of the fingers is subserved by several cortical and subcortical brain areas (Witt 

et al. 2008). For all task variations, finger tapping most likely activates primary sensorimotor cortex 

(SM1; BA 3, 4), ventral premotor cortex (PMv; BA 6), supplementary motor area (SMA; BA 6), 

basal ganglia (BG), inferior parietal cortex (IPC; BA 40), and anterior cerebellum (CB). For tasks 
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requiring specifically the dominant (right) index finger, ALE effects were observed in left primary 

sensorimotor cortex (SM1), supplementary motor area (SMA), ventral premotor cortex, basal 

ganglia, as well as bilateral anterior cerebellum, claustra, dorsal premotor cortex, and dorsolateral 

prefrontal cortex and right inferior parietal lobule, insula, and inferior frontal gyrus. Left- and right-

hand comparisons were not investigated in this ALE study, but there are finger-tapping studies 

that have demonstrated hand-related (dominant or non-dominant) differences and have reported 

recruitment of ipsilateral motor cortical areas for movement of the non-dominant but not dominant 

hand (Kawashima et al. 1993; Mattay et al. 1998; Hutchinson et al. 2002; Agnew et al. 2004). 

Another important feature of motor system processing is that motor tasks using the dominant 

hand often also engender deactivations in ipsilateral SM1 (Allison et al. 2000; Nirkko et al. 2001; 

Hamzei et al. 2002; Stefanovic et al. 2004; Newton et al. 2005; Hayashi et al. 2008), while this is 

not always observed for movements of the non-dominant hand (Kawashima et al. 1993; Kim et 

al. 1993b; Mattay et al. 1998; Serrien et al. 2006). 

 Much of our understanding of the human motor system is built upon the corpus of 

connectivity studies in non-human primates (Takada et al. 1998; Geyer et al. 2000; Kelly and 

Strick 2003; Ramnani et al. 2006; Nambu et al. 2012). This animal work has shown that premotor 

cortex (PMC) and SMA are vastly interconnected and receive significant projections from parietal 

cortex, forming a parieto-frontal circuit that performs sensory transformations. In contrast, primary 

motor cortex (M1) projects mainly to the corticospinal tract (CST) and, to a lesser extent, cortex 

(Geyer et al. 2000). In addition to such cortico-cortical connectivity, the brain regions involved in 

motor movements also constitute two major cortico-subcortical circuits: (1) a cortico-striatal loop 

connecting cortical motor areas (M1, SMA, and PMC) to the basal ganglia, and (2) a cortico-

cerebellar loop connecting M1 to the cerebellum. As illustrated by studies of the macaque, the 

cortico-striatal loop begins in the cortical motor area and projects mainly to the putamen (Takada 

et al. 1998). The caudate portion of the striatum also receives projections, but to a lesser extent 
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(Takada et al. 1998). The origin of the projections (i.e., M1, SMA, or PMC) determines the 

particular area of striatum innervated. Cortical somatotopy is preserved in the putamen, as leg, 

arm, and face representations are arranged along a dorsoventral plane. SMA projections synapse 

mainly in medial putamen. The only PMd and PMv projections to striatum that have been revealed 

are for arm representations, which overlap with SMA projections in medial putamen, but not with 

each other. While some overlap in striatum is evident (Takada et al. 1998), recent work has 

indicated that cortical segregation is largely preserved, even in the putamen specifically, which 

favors a parallel processing model (Nambu et al. 2012). From the putamen, information is carried 

to the globus pallidus and substantia nigra pars reticulata, then back to the segment of cortex that 

initiated the loop via the ventrolateral nuclei of the thalamus (VL) (Alexander and Crutcher 1990). 

In humans, a recent meta-analysis used a novel approach to distinguish striatal structures based 

on their co-activations with other brain structures. Examining 126 fMRI and PET studies reporting 

basal ganglia activation, they found studies that report putamen activation also report M1, SMA, 

PMC, and VL activation significantly, whereas prefrontal areas exhibit significant co-activity with 

the caudate but not with the putamen (Postuma and Dagher 2006). TMS studies have also 

demonstrated connectivity between M1 and putamen (Chouinard et al. 2003). Overall, these 

results further instantiate cortico-striatal parallel processing. A primary function of the cortico-

striatal loop is to imbue movements with goal-directed behavior, an achievement mediated by 

dopamine from the substantia nigra (Doya 2000). Like the cortico-striatal loop, the cortico-

cerebellar loop, as characterized by studies of non-human primates, begins in the cortical motor 

areas. Using a retrograde trans-synaptic tracer, (Kelly and Strick 2003) demonstrated that the M1 

arm area receives projections via the VL from Purkinje cells of cerebellar lobules IV-VI. Using an 

anterograde tracer, the authors further showed that the M1 arm area projects via the pontine 

nucleus in the pons to granule cells in the same area of cerebellum. In contrast, dorsolateral 

prefrontal cortex (BA 46) connected reciprocally to a different area of cerebellar cortex (Kelly and 
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Strick 2003). Evidence for SMA- and PMC-cerebellar loops is not as strong; however, studies in 

the macaque have shown that SMA and PMC efferents constitute a large portion of cerebral 

peduncle fibers (Ramnani et al. 2006). In humans, neuroimaging of fiber tracts has confirmed 

these findings, showing that the human cerebral peduncle comprises both M1 and PMC fibers 

(Ramnani et al. 2006). Overall, these reports indicate a parallel processing quality to cortico-

cerebellar circuitry. Interestingly, the meta-analysis examining basal ganglia coactivation 

described above also revealed that the cerebellum consistently coactivates with putamen 

(Postuma and Dagher 2006), which suggests an additional layer of parallel processing between 

cortico-cerebellar and cortico-striatal loops, as well as within each of them separately.  

 

AGE-RELATED CHANGES IN MOTOR PERFORMANCE  

Motor performance can vary considerably depending upon age. This is apparent when 

one compares the dexterity of young adults with a child’s first attempts and older person’s more 

labored efforts to tie their shoelaces. Measured empirically by a grooved pegboard task, in which 

subjects must place pegs into holes as quickly as possible, older adults (55-70 years old) took 

significantly longer when completing the task with dominant or non-dominant hands compared to 

the younger age group (16-24 years old) (Ruff and Parker 1993). In another study, children ages 

5-18 were instructed to perform 20 index finger taps with their dominant and non-dominant hands 

(in separate runs). Here, it was found that as age increased, children were able to perform the 

finger movements in a shorter period of time (Largo et al. 2001). However, these performance 

differences seem to be dependent on the difficulty of the task. In one study, subjects from five 

different age groups (6-8 years, 9-11 years, 21-30 years, 43-57 years, and 67-75 years) were 

instructed to press a button with the index finger of their dominant hand in response to an auditory 

stimulus every 550 ms. Unlike for the more complex motor tasks previously described, the 

investigators found no significant main effect of age for mean tapping rate, though the variability 
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in maintaining that rate was significantly greater in the two child compared with the adult age 

groups (Greene and Williams 1993). Overall, this suggests that motor performance is age- as well 

as difficulty-dependent. 

 

AGE-RELATED CHANGES IN BRAIN STRUCTURE OF THE MOTOR SYSTEM  

Development and aging both affect total gray matter volume (GMV) (Courchesne et al. 

2000; Good et al. 2001; Sowell et al. 2002). Absolute GMV is shown to increase 13% from early 

to late childhood and then steadily decrease at 5% per decade thereafter (Courchesne et al. 

2000). Specific to motor regions, aging is shown to be accompanied by an accelerated rate of 

GMV reduction in bilateral pre- and post-central gyri have been relative to total GMV loss over 

time (Good et al. 2001). On the developmental side of the lifespan, age-related changes in motor 

areas seemed to be mostly confined to basal ganglia structures: specifically, bilateral lentiform 

volume, relative to total brain size, was shown to decrease from childhood to adulthood (Sowell 

et al. 2002). 

White matter microstructure also tends to change over the lifespan. As measured by 

diffusion tensor imaging (DTI), functional anisotropy (FA) increases with age until roughly 37 

years, when it begins a steady decline. Of particular relevance for motor processing is that 

inverted U-curve volumetric changes were found in the cortico-spinal tract (CST), connecting 

(mainly) primary motor cortex and the spinal cord, superior longitudinal fasciculus (SLF), which 

terminates in SMA and PMC after passing through frontal white matter, and the body of the corpus 

callosum (i.e., the section of corpus callosum containing fibers that bridge hemispheres of motor 

cortex) (Lebel et al. 2012). Presumably, normal neuronal maturation processes, including 

myelination and dendritic pruning, which GMV and WMV measurements reflect, would contribute 

to different brain function and, subsequently, behavioral measures. 
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AGE-RELATED CHANGES IN BRAIN FUNCTION OF THE MOTOR SYSTEM  

Thus far, several studies have investigated the functional neuroanatomy of the motor 

system in aging adults and most seem to indicate that while both young and older adults recruit 

SM1 contralateral to the side of movement, older compared with young adults recruit SM1 

ipsilateral to the side of movement relatively more or uniquely so . This has been observed for 

dominant (right) hand finger movements, but also for non-dominant (left) hand movements 

(Hutchinson et al. 2002). But apart from this, other brain areas shown to be different between 

young and older adults is inconsistent across these studies due to their methodological 

differences. Thus, the functional neuroanatomy of the motor system in older adults appears to be 

different from that in young adults, but the precise differences are not yet clear. The aim of Chapter 

2 was to identify consistency among these disparate findings using quantitative methods, 

specifically the ALE technique (Turkeltaub et al. 2002). 

Less common in the neuroimaging literature are studies of finger movements in children 

(Rivkin et al. 2003; De Guio et al. 2012). Only one fMRI study has contrasted children and young 

adults on a finger-movement paradigm (De Guio et al. 2012) and its young adult control group 

exhibited an activation pattern unlike others reported (Witt et al. 2008), obfuscating the 

interpretation of any between-group comparison result. Using an externally-paced tapping 

stimulus to guide a bimanual finger-tapping paradigm, one study found that children (age range: 

7.9-11.3 years) exhibited activation in bilateral SM1, SMA, pre-SMA, and cerebellum (Rivkin et 

al. 2003); however, they did not perform this study in an adult cohort and so did not directly test 

for age-related differences in the motor system. There are two developmental fMRI studies with 

fist-closure paradigms (Mall et al. 2005; Guzzetta et al. 2007). In Mall et al. (2005), children 

(median age 9 years; range 6-10 years), adolescents (median age 13 years; range 11-15 years), 

and adults (median age 27 years; range 23-42 years) performed ball compressions with their right 

hands at an auditory-paced rate of 1 Hz. Greater activations were revealed in left SM1, SMA, and 
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bilateral cerebellum in the adults versus children contrast. In Guzzetta et al. (2007), children 

(mean age 10.8 years; range 7-15 years) and adults (mean age 25 years; range 23-28 years) 

opened and closed their hands at a visually-paced rate of 1 Hz. They did not observe any 

between-group effects. Given the inconsistence in results, a clear picture of developmental 

changes to the motor system has yet to form. This issue is important for the broader literature 

since finger movements are the most common task for probing the motor system and are 

commonly used in to indicate responses in studies of cognition. Chapter 3 compares the brain 

bases of left and right hand finger movements (separately) in children and young adults using 

irregularly and visually paced tapping stimuli. 

 

DYSLEXIA-RELATED DIFFERENCES IN MOTOR PERFORMANCE  

Motor impairments are common in disorders (Kanner 1943; Vilensky et al. 1981; Wolff et 

al. 1984; Jankovic and Rohaidy 1987; Fawcett et al. 1996; Wolff 2002; Raberger and Wimmer 

2003; Mostofsky, Dubey, et al. 2006; Mostofsky et al. 2009; Sanger 2015). For instance, loss of 

dopaminergic neurons in the substantia nigra in Parkinson’s Disease can directly disrupt motor 

control and lead to tremors, bradykinesia, and walking difficulties. In amyotrophic lateral sclerosis, 

motor neuron death precludes voluntary movement. Stroke is also accompanied by motor 

impairments, which result from insufficient oxygen supplied to motor neurons directly or from 

neuroplastic changes to motor system brain areas following injury to non-motor cortical regions. 

Motor impairments are also prevalent throughout the developmental disorder literature. In some 

cases, the motor impairments is the defining disability. For instance, in cerebral palsy, children 

can experience a wide array of motor deficits, including spasticity, ataxia, and hypotonia (Sanger 

2015). In Tourette syndrome, many children suffer from motor or vocal tics or both (Jankovic and 

Rohaidy 1987). In other cases, the motor impairments are secondary. For instance, in autism 

spectrum disorder has been long associated with motor impairments (Kanner 1943) and more 



	 11	

recently and specifically with basic motor control (Vilensky et al. 1981), skilled motor gestures 

(Mostofsky, Dubey, et al. 2006), and motor learning (Mostofsky, Rimrodt, et al. 2006; Mostofsky 

et al. 2009). Also, children with attention-deficit/hyperactivity disorder (ADHD) have shown motor 

impairments relative to age-matched children without ADHD in a variety of different forms, 

including slowness of movement (Denckla and Rudel 1978), motor overflow (Denckla and Rudel 

1978), and balance (Raberger and Wimmer 2003).  

Developmental dyslexia is identified in children who struggle to read accurately and 

fluently (Peterson and Pennington 2012; Eden et al. 2016). While not a diagnostic feature, 

dyslexia too has been associated with a variety of motor impairments. These have been 

measured on tasks of auditory-paced finger tapping (Wolff et al. 1984; Wolff 2002), in which 

children with dyslexia did not entrain their tapping to the stimulus as well as age-matched control 

children; and they have been measured on tasks of posture, balance, muscle tone and complex 

movements (Fawcett et al. 1996), in which children with dyslexia performed significantly worse 

as a group compared with age-matched children without dyslexia. Interestingly though, more 

recent studies have shown that these motor deficits are restricted to a subset of dyslexic children 

and are not present in every child with dyslexia (Ramus et al. 2003; White et al. 2006). Further, 

Ramus and colleagues (2003) noted that prevalence of these impairments is less in adults 

(Ramus et al. 2003) compared to children (Ramus et al. 2003), supporting earlier hypotheses of 

a “late blooming” effect in which relatively poorer motor performance in childhood is rectified post-

childhood (Denckla, 1985). Others have suggested that the findings have been driven by children 

who have ADHD in addition to their dyslexia (Raberger and Wimmer 2003; Rochelle and Talcott 

2006). For instance, one study recruited children (mean age: 10 years old) with dyslexia, ADHD, 

dyslexia and ADHD, and neither condition and assessed their ability to balance on a wobble 

board. They found that the only effect to significantly explain the balance measures was the main 

effect of ADHD (Raberger and Wimmer 2003). Overall, motor performance results in dyslexia 
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have been inconsistent; thus, an understanding of the functional neuroanatomy of the motor 

system will provide a better foundation for understanding these inconsistencies. 

 

DYSLEXIA-RELATED DIFFERENCES IN BRAIN STRUCTURE OF THE MOTOR SYSTEM 

 Several adult and pediatric studies have examined gray matter differences in dyslexia 

(please see Richlan et al. 2013 for examples of such). The findings from these studies (i.e., the 

brain areas showing differences in GMV between dyslexic and control readers) have been 

quantitatively summarized in two separate meta-analyses (Linkersdorfer et al. 2012; Richlan et 

al. 2013). Both studies reported greater likelihood of GMV reductions (only) in dyslexic compared 

with control readers in right superior temporal gyrus; Linkersdörfer et al. (2012) also reported 

greater likelihood of GMV reductions (only) in bilateral supramarginal gyrus, left fusiform gyrus, 

left inferior temporal gyrus, and bilateral cerebellum (though mainly in lobule 6 and not anterior 

“motor” cerebellum) in dyslexic compared with control readers; and Richlan et al. (2013) 

additionally reported a greater likelihood of GMV reductions in dyslexic compared with control 

readers in left superior temporal sulcus. These findings largely overlap with areas likely to 

subserve reading (Martin et al. 2015). Pertinent to this thesis, a more recent study of dyslexic 

children reported less GMV in dyslexic (mean age: 9.8 years) compared with age- (mean age: 

9.9 years) and (in a separate cohort) reading-matched (mean age: 7.4 years) control children in 

right precentral (Krafnick et al. 2014); however, overall, differences in GMV between dyslexic and 

control readers are mainly in non-motor brain areas. 

 Several studies have examined white matter microstructure in children and adults with 

dyslexia (Boets et al. 2013; please see Vandermosten et al. 2012 for prior studies). Qualitative 

summary of eighteen of these studies found that dyslexic readers exhibited lower FA in left 

temporoparietal regions in ten studies and in left frontal cortex in five studies, and higher FA in 

posterior corpus callosum in two studies compared with control readers. Many of these studies 
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also identified brain areas in which FA was significantly correlated with a behavioral measure of 

reading (e.g., word and pseudoword reading) (Deutsch et al. 2005). Peak coordinates from these 

analyses were submitted to an ALE meta-analysis (Turkeltaub et al. 2002) to quantitatively 

summarize differences in white matter microstructure. Subsequent implementation of fiber 

tractography showed that the largest of two ALE clusters was situated partly in the left arcuate 

fasciculus but also partly in left corona radiata (Vandermosten et al. 2012). The arcuate fasciculus 

would be expected given that dyslexia is a disorder of reading and the arcuate fasciculus is 

thought to bridge two brain areas thought to be critical for reading: posterior temporal cortex and 

inferior frontal cortex (Peterson and Pennington 2012; Eden et al. 2016). As the corona radiata 

contains corticofugal motor fibers and ascending fibers from thalamus to the cortex, abnormalities 

here might explain the motor deficits. Importantly, the finding in corona radiata is supported by an 

additional DTI study not included in the meta-analysis, which reported between-group differences 

in FA in corona radiate (Niogi and McCandliss 2006). Additionally, a separate diffusion tensor 

imaging (DTI) study examining thalamo-cortical connectivity found that, compared with age-

matched control participants,  adolescents with dyslexia (mean age: 12.0 (0.7)) have greater 

connectivity between bilateral thalamus and SM1 (Fan et al. 2014). Overall, the motor system 

seems to be affected in dyslexia with respect to the white matter corona radiata finding in children 

and adults. 

 

DYSLEXIA-RELATED DIFFERENCES IN BRAIN FUNCTION OF THE MOTOR SYSTEM 

Studies comparing the brain bases of reading in dyslexic and control individuals have 

converged (via a quantitative meta-analysis) on findings in the brain areas thought to subserve 

reading in general (Martin et al. 2015)(Martin). Specifically, dyslexic compared with control 

children exhibit likelihood of reduced activation mainly in left temperoparietal regions (Richlan et 

al. 2009, 2011). Given that the temperoparietal region is thought to be critical to grapheme-
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phoneme decoding (Peterson and Pennington 2012), which is thought to be critical to 

(phonological processing and to) reading (Ramus 2004; Peterson and Pennington 2012; Eden et 

al. 2016), these findings bolster the core phonological deficit theory of dyslexia. 

However, in a seminal study of adults with dyslexia (mean age: 21.4 years) and age-

matched controls performing right hand pre-learned and novel sequences, Nicolson and 

colleagues reported greater activation in right cerebellum in control compared to adults with 

dyslexia (Nicolson et al. 1999). This supported the competing cerebellar deficit hypothesis of 

dyslexia (Nicolson et al. 2001) and fit with earlier reports of performance deficits on cerebellar 

motor tasks (Fawcett et al. 1996). Importantly though, the cerebellum was not the sole brain region 

identified; adults with dyslexia showed greater activation in right and medial prefrontal cortex and 

other parts of bilateral temporal and parietal cortex for the new sequence task (Nicolson et al. 

1999). A second group, with a task consisting of pseudorandom and repeating motor movement 

sequences, found that across all sequences adults with dyslexia showed greater activation in right 

cerebellum lobule 6, right lateral premotor cortex, and bilateral inferior parietal cortex compared 

with control participants (Menghini et al. 2006). While there are inconsistences as to the direction 

of the difference (that is greater or lesser activation in dyslexic compared with control adults) and 

the particular brain regions that differ, these studies nonetheless show that the brain areas 

subserving motor movements are different in dyslexic compared with control individuals.  

Importantly, these studies only examined brain function in adults with dyslexia. Thus far, 

no attempt has been made to investigate the brain substrates of motor movements in children 

with dyslexia. This is a critical gap as impoverished reading through adolescence could alter motor 

substrates in individuals with dyslexia. We examine the motor systems of children with dyslexia 

in Chapter 4, by comparing their patterns of (motor) task-evoked activation, task-modulated 

connectivity, and background connectivity during a motor task state with these measures in 

normal control children.  
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SUMMARY 

The motor system in young adults has been exhaustively studied (Witt et al. 2008). Less 

is known about the functional neuroanatomy of the motor system in older adults and children; 

however, the behavioral and brain-based neuroimaging literatures indicate that it may differ 

between older adults and young adults (Ruff and Parker 1993; Courchesne et al. 2000; Good et 

al. 2001; Hutchinson et al. 2002; Mattay et al. 2002; Riecker et al. 2006; McGregor et al. 2009; 

Loibl et al. 2011; Lebel et al. 2012), as well as between children and young adults (Courchesne 

et al. 2000; Largo et al. 2001; Sowell et al. 2002; Lebel et al. 2012). The behavioral literature 

shows that performance on various motor tasks can differ depending on age (Ruff and Parker 

1993; Largo et al. 2001). Structural neuroimaging studies have revealed that GMV changes as a 

function of age in cortical motor areas and basal ganglia (parts of which also subserve movement) 

(Courchesne et al. 2000; Good et al. 2001; Sowell et al. 2002). DTI studies have reported that 

microstructure of white matter tracts connecting various motor regions and cortical motor areas 

with brainstem nuclei or spinal cord that varies with age (Lebel et al. 2012). Several studies have 

thus far investigated the functional neuroanatomy subserving finger movements as a function of 

age (Calautti et al. 2001; Hutchinson et al. 2002; Mattay et al. 2002; Riecker et al. 2006; McGregor 

et al. 2009; Loibl et al. 2011; De Guio et al. 2012). In the aging motor system (Calautti et al. 2001; 

Hutchinson et al. 2002; Mattay et al. 2002; Riecker et al. 2006; McGregor et al. 2009; Loibl et al. 

2011), which represents the greatest fraction of these such studies, a coherent picture of motor 

system changes has yet to form apart from perhaps unique or relatively greater activation in SM1 

ipsilateral to the side of movement (Hutchinson et al. 2002; Mattay et al. 2002; Riecker et al. 2006; 

McGregor et al. 2009; Loibl et al. 2011); I address this in Chapter 2. While one study has 

compared the brain bases of finger movements of children and adults, the brain map for the adult 

group was inconsistent with previous reports of the motor system (Witt et al. 2008); thus, further 
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study of these age-related difference is needed; I address this in Chapter 3 by conducting an fMRI 

study of finger movements in children and adults. 

Additionally, little is known about the functional neuroanatomy of the motor system in 

individuals with dyslexia. Yet, dyslexia has been associated with motor impairments, including 

finger-tapping (Wolff et al. 1984; Wolff 2002) and balance (Fawcett et al. 1996). With regard to 

brain structure, reduced FA in corona radiata has been consistently found in dyslexic compared 

with control readers (Vandermosten et al. 2012). Finally, the functional neuroanatomy subserving 

voluntary finger movements has been shown to differ between adult dyslexic and control readers 

(Nicolson et al. 1999; Menghini et al. 2006); however, it is not yet clear whether these differences 

also exist when comparing children with and without dyslexia. I address this in Chapter 4 by 

conducting an fMRI study of finger movements in children with and without dyslexia. 
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CHAPTER II 
 
 
 

AN ACTIVATION LIKELIHOOD ESTIMATION META-ANALYSIS STUDY OF SIMPLE 
MOTOR MOVEMENTS IN OLDER AND YOUNG ADULTS*  

 

 

 

 

 

INTRODUCTION 

Voluntary finger-movement tasks are commonly employed in neuroimaging studies. Thus far, the 

brain bases of this type of motor function have been well characterized in young adults (Chouinard 

and Paus 2006; Witt et al. 2008). For example, Witt and colleagues (2008) applied the activation 

likelihood estimation (ALE) meta-analysis method (Turkeltaub et al. 2002) to publications in which 

healthy young subjects performed a range of finger-tapping tasks. Of these, a subset of studies 

specifically used right-hand index finger-tapping tasks and were analyzed separately (Witt et al. 

2008). This specific ALE map revealed likelihoods of activation in left primary sensorimotor cortex 

(SM1), supplementary motor area (SMA), ventral premotor cortex (PMv), basal ganglia, as well 

as bilateral anterior cerebellum, claustra, dorsal premotor cortex (PMd), and dorsolateral 

prefrontal cortex (DLPFC) and right inferior parietal lobule (IPL), insula, and inferior frontal gyrus 

(IFG). Importantly, these brain regions do not function in isolation, but are part of extensive 

efferent and afferent motor control pathways. One such pathway consists of upper motor neurons 

                                                
 
* Adapted from Turesky TK, Turkeltaub PE, and Eden GF, An Activation Likelihood Estimation Meta-
Analysis Study of Simple Motor Movements in Older and Young Adults, Frontiers in Aging Neuroscience 
8, 238 (2016). 
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projecting from cortical motor areas to lower motor neurons in the spinal cord (via the cortico-

spinal tract) to initiate movement. Afferent pathways originating at receptors in the skin, joints, 

and muscles feed back (e.g., about whether the target has been reached) to somatosensory 

cortex and cerebellum, which eventually project to cortical motor areas to improve subsequent 

movements.  

While these investigations have provided a thorough understanding of simple finger-

movement tasks in younger adults, motor processing in older adults is less well understood. Filling 

this void is important, given that the motor system is affected by age (Seidler et al. 2010). 

Specifically, aging is associated with impairments in motor control, including gait, balance, and 

coordination; degeneration of neurotransmitter systems in putative motor regions (Seidler et al. 

2010); and reductions in gray matter volume of motor system regions (Good et al. 2001; 

Hoffstaedter et al. 2015). A clear understanding of age-related differences in the motor systems 

of unimpaired populations can also provide a key baseline for contextualizing disease-related 

(e.g., in Parkinson’s disease (Yu et al. 2007) or amyotrophic lateral sclerosis (Poujois et al. 2013)) 

and neuroplastic (e.g., after stroke (Rehme et al. 2012)) changes to the motor systems. In 

addition, a reliable account of the pattern of activity underlying simple voluntary finger movements 

in older adults will aid in advancing conceptual models of age-related differences. Currently, age-

related changes in activation in motor system brain regions are thought to be the consequence of 

one of two processes. One, described as compensation, posits that certain brain regions are 

upregulated in older adults to allow them to perform at a level commensurate with young adults. 

The second is de-differentiation, in which additional brain areas in older adults are recruited non-

selectively, possibly as a consequence of age-related degeneration of inhibitory projections (for 

a review, see Seidler et al., 2010). Lastly, simple finger movements are a necessary part of 

commonly used paradigms in cognitive studies (in the form of a button-press response), with the 

baseline conditions not always controlling for the motor component (e.g., fixation). Thus, a 
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difference in brain activity between young and older adults under these experimental conditions 

may be incorrectly attributed to cognitive function when it is the motor response that is the origin 

of the difference between the two groups. 

Several studies directly comparing older and young adults have begun to address this gap 

by identifying brain areas underlying externally paced finger movements of the right hand (Calautti 

et al. 2001; Hutchinson et al. 2002; Mattay et al. 2002; Riecker et al. 2006; McGregor et al. 2009; 

Loibl et al. 2011). These studies required older (average ages between 59 (Mattay et al. 2002) 

and 71 (McGregor et al. 2009)) and young (average ages between 22 (McGregor et al. 2009)to 

30 (Mattay et al. 2002)) adults to pace their movements in synchrony with an auditory or visual 

stimulus whose rate differed across studies (range: 0.6 Hz (Mattay et al. 2002) to 3.75 Hz (Riecker 

et al. 2006)). Three (Mattay et al. 2002; Riecker et al. 2006; McGregor et al. 2009) of six of these 

studies reported that there were no differences in accuracy between older and young adults 

(however, older adults were relatively slower in all three studies). One study (Hutchinson et al. 

2002) reported that performance (measured in terms of rate and degree of excursion) did not 

differ between the two age groups. One study (Loibl et al. 2011) reported that the groups were 

matched on performance, but didn't specify the measure(s). The sixth study (Calautti et al. 2001) 

did not report on performance at all. These studies found that older compared with young adults 

showed more activity in several motor regions (Table 1), most notably in right cortical motor areas. 

For the reverse comparison of less activation in older compared with young adults, these same 

publications report a few regions: left SM1 (Hutchinson et al. 2002; Riecker et al. 2006), left LPMC 

(Hutchinson et al. 2002), left pre-SMA (Riecker et al. 2006), and bilateral cerebellum (Hutchinson 

et al. 2002). Taken together, while some brain areas (e.g., right SM1, bilateral or unilateral 

SMA/cingulate cortex, right LPMC) are reported to be more active in older compared with younger 

adults in most of the studies, results for other brain regions have been highly inconsistent, limiting 

the understanding of the effects of healthy aging on the functional neuroanatomy of the motor 
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system. Further, when identifying age-related differences, it is important to tease apart which of 

these are due to a relative difference in activation between the two groups from those resulting 

from unique activity in one of the two groups (i.e., complete absence of activation in the other 

group). The interpretation of the above-described between-group differences can be aided by the 

within-group results reported from these same publications. Specifically, of these six aging 

studies, two showed unique recruitment of right SM1 in older adults (Mattay et al. 2002; Riecker 

et al. 2006), while two showed activation of this region in both older and young adults but relatively 

more for the older group (Hutchinson et al. 2002; Loibl et al. 2011). One study reported greater 

activation of right SM1 in older versus young adults but did not report within-group results 

(McGregor et al. 2009), making the distinction between unique and relative activation impossible 

to determine. Finally, one study did not report between-group differences in SM1 at all (Calautti 

et al. 2001). Taken together, whether aging is associated with unique, relatively greater 

(compared with young adults), or no engagement of ipsilateral SM1 remains to be answered. 

 

 

 
The goal of the present study was to address these inconsistencies by providing a 

coherent picture of the aging motor system. We used the ALE meta-analysis technique 

(Turkeltaub et al. 2002) to identify robust concordance in activity underlying finger movement in 

young and older adults. The ALE method will find activations that are consistent across a range 

of studies utilizing different methods; however, when examining between-group differences, as 

we intend to do, experimental procedures need to be carefully matched so that the resultant 

Table 1. Locations of activations in fMRI and PET studies of the aging motor system.
Study R. SM1 SMA* L. LPMC R. LPMC L. Cb B. IPL L. SPL R. SPL L. Put
Calautti et al. 2001 x
Hutchinson et al. 2002 x x x
Loibl et al. 2011 x x x x x x x
Mattay et al. 2002 x x x x x x x
McGregor et al. 2009 x x x x x x
Riecker et al. 2006 x x x

*activation in bilateral or unilateral SMA or cingulate cortex 
Abbreviations: R, right; L, left; B, bilateral; SM1, sensorimotor cortex; SMA, supplementary motor area; LPMC, lateral 
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between-group differences can be attributed to brain activation differences and not to one group 

containing a greater number of experiments using a particular experimental procedure (e.g., if our 

older group contained a substantially greater number of experiments that used auditory stimuli). 

Such careful study selection for ALE analyses inevitably results in a smaller number of eligible 

studies that is ultimately submitted for analyses (e.g., Engelmann et al., 2012). For example, only 

studies with right-hand finger movements generated in response to an externally paced stimulus 

were included in our analysis, as internally and externally paced movements engender differential 

brain responses and differential age-related effects (McGregor et al. 2009), and external pacing 

studies have the benefit of engendering similar levels of performance in older and young adults 

(Greene and Williams 1993).  

Indeed, many studies have used ALE to examine effects between populations, but have 

done so by using foci from between-group comparisons done in the original studies (for meta-

analyses with comparable numbers of constituent studies, please see Amanzio et al., 2013; 

Ramage et al., 2013; Richlan et al., 2013 or, for VBM, Richlan et al., 2013), rather than by using 

within-group foci to generate separate ALE maps and then examining between-group effects. 

Here, we examined age-related differences in the motor system by performing between-group 

statistics on ALE maps generated from within-group data, rather than by generating ALE maps 

from coordinates of between-group effects. We first identified published papers containing 

experiments performed in older adults: four publications included studies that included groups of 

both younger and older adults, and four reported older adult data as controls for participants with 

disorders. We then selected from the relatively larger corpus of studies conducted in young adults 

to match the older adult studies that did not have a younger comparison group. Using these 

publications, we conducted a meta-analysis on the data reported for young adults and older 

adults, generating two separate (young and older adult) group maps. We then examined these 

maps’ commonalities as well as their differences to provide a quantitative review of the published 
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literature on brain activity during finger movements for older compared with younger adults. This 

approach has two advantages over using between-group foci. First, within-group data is more 

common in the literature. And second, incorporating within-group data allows us to differentiate 

between brain areas with unique versus relative likelihoods of activation. However, given the 

relative novelty of this approach (Eickhoff et al. 2011), few studies have used this method (e.g., 

Engelmann et al., 2012). 

 

MATERIALS AND METHODS 

Selection of Studies and Experiments 

First, we searched PubMed (http://www.pubmed.org/) and Google Scholar 

(http://scholar.google.com/) for articles with combinations of the following keywords: “fMRI,” 

“PET,” “neuroimaging,” “motor,” “finger,” “tapping,” “flexion,” “movement,” “hand,” “aging,” and 

“older.” We then selected only publications that met our criteria for inclusion in the ALE analyses 

(please see below). To ensure no other potential papers were overlooked, we searched these 

publications’ reference lists and reviewed publications that had cited these (via Google Scholar).  

For the ALE analysis of both groups, young adults and older adults, activation foci were 

included if the publication met the following criteria: (1) subjects were healthy, right-handed adults; 

(2) the average ages of young adult cohorts were between 18 and 34 and/or the average ages of 

older adult cohorts were between 49 and 82 (while this range extends below the border between 

adulthood and older age indicated in neurocognitive aging (i.e., age 60; (Reuter-Lorenz and Lustig 

2005)), our range was chosen from the age ranges (or, when range was not reported, one 

standard deviation below/above the mean) of the individual subjects who participated in the four 

studies of the aging motor system (Calautti et al. 2001; Mattay et al. 2002; Riecker et al. 2006; 

Loibl et al. 2011)); (3) fMRI or PET was used; (4) results were reported in Talairach (Talairach 

and Tournoux 1988) or Montreal Neurological Institute (MNI) stereotaxic space; and (5) activation 
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foci were generated from whole-brain, rather than region-of-interest, analyses; (6) studies 

required subjects to perform some movement of the fingers (e.g., index finger flexion, multi-digit 

sequences) interspersed with a baseline (rest or fixation) period; (7) studies required subjects to 

respond to stimuli using their right hands only; and (8) studies employed a regularly paced 

external stimulus. To illustrate the restrictiveness of these criteria for the older adults, 42 studies 

remained after limiting the sample of studies to the first three inclusion criteria. We then removed 

24 studies that did not report within-group coordinates, two studies that performed ROI analyses 

only, three studies with movements of non-finger or hand body parts (e.g., elbow or wrist), and 

four studies that employed self rather than external pacing. In addition, one reported coordinates 

only for a subset of the brain regions revealed by their between-group analysis. This left eight 

experiments with within-group data in older adults. 

The number of studies fitting the above criteria was far greater for young than for older 

adults. Thus, we first found studies on older adults that fit the above criteria, and then selected 

studies on young adults to match on (1) stimulus frequency, (2) stimulus modality (i.e., auditory 

or visual), and (3) effectors used (e.g., right index finger or multi-digit sequence). All three of these 

aspects can modulate the amount of activation measured (Blinkenberg et al. 1996; Rao et al. 

1996; Riecker et al. 2006; Witt et al. 2008), and the matching strategy minimized confounds that 

may otherwise have been introduced if the studies in older adults differed in this regard from the 

studies in younger adults. By the end of this procedure, our goal was to have two groups of 

studies, one for older and one for young adults, whose stimulus frequency, stimulus modality, and 

effectors used did not differ significantly between groups. 

 

Eligible Experiments 

Our criteria for inclusion into our meta-analysis resulted in 16 experiments and 183 foci total: eight 

experiments with 86 foci in the young adult group (n = 94; mean age = 26.3 ± 3.66 years; 45 
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female) and eight experiments with 97 foci in the older adult group (n = 93; mean age = 60.6 ± 

5.69 years; 49 females). Four of these experiments came from publications that directly 

addressed the aging motor system as described in the introduction (Calautti et al. 2001; Mattay 

et al. 2002; Riecker et al. 2006; Loibl et al. 2011), as these studies reported foci for the within-

group analyses of the older adult group as well as the young adult group. Two other studies 

(Hutchinson et al. 2002; McGregor et al. 2009) were not included because they did not report the 

coordinates for within-group data. The four remaining older adult experiments were data from 

control groups reported in studies focused on disorders (Elsinger et al. 2003; Tombari et al. 2004; 

Sharma et al. 2009; Rehme et al. 2011). The four remaining young adult experiments (Kuhtz-

Buschbeck et al. 2003; Agnew et al. 2004; Akhlaghi et al. 2012) came from the general motor 

literatures and were selected because their experimental conditions most closely matched the 

older adult studies already selected.  

Based on these selection criteria, the older adult and young adult experiments were well-

matched for their experimental parameters. Both the older adult and young adult experiments 

consisted of seven fMRI studies and one PET study. In all experiments, subjects used their right 

hands to perform either individual finger movements (2 older and 3 young adult experiments), 

multi-digit movements (4 older and 4 young adult experiments), or whole-hand closures (2 older 

and 1 young adult experiment) in response to visual (2 older and 3 young adult experiments) or 

auditory stimuli (6 older and 5 young adult experiments). For these studies, subjects lay supine in 

the scanner and pressed buttons as instructed, following training of the task prior to the scan (one 

study (Mattay et al. 2002) did not report whether training was done). Subjects viewed stimuli on 

the screen or were presented with auditory stimuli that served to indicate to them to make the 

motor movement. The rate at which the stimuli were presented (and hence at which subjects 

responded) varied across the studies. However, the overall average stimulus frequency was 

equated for between the older and younger adult studies (t(14) = 0.00246; p>0.99), to ensure that 
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these experimental parameters did not influence the ALE result (one of the studies’ stimulus 

frequencies included in this calculation is an average value because the experiment employed a 

range of frequencies in a task used to generate motor activity (Riecker et al. 2006)). All subjects 

in all studies were right handed, except for in one study (Lehéricy et al. 2006), where one out of 

twelve subjects was left-handed (and as such there was one left-handed subject in the entire 

group of 93 subjects). Details of the original published experiments used in the meta-analysis are 

provided in Table 2. 

 

ALE Methods 

Three approaches were used: (1) group ALE maps of young and older adults separately, (2) a 

conjunction analysis identifying commonalities between these two ALE maps (Eickhoff et al. 

2011), and (3) a contrast analysis identifying differences in ALE maps between groups (Eickhoff 

et al. 2011). We followed the procedures laid out in the user manual for GingerALE 2.3 

(http://www.brainmap.org) and briefly explained in a previous publication from our lab (Purcell et 

al. 2011). To ensure that multiple, tightly clustered foci from a single experiment did not bias the 

MA maps, we applied the Non-Additive method in which, for each voxel in the brain, only the 

probability associated with the focus with the shortest Euclidean distance from that particular 

voxel (i.e., the maximum probability) was used for the MA (Turkeltaub et al. 2012). Significance 

of the output ALE map was assessed to distinguish true convergence across studies from random 

convergence (i.e., noise) and was undertaken using the cluster-level inference method, 

recommended for optimal sensitivity and as an alternative to the more stringent family-wise error 

correction (Eickhoff et al. 2012). The cluster-level inference threshold was set to p<0.05 with a 

cluster-forming threshold false discovery rate (FDR; Thomas Nichols; http://www-

personal.umich.edu/~nichols/FDR/) of pID<0.05, assuming independence or positive 

dependence, and 10,000 permutations. GingerALE was used to identify peak MNI coordinates  
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associated with all clusters in young and older adult maps, transform these coordinates into 

Talairach space using icbm2tal (Lancaster), and label nearest gray matter using the Talarach 

Daemon (http://www.talairach.org/daemon.html). 

To identify brain areas likely to be activated in both groups, and brain areas that differed 

between the two groups, we generated a conjunction map as well as two contrast ALE maps 

(older adult > young adult and young adult > older adult; Eickhoff et al., 2011). The conjunction 

map showed voxels that survived correction in both the individual group maps for young and older 

adults with a minimum cluster size of 100 mm3. Contrast maps (older adult > young adult and vice 

versa) were generated by directly subtracting one group ALE map from the other. Specifically, 

GingerALE was used to perform the following steps: (1) randomly re-group the experiments 

constituting the group datasets for young and older adults into two new datasets of the same size; 

(2) create ALE images for each of the new datasets and subtract one from the other; (3) repeat 

this process 10,000 times (number of permutations) to generate an extensive null distribution; 

and (4) test the actual ALE subtraction against this resultant null distribution using a voxel-wise 

FDR correction (Laird et al. 2005) of pID<0.05 and a minimum cluster size of 100 mm3.  

Results were visualized using the Mango software package (http://rii.uthscsa.edu/mango/) 

with the Colin brain template in MNI space (Holmes et al. 2014). Functional motor regions (e.g., 

SM1, SMA, etc.) were labelled using the Human Motor Area Template (HMAT) depicted in axial 

slices (Mayka et al. 2006). This template was derived by implementing the ALE method on 126 

fMRI or PET studies involving motor control, and demarcates 3 main divisions of motor areas 

(SM1, medial premotor cortex (MPMC), and LPMC) as well as their subdivisions (primary motor 

cortex (M1) and primary somatosensory cortex (S1) for SM1, SMA and pre-SMA for MPMC, and 

PMv and PMd for LPMC). For our reporting, we differentiated the subdivisions of MPMC and 

LPMC, but not SM1, because most of the studies used in this meta-analysis showed activation in 

M1 and S1, and those activations registered in a single cluster. This is different from activations 
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in MPMC and LPMC, which often registered in one but not both subdivisions. The areas 

demarcated by the template are inherently probabilistic in nature due to the ALE algorithm used 

to identify them. Probability maps for main and subdivisions represent the likelihood that an 

activation focus falls within a given area. We reported functional regions based on a 95% 

probability; i.e., if a coordinate fell within the 95% bounds for only one main or subdivision, we 

labelled that coordinate as that main or subdivision. Boundary zones (i.e., regions of the map in 

which main or subdivisions overlapped) manifest U-shaped probabilities, where the nadir 

represents an equal probability that an activation focus lies in adjacent main or subdivisions. We 

labelled coordinates in these boundary zones as the main or subdivision with the higher 

probability. Any coordinates that fell almost perfectly at the nadir were labelled with both names 

(e.g., pre-SMA/SMA). 

 

RESULTS  

ALE Results 

Within-Group ALE Analyses 

A full list of ALE peaks (in MNI stereotaxic space) for the young and older adult groups is reported 

in Table 3, along with anatomical and functional labels. Superscript markings appending certain 

functional motor brain regions indicate that the peak is in a boundary zone between two main 

divisions (%1), e.g., between SM1 and LPMC; or subdivisions (%2), e.g., between PMv and PMd, 

as demarcated by the HMAT (see Material and Methods for details). 
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Young Adults 

For right-hand finger movement in young adults, we observed significant likelihoods of activation 

in left SM1 extending into PMd%1, bilateral pre-SMA, left SMA, right SMA, left IPL, bilateral insula, 

left putamen, left thalamus, and bilateral anterior cerebellum (Fig. 1A). 

 

 

Table 3. ALE peaks for within-group contrasts for right hand movements.

Anatomical region
Functional 
motor region

BA Peak coordinates k
Z         

(x 10-3)
x y z

L. Postcentral Gyrus SM1 3 -38 -22 52 9208 26.7
R. Medial Frontal Gyrus pre-SMA/SMA 6 6 8 64 6536 11.6
L. Inferior Parietal Lobule 40 -52 -38 30 712 6.89
L. Insula 13 -48 -24 18 1112 10.2
R. Insula 13 54 -22 18 1480 8.95
L. Putamen -22 6 8 3232 15.0
R. Anterior Cerebellum 18 -52 -22 6176 14.7
L. Anterior Cerebellum -36 -58 -28 1720 10.2
L. Thalamus -14 -18 2 3744 18.5

L. Postcentral Gyrus SM1 2 -44 -22 52 11008 17.2
R. Precentral Gyrus SM1%1 6 40 -10 60 4552 13.4
L. Medial Frontal Gyrus SMA 6 -4 -4 54 5672 13.6
R. Inferior Frontal Gyrus PMv 44 62 10 21 1552 12.6
L. Inferior Frontal Gyrus PMv 44 -54 2 18 720 7.90
R. Inferior Parietal Lobule 40 40 -32 36 2880 13.1
L. Superior Parietal Lobule 7 -34 -44 56 1000 10.2
R. Insula 13 54 -18 18 888 8.13
L. Inferior Occipital Gyrus 18 -30 -90 -4 888 7.77
L. Putamen -24 -8 6 848 7.31
R. Putamen 24 4 -4 1016 11.2
R. Anterior Cerebellum 18 -52 -20 3544 22.9
L. Anterior Cerebellum -26 -54 -22 1648 13.6
L. Thalamus -16 -18 0 1488 7.72
%1 % at first level.

Young adults

Older adults
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Older Adults 

For right-hand finger movement in older adults, the ALE map showed likelihoods of activation in 

left SM1 extending ventrally into left insula, right SM1%1 extending into PMd%1, left SMA extending 

into right SMA as well as left and right pre-SMA, bilateral PMv, right IPL, left superior parietal 

lobule, right insula, left inferior occipital gyrus, bilateral putamen, left thalamus, and bilateral 

anterior cerebellum (Fig. 1B). 

 

Conjunction ALE Analysis 

Areas most likely activated by both young and older adults, as revealed by conjunction analysis, 

included left SM1 extending into left PMd%1, left SMA extending into right SMA%2 and bilateral pre-

SMA%2, bilateral insula, left thalamus, and right anterior cerebellum (Fig. 1C; Table 4). 

 

 

Table 4. ALE peaks from conjunction of young and older adult ALE maps.

Anatomical region
Functional 
motor region

BA Peak coordinates k
Z         

(x 10-3)
x y z

L. Postcentral Gyrus SM1 3 -42 -22 52 5872 16.5
L. Medial Frontal Gyrus SMA 6 -6 -6 58 944 7.42
L. Insula 13 -48 -26 20 936 9.08
R. Insula 13 54 -20 18 232 7.16
R. Anterior Cerebellum 18 -52 -22 2592 14.7
L. Thalamus -16 -18 0 1224 7.72
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Figure 1. Older and young adults likely recruit different brain areas. Whole-brain activation 

likelihood estimation (ALE) maps for (A) young adults, (B) older adults, and (C) conjunction of 

older and young adults (cluster-level inference corrected threshold at p < 0.05). All maps exhibited 

suprathreshold ALE values in left primary sensorimotor cortex (SM1), left supplementary motor 

area (SMA), bilateral insula, right anterior cerebellum, and left thalamus. In addition, older and 

young adult maps showed suprathreshold ALE values in regions of right SMA, dorsal premotor 

cortex, and left putamen. In the older adult map only, please note the suprathreshold ALE values 

in right SM1, extending into dorsal premotor cortex. L, left hemisphere; R, right hemisphere. 

Tables 3 and 4 provide the full list of ALE peaks for these maps. 
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Between-Group ALE Analyses 

A direct between-group comparison revealed that older compared with young adults had a greater 

likelihood of activation in right SM1 extending into PMd%1, right supramarginal gyrus (SMG), and 

left postero-ventral SMA extending into right SMA (Fig. 2; Table 5). The reverse comparison 

revealed significantly lower ALE values in older compared with young adults in right pre-SMA, 

extending into left pre-SMA%2, and left SMA. Older adults also had significantly lower ALE values 

in right posterior cerebellum (Fig. 3). 

 

 

  

Table 5. ALE peaks for between-group contrasts for right hand movements.

Anatomical region
Functional 
motor region

BA Peak coordinates k
Z         

(x 10-3)
x y z

R. Superior Frontal Gyrus pre-SMA 6 6 14 68 1984 2.30
R. Posterior Cerebellum 18 -58 -34 136 2.09

R. Postcentral Gyrus SM1 3 40 -21 54 2200 2.39
L. Cingulate Gyrus SMA 24 -2 -6 47 1976 2.77
R. Supramarginal Gyrus* 40 44 -38 32 2352 2.24
* = Extreme was outside gray matter. This is the secondary extreme.

Older Adults > Young Adults

Young Adults > Older Adults



	 33	

 
 

 

Figure 2. Brain areas showing greater likelihood of activation in older compared with 

young adults. Whole-brain ALE maps for the  older > young adult contrast (voxel-wise FDR 

correction at p < 0.05,  k > 100 mm3). Suprathreshold ALE values were observed in right primary 

sensorimotor cortex, right dorsal premotor cortex, and supplementary motor area (A), and right 

supramarginal gyrus (B). L, left hemisphere; R, right hemisphere. Table 5 provides the full list of 

ALE peaks for this map. 
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Figure 3. Brain areas showing greater likelihood of activation in young compared with 

older adults. Whole-brain ALE maps for the young > older adult contrast (voxel-wise FDR 

correction at p < 0.05,  k > 100 mm3). Suprathreshold ALE values were observed in antero-dorsal 

regions of medial premotor cortex (A) and right cerebellum (B). L, left hemisphere; R, right 

hemisphere. Table 5 provides the full list of ALE peaks for this map. 
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DISCUSSION 

This is the first quantitative meta-analysis of functional neuroimaging data reported for right-hand 

finger movements in older adults, and the first investigation into the commonalities and differences 

between activation likelihood maps generated for older and young adults. Our ALE analysis drew 

on studies in which subjects performed right hand index finger movements, multi-digit 

movements, or whole-hand closures, with the type of task equally distributed over the young and 

older adult groups. While there are task-dependent differences in brain activity for these 

paradigms (Witt et al. 2008), our focus was on age-dependent difference; thus, task type was 

balanced for the conjunction and between-group analysis. The results, based on eight 

experiments reported in older adults and eight experiments reported in young adults, revealed 

that both (via conjunction) groups engage left SM1 (extending into PMd), left SMA (extending into 

right SMA and bilateral pre-SMA), bilateral insula, left thalamus, and right anterior cerebellum. 

However, other aspects of the analyses revealed that older adults use additional brain regions 

that are not engaged by younger adults: a likelihood of activation was observed ipsilateral to the 

side of movement in right SM1 (extending into PMd) and SMG in the older adults within-group 

analysis, as well as in the between-groups contrast of older versus young adults. This 

observation—that older adults showed likelihood of activation in right SM1 and SMG when young 

adults did not—indicates unique recruitment of an ipsilateral network with older age. Another age-

related finding was in the SMA, but here the results indicate the possibility of an age-dependent 

anatomical shift in brain activation. Specifically, both groups individually showed concordance 

across studies in the SMA; however, the particular subregion recruited differed depending on the 

age group, with young adults tending to use pre-SMA and older adults likely to activate more 

postero-ventral SMA. Finally, older compared to young adults had relatively less concordance in 

right posterior cerebellum. 
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Young Adults and Older Adults Within-Group Findings 

Our ALE results for Movement > Rest contrasts in young adults were similar to those from a prior 

meta-analysis of 23 published studies restricted to right-hand index finger movements (one of 

several meta-analyses reported by Witt et al., 2008, with the main meta-analysis of 38 studies 

including left hand movements). They too observed left SM1, left PMd, bilateral SMA, right insula, 

left basal ganglia, and bilateral anterior cerebellum. It should be noted that our ALE map 

additionally identified left IPL, left insula, and left thalamus, whereas we did not identify some 

areas reported by Witt and colleagues (2008), namely right PMd, left PMv, right IPL, bilateral 

claustra, right IFG, and bilateral DLPFC. There are three notable methodological differences 

between the meta-analysis presented here and the comparable analysis presented by Witt and 

colleagues (2008). The first is the number of experiments entered into the analyses (eight for ours 

and 23 for Witt et al. (2008)). Second, our meta-analysis included some experiments in which 

subjects performed finger movements involving multiple fingers, whereas the subset meta-

analysis (23 studies) reported by Witt et al. (2008) only included index finger movements. And 

third, our ALE maps were generated from studies that used only externally paced stimuli (i.e., 

externally guided by auditory or visual stimuli), which, based on their predominant representation 

in Witt et al. (2008), seems to be the more common approach found in the literature. In contrast, 

Witt et al. (2008) generated their ALE map for right-hand index finger movements from 23 studies 

comprising experiments using both externally paced (23 experiments) and internally paced (self-

guided with no external stimuli, 11 experiments) finger movements, while in another aspect of 

their study showing that likelihoods of activation seem to differ depending upon whether the 

movement is externally or internally driven. 

Turning to the older adults, we found likelihoods of activation in this group bilaterally in a 

number of regions including SM1, LPMC, SMA and pre-SMA, posterior parietal cortex, putamen, 

and anterior cerebellum. These findings are consistent with two studies of older adults not 
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included in our meta-analysis (because the coordinates of activation foci were not reported), 

which reported activation in similar ipsilateral, right cortical motor areas (Hutchinson et al. 2002; 

McGregor et al. 2009). 

 

Similarities and Differences between Young and Older Adults 

A conjunction analysis revealed that older and young adults are both likely to recruit left SM1, left 

SMA, bilateral insula, left thalamus, and right anterior cerebellum. However, the between-group 

comparison revealed that older adults show a greater likelihood of engaging right SM1 (and 

extending into right PMd) and SMG, as well as bilateral postero-ventral SMA. When considered 

in the context of the results from the young adult within-group map, it becomes evident which of 

these regions are uniquely recruited by older adults and which regions are also present in young 

adults but demonstrate a relatively greater concordance in older compared to young adults. 

Interestingly, the right SM1 and right SMG, observed in both the older adults within-group map 

and the older versus young adults contrast, were not observed in the young adult map, indicating 

that these regions are uniquely recruited in older adults.  

 

Primary Sensorimotor Cortex  

SM1 comprises primary motor cortex (M1), the area considered to execute voluntary movement 

through its direct connection to the spinal cord (via the cortico-spinal tract), and primary 

somatosensory cortex (S1), the brain’s main area for receiving information about touch. Reliability 

of our findings in this area can be traced back to output from GingerALE, which provides 

information on the number and identity of the input foci that contribute to significant ALE clusters. 

All eight experiments contributed to the older adults’ within-group convergence in right SM1 (19 

foci total). As young adults did not show a likelihood of activation in this area, no input foci from 

young adult data contributed to convergence in this area for the young adult within-group map. 
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Consistent with this finding, two out of the four aging studies (Mattay et al. 2002; Riecker et al. 

2006) whose within-group data were used in our meta-analysis, as well as one study not included 

in our ALE analysis (McGregor et al. 2009), also showed that older adults uniquely activate right 

SM1. In addition, one out of the four aging studies included in this meta-analysis (Loibl et al. 2011) 

and one not included (Hutchinson et al. 2002) showed greater activation in SM1 in older compared 

with young adults contrasts. These findings are also in line with a report that activation measured 

with fMRI in right M1 during a right-hand finger-tapping task is positively correlated with age 

(Naccarato et al. 2006).  

Looking at a different literature, studies of age-related changes in connectivity parallel 

these observations of age-dependent recruitment of right SM1 ipsilateral to the side of movement. 

In a diffusion tensor imaging (DTI) study, functional anisotropy (FA), a proxy for white matter 

microstructure, was shown to change over the lifespan following an inverted U-curve in the body 

of the corpus callosum (Lebel et al. 2012). This tract includes fibers connecting the motor cortices 

of the left and right hemisphere (as well as other, non-motor regions). A DTI study exclusively 

examining the fibers of the body of the corpus callosum connecting homologous motor cortices 

found reduced FA in older compared with young adults (Fling and Seidler 2012; Fling et al. 2012). 

These connections contribute to the inhibition of ipsilateral M1 by contralateral M1 during 

movements (i.e., transcallosal inhibition; (Ferbert et al. 1992; Meyer et al. 1995, 1998; Netz et al. 

1995; Boroojerdi et al. 1996; Gerloff et al. 1998; Stinear et al. 2001; Daskalakis et al. 2002; Duque 

et al. 2007)). Specifically, it is believed that glutamatergic transcallosal fibers mediate local 

GABAergic circuitry (i.e., intracortical inhibition) that suppresses corticospinal neurons in 

ipsilateral M1 (for a review, see Conti and Manzoni 1994) . It is this mechanism that is thought to 

give rise to BOLD signal decreases in ipsilateral SM1 that have been observed during movement 

execution (Ferbert et al. 1992; Allison et al. 2000; Liepert et al. 2001; Hamzei et al. 2002; Newton 

et al. 2005). Relevant to the focus of this study, it follows that as transcallosal inhibition (Talelli et 
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al. 2008) and intracortical inhibition (Peinemann et al. 2001) decrease from young to older 

adulthood, ipsilateral SM1 would show attenuation of the BOLD signal decrease or perhaps even 

a positive BOLD signal in older adults. This is consistent with our observation of a unique 

likelihood of activation of right SM1 in older adults. 

It is worth considering whether differences in gray matter volume (GMV) may also underlie 

the effects we observed in right SM1. This explanation seems highly unlikely since gray matter 

atrophy, particularly reduced GMV in SM1, occurs with age (Good et al. 2001; Hoffstaedter et al. 

2015), and therefore one might expect partial volume effects to contribute to fMRI signal loss 

(rather than gain) in the older adult group. In other words, such differences in brain structure would 

only explain less likelihood of activation in the older versus young adult comparisons. Since we 

found older adults to be more likely to activate in right SM1 and SMG, these age-related 

differences cannot be explained in terms of gray matter loss. As such, it seems that our 

observation of unique likelihood of SM1 activity in older adults occurs despite this region having 

experienced atrophy. It is also telling that we did not find differences between the groups in left 

SM1, even though left SM1 also contains less gray matter in the older adults (Good et al. 2001; 

Hoffstaedter et al. 2015). Altogether, it appears that gray matter decline in SM1 and SMG 

specifically cannot explain our finding, though it is possible that age-related gray matter atrophy 

in other brain regions contributes to functional reorganization in these areas. 

 

Supramarginal Gyrus 

Through its fronto-parietal circuitry, SMG is thought to contribute to integrating sensory 

information to subsequently guide motor output (Geyer et al. 2000). Five foci from four 

experiments (Mattay et al. 2002; Tombari et al. 2004; Sharma et al. 2009; Loibl et al. 2011) drove 

convergence in right SMG in our older adults within-group analysis. One of the aging studies used 

in our analysis showed greater recruitment of this area in an older compared with young adults 
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contrast (Mattay et al. 2002), although unlike our results, their findings demonstrated that right 

SMG was not uniquely activated by older adults, but rather relatively more so compared with 

young adults. An aging study not included in this meta-analysis also showed relatively greater 

activations in IPL in older compared with young adults (McGregor et al. 2009), but whether the 

brain area was localized to SMG or angular gyrus specifically remains unclear. Interestingly, the 

foci that contributed to the SMG ALE cluster are from studies that required subjects to move 

multiple digits, as opposed to single digits. This may suggest that right SMG is uniquely recruited 

by older adults on multi-digit tasks or, as our meta-analysis had one more multi-digit experiment 

in the set of older adult studies, that the convergence in right SMG is an artifact of having one 

more multi-digit study in the older adult group. However, as two out of the five foci that contributed 

to the SMG cluster were from those studies in which older and young adults performed the same 

task, we think that the unique convergence in right SMG reflects true differences in older and 

young adults performing multi-digit tasks (and not an effect of having one more multi-digit 

experiment in the older group). We did not notice that task type or stimulus modality related to 

any other ALE findings. We also note the convergence of both SMG and PMd, the latter of which 

emerged from the contributions of two foci from a right-hand index finger, rather than multi-digit, 

task (Riecker et al. 2006). The appearance of these areas for either task suggests that older 

adults might uniquely rely on right, ipsilateral parieto-frontal areas to complete right-hand finger 

movements in general. Importantly, these areas are consistent with the well-characterized 

parieto-frontal circuitry revealed in the macaque, which projects from parietal cortex, including 

IPL, to LPMC and on to M1, and is thought to underlie the transformation of sensory input into 

motor output (Geyer et al. 2000). In contrast to many studies of the aging motor system, which, 

as described earlier, demonstrate unique activation in ipsilateral SM1 in older compared with 

young adults, this finding suggests that older adults may rely on a larger ipsilateral network, 

consisting not only of SM1, but also PMd and SMG. As we only included studies employing the 
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right hand, it remains unclear whether this age-related pattern is unique to right hand movements, 

and if it is not, whether it is left- or right-lateralized. A meta-analysis similar to the one we 

conducted, but using data from studies employing left hand tasks, is needed to answer this 

question.  

 

Supplementary Motor Area 

SMA has been linked to a variety of motor behaviors including motor planning, sequence 

performance, and bimanual coordination (for a review, please see Nachev et al., 2008). 

Considering the SMA concordances, we found an interesting age-dependent pattern: both within-

group and both between-groups maps revealed likelihoods of activation within SMA; however, 

with the exception of a small portion (as shown in the conjunction), the part of SMA identified in 

the young adults within-group map and in the young-greater-than-older-adults between-group 

map was spatially distinct from the region of SMA found in the group map of older adults and the 

older-greater-than-young-adults comparison (Fig. 4). Specifically, bilateral postero-ventral SMA 

was more strongly recruited by the older adults and pre-SMA was more strongly recruited by the 

young adults. Three of the four aging studies (i.e., comparing young and older adults) used in this 

meta-analysis reported between-group differences in bilateral SMA, with most showing greater 

activation in older compared with younger adults (Mattay et al. 2002; Riecker et al. 2006; Loibl et 

al. 2011), while one showed the opposite (Riecker et al. 2006). In addition, two aging studies not 

included in our meta-analysis also showed greater activation in older adults in this area 

(Hutchinson et al. 2002; McGregor et al. 2009). Our observations are best described as a shift in 

concordance from pre-SMA to postero-ventral SMA with increasing age. The SMA has often been 

discussed in the context of task complexity  (Chouinard and Paus 2010). It has also been 

proposed that an anterior–posterior continuum exists along these medial premotor areas, with 

pre-SMA (more anterior) areas more involved in higher-order tasks and SMA proper more 
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involved in relatively lower-order tasks (Picard and Strick 1996; Nachev et al. 2008). As such, the 

question arises whether the observations in SMA can be attributed to task complexity. Since we 

were careful to control for task complexity in the selection of the studies, it seems that the older 

adults were recruiting postero-ventral SMA (associated with lower-level task processing) to 

complete the motor movements included in this meta-analysis. This may seem rather surprising, 

as one might expect these tasks to be harder for older adults. Perhaps the recruitment of pre-

SMA becomes prohibited with age, or unnecessary due to other compensatory changes in the 

aging brain in support of motor tasks. It is also important to note that different anatomical 

connectivity profiles also distinguish these areas, with pre-SMA relatively more connected with 

frontal cortex and SMA relatively more connected with parietal cortex (Nachev et al. 2008). Thus, 

the co-occurrence of this posterior shift with the convergence in inferior parietal cortex (i.e., the 

SMG finding) for older compared with young adults may be indicative of a switch from top-down 

to bottom-up processing. 

A closer look at the relationship between task performance and brain activity in the aging 

studies used in our meta-analysis is relevant in the context of this discussion. Two of the four 

studies reported significantly slower reaction times for the older compared with young adults 

(Mattay et al. 2002; Riecker et al. 2006), and in one of these studies this observation was 

disregarded because reaction times were only slower at the beginnings of runs (Riecker et al. 

2006). Both studies reported no differences between the groups on accuracy. A third study 

reported no significant differences on reaction time or accuracy (Loibl et al. 2011), and the fourth 

did not report performance at all (Calautti et al. 2001). The other four studies used in our meta-

analysis to generate the older adult ALE group map cannot be considered for this matter because 

they were not accompanied by a young adult comparison group (please see Materials and 

Methods). Overall, it seems that in-scanner performance was only slightly different between 

groups, if at all, which makes it reasonable to conclude that task performance is not likely to 
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explain the ALE map differences we observed. This is consistent with behavioral literature, which 

has shown no significant age-related differences in finger tapping (Greene and Williams 1993) 

but pronounced age-related differences on more demanding tasks (Ruff and Parker 1993; Smith 

et al. 1999). This underscores our rationale for including only studies that employed tasks of 

similar difficulty. 

 

 
 

 

Figure 4. Older and young adults likely recruit different regions of medial premotor cortex. 

Midsagittal section (x = 5) of older > young adult (green) and young > older adult (blue) ALE 

contrasts (voxel-wise FDR corrected at p < 0.05). Young compared with older adults showed a 

greater likelihood of activation in a cluster extending into pre-SMA, whereas older compared with 

young adults showed a greater likelihood of activation in a postero-ventral region of SMA. 

 
 
 
 
 
Cerebellum 

The cerebellum detects differences between actual and intended movements. Through its various 

projections to upper motor neurons in the cerebral cortex and brainstem, it subsequently corrects 

for these differences (Purves et al. 2004). Our results show that the right posterior cerebellum 

exhibited relatively less concordance for older compared with younger adults. Although none of 
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the studies used in our meta-analysis found age-related differences in this region, Hutchinson et 

al. (2002) (not included in our meta-analysis) also found less activation in cerebellum in older 

compared with young adults, in their case bilaterally (Hutchinson et al. 2002). Other than this, 

however, our finding is somewhat inconsistent with previous aging studies. Two studies included 

in this meta-analysis (Mattay et al. 2002; Loibl et al. 2011) reported unique activation in the older 

compared with young adults in left cerebellum, as did one study not included in the ALE analysis 

(McGregor et al. 2009). We are not certain what contributed to the discrepancy between our result 

and the results of other aging studies, but we note that age-related reductions in bilateral 

cerebellar GMV and WMV (e.g., Koppelmans et al., 2015) could support the differences we find. 

Notably, our finding was localized to more posterior aspects of the cerebellum or on the cusp of 

posterior and anterior cerebellum. Unlike anterior cerebellum, which is considered to be involved 

in motor control, the posterior cerebellum is pertinent for cognitive tasks (Allen et al. 1997; 

Schmahmann and Sherman 1998). As such, it is tempting to speculate, akin to recruitment of 

posterior SMA and SMG, that older adults, compared with younger adults, do not have the option 

or the need to draw on regions that may reflect more complex processing. 

 

Relevance to Current Models of the Aging Motor System  

Two main theories have been proposed to explain the additional activations observed in older 

compared with young adults. The first is compensation, in which better task performance 

corresponds to activation in additional brain areas (Mattay et al. 2002; Heuninckx et al. 2008). 

Indeed, Mattay et al. (2002) reported positive correlations between performance and bilateral 

SM1, LPMC, SMA, and left parietal cortex and cerebellum (Mattay et al. 2002). This pattern is not 

limited to fMRI data, as it has been shown that the release from transcallosal inhibition between 

right and left SM1 (described earlier) also seems to contribute to better motor performance in 

older adults (Fling and Seidler 2012; Fling et al. 2012). More recently, others have interpreted 
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age-related increases in sensorimotor functional connectivity (FC) measures as also reflecting 

compensatory processes (Tomasi and Volkow 2012; Mathys et al. 2014; Seidler et al. 2015). 

However, most FC analyses of the aging motor system have examined resting-state, rather than 

task-based data, the latter being more pertinent to the goal of this study (i.e., to examine age-

related differences in the motor system as it mobilizes to perform a motor task). The second 

interpretation is de-differentiation (Carp et al. 2011; Bernard and Seidler 2012), in which additional 

brain areas in older adults are recruited non-selectively after age-related degeneration of 

connections. In this case, additional activations do not correlate with performance or task 

demands (Riecker et al. 2006), or are possibly negatively correlated (Loibl et al. 2011). This 

controversy is not limited to the motor system, as it extends into vision (Park et al. 2004, 2012) 

and cognition (for a review, please see Grady, 2012). For example, the observation that older 

adults tend to show bilateral PFC activity during working memory tasks that elicit unilateral PFC 

activity in young adults has been attributed to compensation (Cabeza 2002); however, to the best 

of our knowledge, the possibility of age-related changes in inter-hemispheric inhibition as we 

described in Section “Primary Sensorimotor Cortex” has not yet been investigated in the cognitive 

domain. This debate is also not limited to aging; interpretations of developmental changes are 

also controversial (Poldrack 2010), and it is unclear whether differences in activation in children 

of different ages reflect compensation for immaturity or are a result of that immaturity.  

As we cannot quantify performance or task demands for all studies in this meta-analysis, 

resolving the controversy between compensation and de-differentiation is beyond the scope of 

this study. Nevertheless, our observation of unique likelihoods of activations in right SM1 

(extending into PMd) and SMG, three brain areas whose connections have been characterized in 

the animal literature (Geyer et al. 2000), suggests that right SM1 might be activated in older adults 

by input from SMG via PMd. This compensation by an aging-specific ipsilateral network would be 

the most parsimonious interpretation of our cortical results. Nevertheless, we would not exclude 
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the possibility—as discussed earlier—that degeneration of transcallosal inhibition, as would be 

one basis for de-differentiation, also contributes to the unique likelihood of activation in SM1 

specifically, which would indicate that both compensation and de-differentiation occur in aging. 

 

Conclusion 

The present study quantitatively summarizes the extant literature on the brain basis of simple 

movements in older adults. Further, it provides comparisons between this ALE map and that of 

young adults. As expected, we observed likelihoods of activation in right SM1 in older adults and 

in the older-versus-young-adult comparison that was absent in younger adults. We also observed 

a unique likelihood of activation in right SMG, which, together with the concordance in right SM1 

extending into PMd, suggests that older but not young adulthood is marked by recruitment of an 

ipsilateral network for right-hand finger movements. Importantly, we also observed a posterior 

shift in likelihood of activation in SMA in older age and relatively less concordance in left posterior 

cerebellum in older compared with young adults. This study contributes to our understanding of 

age-related changes in motor activity in unimpaired populations and offers a foundation for 

studying disease-related changes in older adults.  
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CHAPTER III 
 
 
 

AN FMRI STUDY OF FINGER TAPPING IN CHILDREN  
AND YOUNG ADULTS† 

 

 

 

 

INTRODUCTION 

Due to their simplicity of construct and execution, and their utility in assessing motor function in 

health and disease, finger-tapping paradigms have long been used in neuroimaging studies for 

probing motor substrates. The results of many of these studies have been summarized by an 

activation likelihood estimate (ALE) meta-analysis of thirty-eight published studies, which 

investigated regions in the adult brain that underlie finger tapping under differing task complexity 

and stimulus modalities. The meta-analysis found that for right hand index finger movements (a 

smaller subset of the larger meta-analysis), activation is likely found in left primary sensorimotor 

cortex (SM1), supplementary motor area (SMA), ventral premotor cortex (PMv), basal ganglia, as 

well as bilateral anterior cerebellum, claustra, dorsal premotor cortex (PMd), and dorsolateral 

prefrontal cortex (DLPFC) and right inferior parietal lobule (IPL), insula, and inferior frontal gyrus 

(IFG; Witt et al., 2008).  

But in contrast to a large number of publications on finger tapping in adults, only two 

functional magnetic resonance imaging (fMRI) studies have examined the functional anatomy of 

                                                
 
† Adapted from Turesky TK, Olulade OA, Luetje MM and Eden GF, An fMRI study of finger tapping in 
children and young adults (anticipated submission: June, 2016). 
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finger tapping in children (Rivkin et al. 2003; De Guio et al. 2012). One of these included only 

children (Rivkin et al. 2003) while the other contrasted children and adults (De Guio et al. 2012). 

Characterizing the brain regions that subserve finger tapping in typical children is important, firstly, 

because it provides normative data by which to consider childhood disorders of motor control (e.g. 

cerebral palsy) and other disorders with associated motor impairments (e.g. developmental 

dyslexia and autism spectrum disorders); and secondly, because it can be contrasted to adult 

data, thereby contributing to the growing developmental literature on sensorimotor and cognitive 

processing. The age-specific differences in brain activity for simple finger movements is of 

theoretical importance, because it has been well documented that children are not as skilled in 

voluntary movements as adults (Tinker and Goodenough 1930; Largo et al. 2001; Whitall et al. 

2008). As such, one would expect to observe differences in activity, reflecting an immature and 

less experienced motor system. For instance, in a cross-sectional behavioral study of 662 healthy 

children, aged 5 to 18 years, it has been shown that the transition from childhood to adulthood is 

accompanied by more rapid performance of repetitive and sequential dominant hand finger 

movements (Largo et al. 2001). Another study assessed children (age range: 6-8 years) and 

adults (age range: 21-35 years) as they attempted to keep pace with an auditory stimulus through 

finger tapping and found that children are more variable in their synchrony to the stimulus (Whitall 

et al. 2008).  

In the neuroimaging study by Rivkin et al. (2003), children performed two experiments: 

one using externally-paced (auditorily) and the other internally-paced bimanual movements, 

whereby the left hand alternated with right hand during finger tapping. The resulting maps for the 

externally-paced condition showed activation in bilateral posterior superior temporal gyrus, SM1, 

SMA and cerebellum; and maps for the internally-paced condition showed activation in bilateral 

SM1, SMA, pre-SMA, and cerebellum. The results were interpreted in the context of the adult 

published literature as no adult data were acquired for direct comparison. Using this approach, 
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the authors concluded that SMA is uniquely recruited by children for externally-paced movements 

and pre-SMA is uniquely recruited by children for internally-paced movements. In the other study, 

De Guio et al. (2012) used an internally-paced, dominant hand finger-tapping task and observed 

activations in children in left SM1, premotor cortex, thalamus, and claustrum; and bilateral 

cerebellum and occipital cortex. They also included adults, but observed no significant activations 

in the adults, a stark departure from the rich literature demonstrating robust activity in motor areas 

(Witt et al. 2008). In fact, the adults in this study showed only decreases in blood-oxygen-level-

dependent (BOLD) signal and these were located in occipital and frontal regions. As such, it is 

difficult to interpret the between-group comparison results, which indicated that children had 

greater activation than adults in bilateral SM1, cerebellum, and occipital cortex; left premotor 

cortex and middle temporal gyrus; and right thalamus. These differences, while consistent with 

the notion that children would show more activity than adults due to an under-developed motor 

system, may in this study have resulted from the (potentially spurious) underactivity observed in 

the adult sample for this study. 

Together, these two studies have substantial limitations in their ability to characterize the 

motor systems of children and to compare the task-evoked activation in children to that of adults. 

There are additional limitations given the specific tasks used. One, De Guio et al. (2012) employed 

internally-paced stimuli only, whereas the biggest interest for the adult literature (i.e. majority of 

studies published) has focused on externally-paced stimuli, which have been shown to engender 

dissimilar ALE maps (Witt et al. 2008). Two, Rivkin et al. (2003) employed regularly-paced stimuli, 

which are less ecologically valid and differ in activation when compared with irregularly-paced 

stimuli (Lutz et al. 2000). In addition, one of the two pediatric studies described above employed 

a bimanual task (Rivkin et al. 2003), while the most common approach in adults is to focus on 

single-hand finger movements (Witt et al. 2008). The study by De Guio et al., (2010) solely 

focused on finger movement of the dominant (right) hand. However, there is good reason to study 
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both the dominant and the non-dominant hand separately, as activity underlying finger 

movements of the dominant hand are not simply the mirror-image of those elicited by the non-

dominant hand. In particular, for regularly-, visually-paced finger tapping, additional ipsilateral 

motor cortical areas have been shown to be activated for movements of the non-dominant (but 

not dominant) hand (Agnew et al. 2004). In children, this difference may be more pronounced as 

behaviorally children have shown a stronger right hand advantage on motor tasks than adults 

(Roy et al. 2003). This leads to the expectation that we will observe stronger ipsilateral motor 

cortical activity for left hand movement in children compared with adults. 

Further, it is worth noting that finger tapping is of special interest because the majority of 

neuroimaging studies performed in children to examine cognitive or sensory functions involve a 

motor response, such as pressing a button with the finger on the left or right hand. While it is 

assumed that the brain activity associated with the motor component of this response is similar 

between the children and adults being compared, this assumption may not be entirely correct. 

This can be especially problematic in studies that do not use an analogous motor task for the 

comparison condition (e.g., when indicating whether two visually presented words rhyme by 

pressing a button in the left or right hand and contrasting this to fixation rather than a closely-

matched control task that also involves a button press). When these are compared between 

children and adults, a between-group difference in motor system activation in children would 

inaccurately be attributed to age-dependent difference of the cognitive task. 

Based on this, our goals were two-fold: firstly, to characterize the motor system in children 

alone and secondly, to compare children and adults as a way to contribute to the developmental 

literature on sensorimotor processing. Our predictions are based on the behavioral literature on 

motor performance described above, from which we expect more brain activity in children to 

compensate for poorer performance and less experience. This would be especially pronounced 

in SMA, as indicated by the earlier work by Rivkin and colleagues (2003) and even more so in the 
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hemisphere ipsilateral to the movement when using the non-dominant hand (i.e. left hemisphere). 

To accomplish these goals, we generated group maps for children and adults performing 

dominant (right) hand as well as non-dominant (left) hand finger movements hand separately in 

response to an externally-, irregularly-paced stimulus. Next we tested for age-specific between-

group differences; specifically, we expected greater activity and more widespread recruitment of 

neural resources for the task in children than adults. Finally, given the factorial nature of our data, 

we also conducted a 2 x 2 factorial design on age group and hand, which ultimately also allowed 

us to test whether age-related differences in finger tapping manifest differently for the dominant 

and non-dominant hand. 

 

MATERIALS AND METHODS 

Subjects 

All subjects were typical, healthy individuals with no history of neurological disease or learning 

disability. We assessed intelligence quotient (IQ) in all participants using the Wechsler 

Abbreviated Scale of Intelligence (WASI, Wechsler, 1999) to ensure children and adults had an 

IQ above a standard score of 85 and were matched on this measure. All subjects were right-

handed (i.e., with scores between 30 and 100 on the Edinburgh Handedness Inventory; Oldfield, 

1971). FMRI data were collected on 19 children and 17 adults during left hand and right hand 

thumb tapping. After application of our head motion exclusion criteria and removal of datasets 

due to image degradation or poor image quality, the final groups comprised 17 children and 15 

adults, with 14 children (mean age 7.6 ± 0.71 years) and 14 adults (mean age 25 ± 3.0 years) in 

the left hand dataset and 15 children (mean age 7.5 ± 0.70 years) and 15 adults (mean age 25 ± 

2.9 years) in the right hand datasets. Demographic details for the overall groups of 15 adults and 

17 children are summarized in Table 6. 
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MRI Task and Acquisition 

During functional data acquisition, subjects performed a visually-paced, unimanual finger-tapping 

task. One run required finger movement of the left hand and the other run required finger 

movement of the right hand. Subjects were instructed to press the button with their thumb in 

response to a circle surrounding a cross (plus sign). The tasks were presented using a block 

design (Fig. 5), which consisted of 4 tapping blocks (Tap) interspersed with fixations (Fix). For the 

fixation condition, the cross was omnipresent throughout the acquisition period and subjects were 

asked to keep their eyes fixated on the cross at all times. Finger-tapping stimuli were indicated 

by the addition of a circle surrounding the cross. All Tap blocks were 24 seconds. Within these 

blocks, the timing of the stimulus presentations varied and a 100 ms Tap stimulus appeared at 

one of three intervals: once per 650 ms, once per 900 ms, or once per 1150 ms. Each interval 

was used 8 times per block and interval order was randomized and differed for each Tap block. 

For each run (one left hand, one right hand) we acquired 8 scans from each of the four Tap blocks 

(32 Tap scans) and each of the four Fix blocks (37 Fix scans). Three additional Fixation scans 

were acquired at the beginning of the run, which were discarded from the analysis to reduce T1 

saturation effects. Visual stimuli were generated using Presentation software, which fed into a 

Table 6. Subject demographics.
Adults Children p-value

N 15 17 -
Sex (F/M) 5/10 10/7 -
Age (yrs) 24.9 (2.9) 7.48 (0.66) p < 0.0001
Range (yrs) 18.5 - 28.2 6.7 - 9.1 -
Edinburgh Handedness Inventory* 84.0 (17) 66.3 (24) p > 0.05
Full IQ 117 (9.1) 124 (11) n.s.
*All subjects were right-handed with scores 30-100.
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screen behind the scanner that subjects could view from inside the scanner using an angled mirror 

apparatus fastened to the head coil. 

To ensure quality performance and to familiarize subjects with the scanner environment, 

subjects practiced each task in a mock scanner before entering the real scanner. To ensure 

comfort and to minimize head motion, we placed foam cushions on both sides of their heads and 

allowed them to use additional foam padding around their arms. Although the tasks were relatively 

simple, we had to be mindful that many of our subjects were children, and therefore make 

accommodations wherever necessary. For instance, to mitigate any anxiety around the scanner, 

we employed costumes and a cardboard castle façade, which fit to the front of the scanner. 

Functional images were acquired on a 3 T Siemens Trio scanner. Functional EPI scans 

were acquired with blood-oxygen-level dependent (BOLD) contrasts, using TR = 3000 ms, TE = 

30 ms, 50 axial slices, each of 2.8 mm, acquired interleaved and anterior to posterior with a 0.2 

mm gap, 192 mm field of view, and a 64 x 64 matrix. The resulting voxel size given the 

aforementioned parameters was 3 mm isotropic. 

 
 

 
 

Figure 5. fMRI tapping task presented in block design. Both left and right hand tapping runs 

comprised 24-second epochs of irregularly-paced tapping stimuli (Tap) interspersed with 24-

second epochs of fixation (Fix). 

Figure 1:fMRI tapping task presented in block design. Both left and right hand tapping runs comprised 
24-second epochs of irregularly-paced tapping stimuli (Tap) interspersed with 24-second epochs of 
fixation (Fix).
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Behavior Analysis 

From the in-scanner log files, we were able to calculate three performance measures: (1) false 

presses, defined as the sum of the number of button presses exceeding the required single press 

for each tap trial; (2) accuracy, defined as the percent of trials in which subjects pressed the button 

when prompted; and (3) response times, defined as the time between the onset of the circle 

around the fixation cross and the button press. For one adult subject, in-scanner log files were 

lost; thus, for the data used in subsequent fMRI analyses (covariates, see below), their summary 

performance measure was replaced with the group-averaged value. 

 

fMRI Analysis 

The 64 scans from each run were preprocessed and analyzed using SPM8 

(http://www.fil.ion.ucl.ac.uk/spm/). Preprocessing comprised three major steps: realignment of 

scans to correct for head motion throughout the run, normalization to the Montreal Neurological 

Institute (MNI) EPI template with an isotropic 2 mm voxel size to correct for inter-subject spatial 

variability, and smoothing to an isotropic 8.0 mm Gaussian kernel to improve the signal-to-noise 

ratio. Following the preprocessing procedure, smoothed images were overlain with the MNI 

template to ensure successful normalization.  

We undertook several additional steps to account for head motion. First, we removed 

scans that were preceded and followed by inter-scan head motion greater than 0.75 mm (25% of 

the voxel size) in the x, y, or z translation directions or pitch, roll, or yaw rotation directions. If the 

percentage of these removed scans exceeded 20% of the total number of scans for a particular 

run, then the entire run was discarded. Because left hand and right hand tapping fMRI data were 

acquired during separate runs (as described in more detail below), each dataset was treated 

independently. This procedure removed 3 children and 1 adult from the left hand dataset and 2 

children and 1 adult from the right hand dataset. Importantly, after the removal of these subjects, 
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the adult and pediatric groups did not differ on the average number of percentage of scans 

removed for the left (t(26) = -1.75; p > 0.05) or right hand (t(28) = -1.29; p > 0.05). We averaged 

every subject’s (i) mean and (ii) maximum inter-scan movement and (iii) maximum displacement 

from the origin averaged across x, y, and z translation and pitch, roll, and yaw rotation directions. 

This produced six movement values per subject per hand, the averages of which are presented 

for each group and each hand in Table 7. Two-sample t-tests revealed no significant mean 

differences between the children and adults for the three measures of translation. However, the 

groups differed significantly on most measures of rotation for the left hand and right hand. 

 

 

   
For each subject, first-level statistics were performed by first applying a temporal high 

pass filter of 128 second, and then modeling each condition (Left Hand and Right Hand) with a 

convolution of the canonical hemodynamic response function (HRF) and our experimental block 

design, which we shifted forward by 3 scans. Fixation was treated as baseline, rather than as a 

distinct condition. We used an autoregressive (AR 1) model to reduce serial correlations from 

biorhythms and unmodeled neuronal activity. To account for head motion and changes in the 

Table 7. In-scanner head motion.
Left Hand - Translation Children Adults p-value
mean interscan (mm) 4.8 (2.8) 3.2 (1.7) n.s.
max interscan (mm) 29 (25) 21 (14) n.s.
max displ. from origin (mm) 21 (16) 15 (9.4) n.s.
Left Hand - Rotation
mean interscan (rad) 8.4 (6.8) 3.8 (1.7) p < 0.05
max interscan (rad) 63 (55) 27 (16) p < 0.05
max displ. from origin (rad) 48 (40) 25 (14) n.s.
Right Hand - Translation
mean interscan (mm) 4.6 (2.8) 3.2 (2.0) n.s.
max interscan (mm) 28 (23) 22 (14) n.s.
max displ. from origin (mm) 22 (15) 17 (9.0) n.s.
Right Hand - Rotation
mean interscan (rad) 7.4 (4.9) 3.5 (1.5) p < 0.01
max interscan (rad) 53 (39) 26 (12) p < 0.05
max displ. from origin (rad) 44 (29) 23 (9.2) p < 0.05

all translation measures x10-2; all rotation measures x10-4
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global mean signal as confounds, we created a multiple regression model comprising the 3 

rotation motion parameters (please see above), a logical vector to indicate the scans with greater 

than 0.75 mm head motion, and the global mean signal at each time point. This procedure 

generated within-subject beta maps for each contrast (Left Hand > Fix and Right Hand > Fix).  

To identify within-group activations, we performed second-level statistics operations, Left 

Hand > Fix and Right Hand > Fix for children and adults. To ensure that differences in 

performance did not drive brain activation, we entered as a covariate of no interest false presses 

(the sum of superfluous taps for each trial), which correlated with accuracy and response times 

(please see Results). To identify areas of activation, we used an uncorrected threshold of p < 

0.001, and then applied cluster extent thresholds using the CorrClusTh.m algorithm (Thomas 

Nichols; https://www2.warwick.ac.uk/fac/sci/statistics/staff/academic-

research/nichols/scripts/spm/). Our FWE-corrected threshold was p < 0.05 (k ≥ 101 for adults: 

Left Hand > Fix; k ≥ 110 for adults: Right Hand > Fix; k ≥ 132 for children: Left Hand > Fix; k ≥ 

136 for children: Right Hand > Fix).  

To identify between-group activation differences, we performed additional statistical 

operations for adults > children and children > adults for each of the hand tapping contrasts. 

Again, we entered false presses as a covariate of no interest. Results were generated as 

described above, with FWE-corrected thresholds p < 0.05 and cluster extent thresholds k ≥ 160 

for Left Hand > Fix and k ≥ 164 for Right Hand > Fix. 

While the above analyses are useful for presenting the outcome of children and adults for 

each hand, we also conducted a factorial analysis to assess the main effects of age group 

(children vs. adults), hand (left vs. right) and their interaction. As such, we performed a 2 x 2 

analysis of variance (ANOVA) on whole-brain data, again using false presses as a covariate of 

no interest. We adjusted our sample to accommodate the requirement that the same children and 

adults be used in both left and right hand datasets. This reduced our adult group to n = 14 and 
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our children group to n = 12. The whole brain ANOVA was corrected for multiple comparisons to 

FWE cluster-level p < 0.05 with p-uncorrected < 0.001 and k ≥180. To determine the direction of 

these effects (i.e., whether a cluster showing a main effect of age group was driven by greater 

activation in the adult group), the resulting clusters for each map were subsequently converted 

into ROIs using MarsBaR (http://marsbar.sourceforge.net), and percent signal changes for every 

ROI were extracted from every subjects’ first level contrasts (Left Hand > Fix and Right Hand > 

Fix) and then averaged for specific groups depending on the contrast. Visualization of these 

measures was done using GraphPad Prism 6. 

Following second-level statistics, clusters were mapped onto normalized, anatomical 

images. For all clusters of activation, peak intensities, peak coordinates, and extents were 

ascertained using SPM8. Coordinates, which SPM8 provided in MNI stereotaxic space, were 

subsequently transformed into Talairach anatomical space (Talairach and Tournoux 1988) using 

the icbm2tal algorithm (Lancaster et al. 2007) included within the GingerALE program, and then 

labelled as an anatomical region according to the Talairach Daemon 

(http://www.talairach.org/daemon.html). Functional motor regions (e.g., SM1, SMA, etc.) were 

labelled using the Human Motor Area Template (HMAT) depicted in axial slices (Mayka et al. 

2006). This template was derived by implementing the ALE method on 126 fMRI or PET studies 

involving motor control, and demarcates 3 main divisions of motor areas (SM1, medial premotor 

cortex (MPMC), and LPMC) as well as their subdivisions (primary motor cortex (M1) and primary 

somatosensory cortex (S1) for SM1, SMA and pre-SMA for MPMC, and PMv and PMd for LPMC). 

For our reporting, we differentiated the subdivisions of MPMC and LPMC, but not SM1, because 

most of the studies used in this meta-analysis showed activation in M1 and S1, and those 

activations registered in a single cluster. This is different from activations in MPMC and LPMC, 

which often registered in one but not both subdivisions. The areas demarcated by the template 

are inherently probabilistic in nature due to the ALE algorithm used to identify them. Probability 
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maps for main and subdivisions represent the likelihood that an activation focus falls within a 

given area. We reported functional regions based on a 95% probability; i.e., if a coordinate fell 

within the 95% bounds for only one main or subdivision, we labelled that coordinate as that main 

or subdivision. Boundary zones (i.e., regions of the map in which main or subdivisions overlapped) 

manifest U-shaped probabilities, where the nadir represents an equal probability that an activation 

focus lies in adjacent main or subdivisions. We labelled coordinates in these boundary zones as 

the main or subdivision with the higher probability. Any coordinates that fell almost perfectly at 

the nadir were labelled with both names (e.g., pre-SMA/SMA). All brain maps were visualized 

using the Mango software package (http://rii.uthscsa.edu/mango/) with the Colin brain template 

in MNI space (Holmes et al. 2014). All voxels at surface depth ≤ 10 voxels are visualized at the 

surface. 

 

RESULTS 

Behavioral Results 

In-scanner performance measures, including false presses, percent accuracy, and response 

times are summarized in Table 8. As expected, for left hand and right hand finger movements, 

adults relative to children performed significantly fewer false presses (left: t(25) = -3.52; p < 0.005; 

right: t(27) = -4.69; p < 0.0001), were more accurate (left: t(25) = 3.71; p < 0.005; right: t(27) = 

6.06; p < 0.0001), and had faster response times (left: t(25) = -2.35; p < 0.05; right: t(27) = -3.26; 

p < 0.005). An ANOVA with our 2 x 2 age group x hand design showed a main effect of age group 

for false presses (F(48) = 27.4; p < 0.0001), accuracy (F(48) = 35.5; p < 0.0001) and response 

time (F(48) = 12.0; p < 0.005); but no main effect of hand or interaction of age group x hand for 

any measure. When aggregating performance values for all participants and both hands (n = 56) 
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and computing Pearson correlations, we found that the number of false presses was significantly 

correlated with accuracy (r = -0.89; p < 0.0001) and response time (r = 0.32; p < 0.05). 

 

 

 
 

fMRI Results 

Within-Group Maps: Finger Tapping versus Fixation 

For children and adults, whole-brain activation maps for tapping compared with fixation are 

depicted in Figure 6. A full list of activation peaks corresponding to these contrasts are shown in 

Table 9, wherein motor regions are specified by anatomical as well as functional labels. For the 

latter, the presence of superscript markings appending a particular brain region indicates that the 

area is in a boundary zone between main divisions (%1), such as lateral premotor cortex and 

primary sensorimotor cortex, or subdivisions (%2), such as ventral premotor cortex and dorsal 

premotor cortex (please see Methods for details). 

Children 

In children, movement with the left-hand thumb was associated with activity in six clusters: right 

SM1 (with peak in right post-central gyrus), right SMA (with peak in right medial frontal gyrus, 

extending anteriorly into right pre-SMA and bilaterally into left SMA), right anterior cerebellum, 

right thalamus, right inferior occipital gyrus, and left middle occipital gyrus.  

Table 8. In-scanner performance.
Children Adults p-value

Left Hand False Presses 10 (9.6) 0.85 (1.2) p < 0.005
Left Hand Accuracy (% correct) 0.93 (0.058) 0.99 (0.017) p < 0.005
Left Hand Mean Response Time (ms) 350 (62) 296 (58) p < 0.05
Right Hand False Presses 13 (10) 0.93 (1.4) p < 0.0005
Right Hand Accuracy (% correct) 0.90 (0.056) 0.99 (0.014) p < 0.00005
Right Hand Mean Response Time (ms) 348 (53) 285 (51) p < 0.005
*No in-scanner performance data for one adult participant.
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In children, right-hand thumb tapping elicited activity in six clusters: left SM1 (with peak in left pre-

central gyrus), left SMA (with peak in left medial frontal gyrus and extending into right SMA), right 

putamen, right anterior cerebellum, left thalamus, and left lingual gyrus (Table 9, Fig. 6). 

Adults 

In adults, tapping with the left thumb was associated with activation in 12 clusters: right SM1 (with 

peak in right post-central gyrus), left SMA (with peak in left medial frontal gyrus and extending 

into right SMA%2 and anteriorly into bilateral pre-SMA), left PMd%2 (with peak in left post-central 

gyrus pre-central gyrus), right and left putamen, left and right anterior cerebellum, right inferior 

parietal lobe, left supramarginal gyrus, right thalamus, right lingual gyrus, and left cuneus.  

In adults, right-hand thumb tapping was associated with activation in 13 clusters: left primary 

sensory motor cortex (SM1; with peak in left post-central gyrus), right pre-supplementary motor 

area (pre-SMA%2; with peak in left medial frontal gyrus and extending bilaterally into pre-SMA%2 

and posteriorly into bilateral SMA), right dorsal premotor cortex (PMd%1; with peak in right pre-

central gyrus), left ventral premotor cortex (PMv; with peak in left IFG), left and right putamen, 

right and left anterior cerebellum, right posterior cerebellum, left insula, left and right middle 

occipital cortex, and right cuneus (Table 9, Fig. 6). 
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Figure 6. Whole-brain activation maps for thumb movements in children and adults. For 

both children and adults, contrasts of thumb movements made with the left and right hands 

relative to fixation elicit activations in a network of cortical and subcortical (not shown) brain areas 

(cluster-corrected threshold of p < 0.05). L, left hemisphere; R, right hemisphere. Table 3 provides 

the full list of activations revealed by these contrasts.  

 

Figure 2: Whole-brain activation maps for thumb movements in 
children and adults. For both children and adults, contrasts of thumb 
movements made with the left and right hands relative to fixation elicit 
activations in a network of cortical and subcortical (not shown) brain 
areas (cluster-corrected threshold of p < 0.05). L, left hemisphere; R, 
right hemisphere. Table 3 provides the full list of activations revealed by 
these contrasts. 
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Group Anatomical region Functional 
motor region

BA Peak coordinate k Z

x y z
Children R. post-central gyrus SM1 3 34 -26 56 1178 5.6
Left Hand > Fix R. medial frontal gyrus SMA 6 6 -4 68 1592 5

R. anterior cerebellum 44 -60 -26 355 5.1
R. thalamus 20 -20 10 349 4.5
R. inferior occipital gyrus 17 22 -94 -4 498 5.6
L. middle occipital gyrus -28 -92 4 444 4.7

Right Hand > Fix L. pre-central gyrus SM1 4 -30 -24 52 1345 5.4
L. medial frontal gyrus SMA 6 -8 -4 52 332 4.1
R. putamen 22 14 6 413 5.1
R. anterior cerebellum 8 -56 -12 2993 5.4
L. thalamus -16 -22 8 348 4.7
L. lingual gyrus 18 -16 -96 -12 852 5.4

Adults R. post-central gyrus SM1 3 44 -26 66 1842 5.98
Left Hand > Fix L. medial frontal gyrus SMA%2 6 -4 4 52 1221 6.32

L. pre-central gyrus PMd%2 6 -46 -2 40 170 3.95
R. putamen 24 4 -2 806 4.76
L. putamen -26 4 -2 924 4.68
L. anterior cerebellum -34 -62 -28 449 5.14
R. anterior cerebellum 44 -60 -26 442 5.04
R. inferior parietal lobe 40 60 -44 44 212 3.72
L. supramarginal gyrus 40 -52 -44 36 170 4.12
R. thalamus 16 -18 0 242 5.31
R. lingual gyrus 18 14 -104 -2 408 4.46
L. cuneus 18 -24 -104 8 124 3.91

Right Hand > Fix L. post-central gyrus SM1 2 -52 -18 48 1817 6.07
R. medial frontal gyrus pre-SMA%2 6 8 10 54 796 5.09
R. pre-central gyrus PMd%1 6 56 2 48 128 7.75
R. inferior frontal gyrus PMv 9 50 10 20 174 4.23
L. putamen -22 6 0 1614 4.58
R. putamen 24 4 10 260 4.06
R. anterior cerebellum 18 -54 -18 1338 5.20
L. anterior cerebellum -36 -60 -22 238 4.88
R. posterior cerebellum 12 -66 -44 432 4.26
L. insula 13 -48 -22 16 245 4.27
L. middle occipital gyrus 18 -32 -86 6 219 4.11
R. middle occipital gyrus 37 48 -66 4 112 6.22
R. cuneus 17 22 -94 10 159 5.36

%1 % at first level
%2 % at second level

Table 9. Locations of whole-brain activation peaks for within-group contrasts for left and right 
thumb tapping.
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Between-Group Maps: Finger Tapping versus Fixation 

Children > Adults 

For movements on the left hand, a between-group comparison revealed two clusters: one large 

cluster in left SMA%1 (with peak in left medial frontal gyrus and extending laterally into left SM1 as 

well as posteriorly to bilateral precuneus); and a second cluster in the right cingulate gyrus (Fig. 

7, Table 10). Children did not, however, exhibit greater activation than adults for thumb 

movements of the right hand.  

Adults > Children 

For left-hand thumb movements, adults exhibited greater activation compared with children in 

three clusters: right SM1%1 (with peak in right pre-central gyrus), right putamen and left midbrain 

(Fig. 7, Table 10). Activations in the two former clusters were focused, whereas the latter cluster, 

centered in left midbrain extended to ipsilateral putamen and ipsilateral parahippocampal gyrus. 

For the right hand, adults exhibited greater activity in two clusters: the first in right pre-SMA (with 

peak in right medial frontal gyrus extending into left pre-SMA%2 and posteriorly into bilateral 

SMA%2); and the second in right lateral globus pallidus (Fig. 7). 
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Figure 7. Whole-brain activation maps for thumb movements for between-group contrasts. 

Between-group contrasts identified brain regions more strongly recruited in children (children > 

adults) or adults (adults > children) for left and right hand thumb movements (FWE cluster-

corrected threshold of p < 0.05). L, left hemisphere; R, right hemisphere; SM1, primary 

sensorimotor cortex; SMA, supplementary motor area. Table 4 provides the full list of activations 

revealed by these contrasts. 
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Figure 3: Whole-brain activation maps for thumb movements for between-group contrasts. Between-group contrasts identified 
brain regions more strongly recruited in children (children > adults) or adults (adults > children) for left and right hand thumb 
movements (FWE cluster-corrected threshold of p < 0.05). L, left hemisphere; R, right hemisphere; SM1, primary sensorimotor 
cortex; SMA, supplementary motor area. Table 4 provides the full list of activations revealed by these contrasts.
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Analysis of Variance Maps: Finger Tapping versus Fixation 

Main Effect of Age Group (Children versus Adults) 

A main effect of age group revealed five clusters in which children differed from adults 

independent of hand use (left and right combined). Children showed greater activation compared 

with adults in one cluster: left SM1 (with peak in post-central gyrus extending medially into bilateral 

SMA). Here, children showed an increase during thumb tapping, while adults demonstrated a 

decrease below the control condition (fixation). Adults, meanwhile, showed greater activation 

compared with children in four clusters: right pre-SMA/SMA%2 (with peak in medial frontal gyrus, 

extending into left pre-SMA/SMA%2), right lateral globus pallidus, left putamen, and right anterior 

cerebellum. In all of these cases, adults exhibited robust activity while children exhibited weak 

activity or, in the case of the globus pallidus and cerebellum, a signal decrease (Fig. 8, Table 11).  

Of note is that the clusters in right pre-SMA and right lateral globus pallidus identified in this main 

effects analysis map onto the same areas reported as more active in adults than children during 

Group Anatomical region
Functional 
motor 
region

BA Peak coordinate k Z

x y z
Children > Adults  
Left Hand > Fix L. medial frontal gyrus SMA%1 6 -4 -12 70 2157 5.15

R. cingulate gyrus 31 24 -44 24 381 4.48

Right Hand > Fix No significant results

Adults > Children     
Left Hand > Fix R. pre-central gyrus SM1%1 4 50 -8 56 246 4.30

R. putamen 28 2 -14 292 4.32
L. midbrain -8 -12 -8 539 4.35

Right Hand > Fix R. medial frontal gyrus pre-SMA%2 6 8 10 54 217 5.1
R. lateral globus pallidus 26 -6 -2 284 4.2

Table 10. Locations of whole-brain activation peaks for between-group contrasts for left and 
right hand tapping.
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right finger tapping in the between-group comparison reported in Table 10. Also, the peak of left 

SM1 identified for children’s relatively greater activation in this main effects analysis lies 16 mm 

lateral and 14 mm posterior to the peak (Z = 5.15) of the left SMA reported to be more active in 

children during left hand finger tapping in the between-group comparison. As shown in Table 10, 

the left SMA cluster identified in the between-group comparison also extended into left SM1, the 

subpeak (Z = 5.06) for which lies 16 mm medial, 4 mm posterior, and 16 mm superior to the peak 

of the left SM1 cluster revealed by the main effects analysis, providing the expected consistency 

between our two analysis approaches. These specific differences between the children and adults 

occur ipsilateral to the side of movement. 

Main Effect of Hand (Right versus Left) 

A main effect of hand (children and adults combined) generated five clusters in which left and 

right hand movements differed in activation, independent of age group (Table 11). As expected, 

left thumb tapping generated greater percent signal changes in right SM1 (with peak in right pre-

central gyrus) and right putamen. Right hand tapping generated greater percent signal changes 

in left SM1 (with peak in left post-central gyrus) and right cerebellum, as well as left insula. As can 

be seen in Figure 9, these signal increases were accompanied by a signal decrease for the other 

hand, relative to baseline. 

Interaction Effect of Age Group x Hand 

There was an interaction effect between age group and hand used in one cluster: right SM1 (with 

peak in post-central gyrus). Here, children and adults showed activation for left (contralateral) 

finger movements and signal decreases (relative to baseline) for movements made with the right 

(ipsilateral) thumb; however, for both the left hand movement-induced signal increase and right 

hand movement-induced signal decrease, the pediatric response was less accentuated than that 

of the adults (Fig. 10, Table 11).  
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These results fit with the first between-group analysis, which revealed right SM1 to be more 

active in adults than children during left hand finger tapping. When combined with data from 

right hand finger movements, it becomes clear that both signal increases and decreases 

contribute to the interaction.  

 

 

 

Table 11. Locations of ROI peaks derived from ANOVA.

Anatomical region Functional motor 
region

BA Peak coordinate k Z

x y z
Main effect of age group
Children > Adults
L. post-central gyrus SM1 3 -20 -26 70 544 4.72

Adults > Children
R. medial frontal gyrus pre-SMA / SMA%2a 6 6 8 56 336 5.41
R. lateral globus pallidus 28 -8 -4 1075 5.76
L. putamen -28 4 -6 1223 5.28
R. anterior cerebellum 4 -68 4 350 4.40

Main effect of hand
Left Hand > Right Hand
R. pre-central gyrus SM1 4 36 -22 50 2164 inf
R. putamen 32 -10 -2 197 5.05

Right Hand > Left Hand
L. post-central gyrus SM1 2 -48 -18 54 2051 7.78
R. anterior cerebellum 16 -52 -22 1010 6.40
L. insula 13 -40 -18 10 363 4.80

Interaction effect of age group x hand
R. post-central gyrus SM1 3 48 -14 58 188 4.19
%2a = equally likely at 0%
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Figure 8. Areas revealed by main effect of age group. Whole-brain ANOVA revealed several 

brain areas with differential responses to thumb movements. Percent signal change values were 

extracted from each cluster surpassing a cluster-corrected threshold of p < 0.05 and depicted in 

the graphs. L, left hemisphere; R, right hemisphere. Table 5 provides the full list of activations 

revealed by this analysis. 
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Figure 4: Areas revealed by Main Effect of Age Group. Whole-brain ANOVA revealed 
several brain areas with differential responses to thumb movements. Percent signal 
change values were extracted from each cluster surpassing a cluster-corrected 
threshold of p < 0.05 and depicted in the graphs. L, left hemisphere; R, right 
hemisphere. Table 5 provides the full list of activations revealed by this analysis.
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Figure 9. Areas revealed for main effect of hand. Whole-brain ANOVA revealed several brain 

areas with differential responses to thumb movements. Percent signal change values were 

extracted from each cluster surpassing a cluster-corrected threshold of p < 0.05 and depicted in 

the graphs. L, left hemisphere; R, right hemisphere. Table 5 provides the full list of activations 

revealed by this analysis. 
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Figure 5: Areas revealed for Main Effect of Hand. Whole-brain ANOVA revealed several brain areas 
with differential responses to thumb movements. Percent signal change values were extracted from 
each cluster surpassing a cluster-corrected threshold of p < 0.05 and depicted in the graphs. L, left 
hemisphere; R, right hemisphere. Table 5 provides the full list of activations revealed by this analysis.
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Figure 10. Area revealed for interaction effect of age group x hand. Whole-brain ANOVA 

revealed a significant interaction effect of age group x hand in right SM1. *p < 0.05, **p < 0.001. 

 

 
 
 
 
 
DISCUSSION 

Despite the abundance and diversity of finger-tapping studies on adults, there remains a paucity 

of similar research on children. Here, we investigated the brain bases of irregularly-paced, 

dominant and non-dominant hand finger-tapping in children and compared them to that of adults. 

We found that both children and adults activate a set of cortical and subcortical brain regions 

including SM1, SMA, anterior cerebellum, and occipital cortex for movements with either hand. 

For movements of the left hand, our between-group comparison revealed, as predicted, areas in 

which children exhibited greater activation than adults. These were in left SMA (extending into left 

SM1 and into bilateral precuneus) and right cingulate gyrus. But surprisingly there were no areas 

of more activity in children than adults for right hand movements. Further, there were a number 

of brain regions that adults recruited more strongly compared with children. These were in right 
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SM1 during left hand movement, right pre-SMA (extending into left pre-SMA and posteriorly into 

bilateral SMA) during right hand movement, and basal ganglia structures for movements of either 

hand.  

We also entered our data into a factorial design and found main effects for age group 

(which were largely consistent with our two-sample t-test between-group comparison) and for 

hand. The interaction of age group x hand from our ANOVA revealed that activity in right SM1 is 

marked by signal increases in both groups when performing a left thumb movement and signal 

decreases in both groups when performing right thumb movements, but that this pattern was 

significantly attenuated in children relative to adults. Together, this investigation provided some 

evidence in support of the expectation that children engage the brain more during simple finger 

tapping movements than adults: Children activated the left SM1 more (as revealed by the main 

effect of age group in the ANOVA, and in the between-group analysis for left hand tapping, where 

the left SMA finding was inclusive of left SM1). However, against expectations, numerous regions 

were found to be more active in adults, including basal ganglia (left putamen and right globus 

pallidus) and right preSMA/SMA (identified by the main effects for age group in the ANOVA and 

again consistent with the between-group analysis). In right SM1, age-related difference interacted 

with hand use. Next, we discuss the potential explanation of these age-dependent differences 

and their implications. 

 

Within-group Results for Children and Adults 

Considering these results in the context of the current literature, one would expect that the findings 

from the within-group analysis conducted in the adults would be consistent with those reported in 

the meta-analysis by Witt and colleagues (Witt et al. 2008), specifically the map corresponding to 

visually-paced finger tapping (7 papers, 109 foci). Indeed, both report on SM1, SMA, PMd, basal 

ganglia structures (for us putamen; Witt et al. (2008) did not specify), anterior cerebellum, and 
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occipital cortex. However, this ALE map of visually-paced finger movements represents studies 

using  left as well as right hand finger tapping. As such, it is more fitting to compare our results 

from the right-hand thumb-tapping task in adults to the meta-analysis on right-hand index finger 

tapping studies, which were generated in response to a variety of stimuli (not just visually-paced). 

Both our results and theirs show activation (or, for the meta-analysis, likelihood of activation) in 

left SM1, right PMd, right anterior cerebellum, and left anterior cerebellum. Our cluster with a peak 

in right pre-SMA extends into left SMA, which is consistent with the meta-analysis. In addition, we 

specifically localized basal ganglia peaks to left and right putamen, whereas the meta-analysis 

was not this detailed. In addition, we found activation in right posterior cerebellum and regions of 

occipital cortex, while the meta-analysis uniquely revealed activation in left posterior cerebellum, 

as well as in left PMd, bilateral dorsolateral prefrontal cortex, right inferior parietal lobe, right IFG, 

right insula and bilateral claustra. As our study employed visually-paced movements while the 

meta-analysis combined studies using visual, auditory or no stimulus pacing, the disparate 

findings in visual cortex are not surprising. Other differences may be due to the irregularity of the 

tapping rate, which, to our knowledge, were not used by the majority of studies included in the 

meta-analysis. Overall, the results in our adults are highly consistent with the results of the meta-

analysis for right hand tapping. 

 To an extent, our within-group map for children was also consistent with the activation 

pattern seen in the adult meta-analysis (for visually-paced finger-tapping), with activations 

observed in our children in SM1, SMA, anterior cerebellum, and occipital cortex. Our pediatric 

findings are also consistent with previous studies of finger-tapping in children. For instance, like 

Rivkin et al. (2003), our results showed activations in SM1, SMA, and cerebellum. In addition 

Rivkin and colleagues (2003) reported activity in superior temporal gyrus, while we found 

activation that Rivkin and colleagues (2003) did not in occipital cortex, a difference that can be 

attributed to the auditory (Rivkin et al. 2003) versus visual (the present study) nature of the stimuli 
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used to pace the voluntary movement. When considering the study by De Guio et al. (2012), they 

like us, observed activity in SM1, premotor cortex (SMA in particular in our case), cerebellum, and 

thalamus. When considering pediatric studies of motor tapping in disorders or neural injury, we 

found similar activations in our children as in the controls groups reported for these studies in 

SM1 (Vandermeeren et al. 2003; Mostofsky, Rimrodt, et al. 2006; Roessner et al. 2012, 2013), 

SMA or unspecified area of premotor cortex (Vandermeeren et al., 2003; Mostofsky et al., 2006, 

left hand only), cerebellum (Vandermeeren et al. 2003; Mostofsky, Rimrodt, et al. 2006; Roessner 

et al. 2012), and basal ganglia (Roessner et al. 2012, 2013). However, there are also some 

differences between areas observed in our study and those reported previously, and these may 

be the result of differences in statistical thresholds, task complexity, or stimulus modality. Also, 

our group of children was younger (average age 7.48 yrs) than any of the groups reported to date, 

all of which fell between average ages of 9 and 14 years.  

 

Differences between Children and Adults  

Our analyses initially focused on between-group differences, mainly so that right hand finger 

tapping, the most widely used task in the field, could be directly contrasted in children and adults. 

However, for reasons described in the Introduction, we also studied both the right (dominant) and 

left (non-dominant) hands using a factorial design. Since the results from the between group 

comparisons and the ANOVA are interrelated, both will be discussed here and organized around 

cortical and sub-cortical regions. 

 

Sensorimotor Cortex: Left SM1  

Our prediction was that children would show more widespread activation during finger tapping. 

Surprisingly, one of only two regions to emerge from the between-group comparison as more 

active in children than adults was for left hand finger tapping and located in the left (ipsilateral) 
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SMA, with extension into left SM1 (the other was the right cingulate gyrus; Table 10). The left 

SM1 was also the only area to emerge from the ANOVA as a main effect of age group for greater 

activity in children than adults (Figure 8 and Table 11). These clusters largely overlapped with 

one another, as detailed in the Results section and are situated medial and superior to the primary 

motor cortical representation, as revealed by high resolution (0.78 x 0.78 mm2) scanning of 

healthy adults (mean age: 27 years) during right-hand thumb movements (compare our main 

effect of age group peak effect at x = -20, y = -26, z = 70 (MNI) with the center of mass from their 

study: x = -39, y = -23, z = 50 (MNI converted from coordinates reported in Talairach space using 

icbm2tal algorithm (Lancaster et al. 2007) included within the GingerALE program) (Dechent and 

Frahm 2003). As noted in the Introduction, additional motor cortical areas ipsilateral to the 

movement (i.e. left hemisphere) are sometimes activated for movements of the non-dominant 

(left) hand (Agnew et al. 2004). Given that behaviorally children exhibit a stronger right hand 

advantage on motor tasks than adults (Roy et al. 2003), one might have expected ipsilateral 

activation to be more pronounced in children. Indeed, greater activation in children compared with 

adults for left hand movements in left SMA extending into left SM1 supports this. There are several 

interpretations for additional activations (as observed in children > adults contrasts) in the 

developmental literature (Poldrack 2010) and we discuss these in more detail below. 

 

Sensorimotor Cortex: Right SM1 

Our between-group comparison of children and adults for left hand movements revealed a 

difference in right SM1, with adults showing more activity here than children. When considering 

the location of this cluster, it is apparent that it is situated lateral to the somatotopic location for 

thumb movements, as mentioned above (compare the peak of our between-group cluster: x = 50, 

y = -8, z= 56 with Dechent and Frahm (2003): x = -39, y = -23, z = 50). This can be explained by 

examining the within-group brain maps, which show that in children, activation in right SM1 is 
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more focused in comparison to the activation in right SM1 in adults, which extends more laterally. 

It has been well established that the somatotopy in motor cortex is normally fractured and 

intermingled (rather than one with distinct divisions for each part of the body (Penfield and Boldrey 

1937; Gould et al. 1986; Donoghue et al. 1992; Nudo et al. 1992; Schieber and Hibbard 1993; 

Sanes et al. 1995; Sanes and Schieber 2001; Meier et al. 2008; for a review, please see Graziano 

et al. 2002). This has been identified at the neural level, whereas at the level of fMRI, this 

fracturing might appear as an extension similar to our adult maps. It is possible that this fracturing 

is less pronounced in children and thus contributes  to the greater activation in the adults 

compared to children in right SM1. 

The same area was brought out in the ANOVA, showing an interaction of age group by 

hand. Specifically, our findings indicate that, during left hand finger tapping, right SM1 is more 

active in adults than children and, during right hand finger tapping, it exhibits a stronger signal 

decrease in adults than children. Signal increases relative to baseline for left hand movements 

would be expected for both groups based on their within-group maps for left hand movements as 

well as prior studies of left hand movements (Agnew et al. 2004). Importantly, signal decreases 

in SM1 ipsilateral to the side of movement are also common for motor tasks (Allison et al. 2000; 

Nirkko et al. 2001; Hamzei et al. 2002; Stefanovic et al. 2004; Newton et al. 2005; Hayashi et al. 

2008) and our data have shown that in right SM1 this effect is stronger in adults than children for 

movement of the right hand (Figure 10). In short, while the overall pattern for this region is similar 

in children and adults, it is substantially attenuated in children. 

 One explanation for this interaction effect of age group x hand in right SM1 may lie in 

transcallosal inhibition (TI). In normal adults, TI emerges when primary motor cortex (M1) 

contralateral to the movement (e.g. left M1 during right hand movement) inhibits M1 ipsilateral to 

the movement (i.e. right M1) (Ferbert et al. 1992; Meyer et al. 1995, 1998; Netz et al. 1995; 

Boroojerdi et al. 1996; Gerloff et al. 1998; Stinear et al. 2001; Daskalakis et al. 2002; Duque et al. 
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2007). Mechanistically, it is thought that glutamatergic transcallosal fibers from contralateral M1 

mediate GABAergic interneurons responsible for intra-cortical inhibition (ICI) that suppresses 

corticospinal neurons in ipsilateral M1 (for a review, please see Conti and Manzoni 1994). Further, 

mounting evidence supports the concept that TI underlies the occurrence of BOLD signal 

decrease elicited by the ipsilateral voluntary movement (Ferbert et al. 1992; Allison et al. 2000; 

Liepert et al. 2001; Hamzei et al. 2002; Newton et al. 2005). Given that BOLD activation is thought 

to reflect neural activity into a region (Logothetis et al. 2001), it would follow that activation in the 

hemisphere contralateral to a movement would represent the summation of activity into 

corticospinal neurons as well as transcallosal fibers projecting to the opposite hemisphere that 

bring about a signal decrease. However,  as described below, the precise mechanism of 

“deactivation” in the hemisphere receiving the transcallosal projections is less clear. Based on our 

analysis, children show similar but attenuated BOLD signals in right SM1 during movement of the 

ipsilateral hand, the most likely explanation for which – as detailed subsequently – is undeveloped 

TI in children. First, transcranial magnetic stimulation studies have shown that TI begins to 

develop after age 5 (Heinen et al. 1998) and does not completely develop until age 10 (Muller et 

al. 1997), roughly 2.5 years after our children’s mean age (7.48 years). Thus, it is possible that 

many of the TI connections have yet to mature. Second, ICI, specifically, matures significantly 

from childhood through adolescence and into adulthood (Mall et al. 2004). And third, TI in adults 

results not in a very focal, but rather in a spatially distributed response (i.e., a task requiring 

movement of only one digit results not only in inhibition of the ipsilateral cortical representations 

for that particular muscles, but also in the surrounding cortical motor area; Sohn et al. 2003). In 

contrast, the spatial extent of TI in children is unknown; however, it is possible that it is is not as 

diffuse, and thus insufficient to inhibit the regions of right SM1 that fall outside the particular region 

corresponding to thumb-specific movements (Dechent and Frahm 2003). 
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 Although this model is tempting, interpretations of BOLD deactivations should be made 

with caution. From work combining intra-cortical recordings with fMRI, it appears that BOLD 

reflects processing of input to a region (excitatory and inhibitory), rather than its output (Logothetis 

et al. 2001). This finding is bolstered by evidence that restoration of presynaptic electrochemical 

gradients and cycling of neurotransmitters constitute the bulk of the brain’s energy demands 

(Logothetis 2002). Thus, if the activity of local inhibitory circuitry in M1 is enhanced as a result of 

TI, then this enhancement would register as BOLD activation, rather than deactivation. However, 

neural inhibition in motor cortex has been shown not to be detectable by BOLD (Waldvogel et al. 

2000), complicating the issue further. In sum, the precise relationship between the supposed TI 

between motor cortices and BOLD deactivations ultimately remains to be resolved. 

 

Basal Ganglia 

Our results revealed several subcortical areas that differed in activation between children and 

adults. The between-group analysis revealed that tapping with either hand elicited greater 

activation in adults than children in lentiform nucleus (for left hand movements, right putamen and 

left putamen as an extension from midbrain; for right hand movements, right globus pallidus). The 

ANOVA revealed a main effect of age group in left putamen and right globus pallidus, reflecting 

this higher response in adults. Age-related structural differences likely underlie these observed 

functional differences. For example, bilateral lentiform volume, relative to total brain size, has 

been shown to decrease from childhood to adulthood (Sowell et al. 2002) and striatal gray matter 

density, as measured by voxel-based morphometry, decreases through adolescence (Sowell et 

al. 1999). These reductions may be associated with maturation processes, including reductions 

in synaptic density and neuronal loss, which occur over development (Huttenlocher 1979).  

In our adults versus children contrast for left hand tapping, we also observed activation in 

ipsilateral midbrain. While the resolution of fMRI does limit our ability to visualize effects in smaller 
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structures, we suspect that we are observing activation in substantia nigra (SN), as it is highly 

interconnected with other basal ganglia structures shown to be activated in this contrast (e.g., 

putamen; (Albin et al. 1989)). Consistent with this possibility, diffusion tensor imaging has 

revealed a positive correlation between age and fractional anisotropy, which characterizes white 

matter microstructure and coherence within the basal ganglia for children and adolescents aged 

6-19 years (Barnea-Goraly et al. 2005). Thus, if connections between SN and other basal ganglia 

structures are delayed in their maturation, then SN will not be recruited to perform the task. 

Overall, the activation pattern observed in the basal ganglia is likely associated with structural 

differences between children and adults. Furthermore, this shift from cortical processing in 

childhood to striatal processing with increasing age has also been observed in studies of cognitive 

development (Luna et al. 2001) and may be related to the development of cortico-striatal loops 

(Alexander et al. 1986), which are thought to be critical for anticipatory responses. 

 

Differences between Children and Adults in Other Studies 

In addition to the finger-tapping studies previously discussed, there are two developmental fMRI 

studies with fist-closure paradigms (Mall et al. 2005; Guzzetta et al. 2007). As a caveat, fist-

closures require movement of all fingers simultaneously, the cortical representations of which are 

intermingled, but not precisely overlapping with the representations of individual fingers (Penfield 

and Boldrey 1937). In Mall et al. (2005), children (6-10 years), adolescents (11-15 years), and 

adults (23-42 years) were asked to perform ball compressions with their right hands at an 

auditorily-paced rate of 1 Hz. Greater activations were revealed in the adults when compared with 

children in left SM1, SMA, and bilateral cerebellum. However, a similar study (Guzzetta et al. 

2007), in which children (range 7-15 years) and adults (range 23-28 years) opened and closed 

their hands at a visually-paced rate of 1 Hz, found no between-group differences. One explanation 

for this inconsistency between these two studies could be that one had greater inclusion of 
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children older than 10 years (Guzzetta et al. 2007), the age at which TI is fully developed (Muller 

et al. 1997).  

Returning to the original fMRI study in children by Rivkin et al. (2003), their bimanual 

externally-paced condition resulted in activation in bilateral posterior superior temporal gyrus, 

SM1, SMA and cerebellum. The authors, who did not include adults in the study, suggested that 

the SMA was unique to children; however, our results only partially confirm this theory. The main 

effect of age group (in which both hands are combined) showed that children had greater 

activation than adults in left SM1 (with peak in post-central gyrus extending medially into bilateral 

SMA). However, it also revealed that adults had greater activation than children in right pre-

SMA/SMA (with peak in medial frontal gyrus, extending into left pre-SMA/SMA). Our findings also 

overlap, in part, with those of De Guio et al. (2012), who studied children and adults on an 

internally-paced, right hand finger-tapping task and observed greater activations in children 

compared with adults in bilateral SM1, cerebellum, and occipital cortex, left premotor cortex and 

middle temporal gyrus, and right thalamus. Our own study however failed to find any regions 

where there was more activity in children than adults for right hand finger tapping (between-group 

analysis, Table 10); however, as already alluded to in the Introduction, the between-group 

comparisons in the De Guio et al. (2012) study seems problematic, because the adults did not 

show the expected activity for the within-group analysis. 

Our results can also be considered in the context of other developmental neuroimaging 

findings in general. It has been proposed that the transition from childhood to adulthood is 

associated with a “progressive activation increase in task-relevant networks” (Rubia 2013), which, 

in our study, is the motor system. Our findings were mostly consistent with this. Considering the 

cortical motor areas for left hand movements, we found greater activation in contralateral (right) 

SM1 in our adults compared to children contrast and greater activation in ipsilateral (left) SMA 

extending into ipsilateral (left) SM1 in our children compared with adults contrast. A few models 
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have been proposed to explain developmental changes (such as these) observed in 

neuroimaging studies (Poldrack 2010). For instance, a finding in which children recruit a greater 

number of brain areas compared with adults may be interpreted as greater “neural efficiency” in 

adults. If this were the case, then the greater activation of ipsilateral (left) SM1 might reflect a pre-

maturational state in children, in which dendritic pruning and competitive elimination of synapses 

and neurons have not yet occurred (Huttenlocher 1979). A second model is “scaffolding,” which 

proposes that some regions of the brain perform more general computations and can assist in 

supporting specific tasks. In this case, the greater ipsilateral (left) SM1 activation in children 

compared to adults for left hand movements might occur because this region is serving as a 

general support area of some kind. Further research would be needed to determine which model 

best explains developmental changes in the motor system. 

 

Hand-Related Differences 

As expected, the ANOVA revealed main effects of hand in left SM1 for movements of the right 

hand and in right SM1 for movements of the left hand. The right putamen activated for movements 

of the left hand while right anterior cerebellum was recruited for movements of the right hand. As 

mentioned above, previous finger-tapping studies have shown recruitment of motor cortical areas 

ipsilateral to the movement for movement of the non-dominant but not dominant hand 

(Kawashima et al. 1993; Mattay et al. 1998; Hutchinson et al. 2002; Agnew et al. 2004). Here, our 

main effect of hand results instead showed that SM1 was deactivated during movement of the 

ipsilateral thumb for either left and right hand. However, it is possible that certain areas, perhaps 

more anterior premotor regions, were active during movements of both hands, and thus would 

not be revealed by a main effect of hand. Examining the within-group maps, adults showed 

activation in ipsilateral PMd for movements of either hand. The findings in left PMd for right-hand 

tapping, while contradictory to an earlier study from our group (Agnew et al. 2004), which found 
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ipsilateral activation in motor cortical areas for left, but not right, hand movements, are consistent 

with of the concept of a left-hemisphere dominance for motor control (Kawashima et al. 1993; Kim 

et al. 1993b; Mattay et al. 1998; for a review on hemispheric dominance in motor control, please 

see Serrien et al. 2006). However, these studies employed simpler, repetitive movement tasks, 

in comparison to the jittered paradigm used in our experiment and other, more complex, multi-

digit tasks shown to elicit ipsilateral motor cortical activation for right hand movements (Rao et al. 

1993; Mattay et al. 1998). Thus, it is possible that complex dominant, as well as non-dominant, 

hand movements elicit ipsilateral premotor activations.  

 

Other Implications of the Results  

For cognitive tasks, many use a button press to indicate outcome of cognitive decision. While 

most use a motor response for both the experimental and the active control task, not all do. When 

such an experimental design is used to compare children with adults, it is always assumed that 

the activity induced by the motor task is not age-dependent; however, this has never been tested 

directly. Here, we show that children differed from adults independent of hand use (left and right 

combined) in left SM1 (extending into bilateral SMA; children > adults) and in right pre-SMA/SMA 

(extending into left pre-SMA/SMA), right lateral globus pallidus, left putamen, and right anterior 

cerebellum (adults > children). 

 

Conclusion 

Here, we studied the functional neuroanatomy of the motor system in children and showed that, 

like adults, children activate SM1, SMA, occipital cortex, and anterior cerebellum for irregularly-, 

visually-paced, left and right hand finger-tapping. Using a factorial design, we found that at the 

cortical level, children showed relatively greater activation in left SM1 extending into bilateral SMA 

and adults showed greater activation in right preSMA/SMA extending into left preSMA/SMA. 
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Subcortically, adults recruited striatal regions more strongly, suggesting a developmental shift to 

more subcortical processing in adulthood. These findings provide a basis by which to understand 

age-related differences during simple button-presses, often employed for cognitive neuroimaging 

studies, and also to provide reference for the study of developmental disorders with associated 

motor impairments. 
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CHAPTER IV 
 
 
 

AN FMRI STUDY OF THE MOTOR SYSTEM TAPPING  
IN CHILDREN WITH DYSLEXIA 

 

 

 

 

INTRODUCTION 

Dyslexia is a learning disability characterized by slow and inaccurate reading of words, despite 

normal intelligence and/or instruction (Lyon et al. 2003) and it occurs in roughly 5-12% of the 

population (Katusic et al. 2001). A critical deficit underlying dyslexia is in a weakness in 

phonological awareness skills, which are needed to support accurate grapheme-phoneme 

mapping (Lyon et al. 2003; Peterson and Pennington 2012). While these kinds of skills (e.g.  

phonemic awareness), have been widely studied in dyslexia due to their role in bringing about 

skilled reading (Wagner and Torgesen 1987) and because training in this domain helps to improve 

reading skills in those with dyslexia (Alexander et al. 1991), there continues to be an interest in 

other factors that may mediate this common reading disability.  

Studies have identified motor impairments in children with dyslexia on tasks of finger-

tapping (Wolff et al. 1984; Wolff 2002). For example, on an auditory-paced right hand finger-

tapping task in which subjects were tested on their ability to accurately entrain to a stimulus that 

played at a particular frequency (e.g., 2 Hz), children with dyslexia (age range: 10-16 years) were 

shown to tap in advance of the stimulus by roughly 3 to 4 times that of age-matched control 

children (who almost uniformly tapped in advance of the stimulus, but by a significantly smaller 

degree). When the investigator varied the frequency of the pacing stimulus (going from 10 second 
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epochs of 1.5 Hz to 2 Hz to 2.5 Hz to 2 Hz), all children temporarily switched from pressing in 

advance of the stimulus to pressing after it. The number of taps pressed following the stimulus 

before switching back to pressing in advance was significantly greater in children with dyslexia 

compared with control children (Wolff 2002), suggesting a protracted rate of entrainment 

associated with dyslexia. In another study, children (mean age: 12.2 years) performed unimanual 

finger tapping in line with a 1.53 Hz metronome with their left and right hands. For left and right 

hand performance (averaged), children with dyslexia performed with poorer accuracy and greater 

variability compared with healthy controls (Wolff et al. 1984).  

Another line of investigation has focused on motor deficits specifically indicative of 

cerebellar dysfunction. For example, one notable study assessed children with dyslexia on a 

battery of motor tasks, including tests of posture, balance, muscle tone and complex movements, 

and found that they performed significantly worse on all tests compared with age-matched 

controls (three age groups; dyslexia mean ages in years: 10.7, 14.4, 18.6; control ages: 10.9, 

14.6, 18.9 years). Examining these children individually, the investigators reported that 

impairments across all tasks manifested with a 74% mean incidence rate for children with 

dyslexia, compared to 16% in the controls (Fawcett et al. 1996). As deficits on these types of tests 

are indicative of abnormalities in the cerebellum, these studies led to the hypothesis that 

abnormalities in the cerebellum may underlie dyslexia (Nicolson et al. 2001).  

Yet, others have argued that these “cerebellar impairments” arise from the comorbidity of 

dyslexia with attention-deficit-hyperactive disorder (ADHD; Raberger and Wimmer 2003; Rochelle 

and Talcott 2006). For instance, a meta-analysis quantitatively summarizing 17 studies on the 

performance of balance tasks in children, adolescents and young adults with dyslexia (age 

means: 8.25-21.8 years) and reporting impairments, revealed that effect sizes were significantly 

correlated with whether the studies screened for ADHD, and were not correlated with the degree 

of the reading impairment (Rochelle and Talcott 2006). An empirical study attempting to tease 

apart dyslexia and ADHD with regards to their role in balance impairments examined four groups 
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of children (mean age: 10 years): a group with dyslexia, a group with ADHD, a group with dyslexia 

and ADHD, and a group of typically developing children. Similar to previous studies, these 

children were instructed to balance on a wobble board for thirty seconds at a time and their scores 

depended upon the degree to which they deviated from the vertical upright. The only effect to 

significantly explain the balance impairment was the main effect of ADHD (Raberger and Wimmer 

2003).  Further, a study employing the battery of cerebellar tests used previously (Fawcett et al. 

1996) in a group of children who were ‘purely’ dyslexic (without ADHD and/or developmental 

coordination disorder; mean age of the full group: 9.9 years) found that only 42% of these children 

(compared to 74% reported by Fawcett et al 1996) performed worse than controls (Ramus et al. 

2003), concluding that motor deficits are restricted to a minority subgroup of dyslexic readers 

(Ramus et al. 2003), but that the presence of this subset is consistent across studies (Ramus 

2003; White et al. 2006). As such, it is possible that cerebellar symptoms exist in children with 

dyslexia, and that these are more prevalent in dyslexic children who also have ADHD. 

It has also been proposed that the motor impairments are not cerebellum-specific, but 

more generally attributed to motor function (Ramus et al. 2003), consistent with the finger 

movement studies on dyslexia described earlier (Wolff et al. 1984; Wolff 2002). Therefore, other 

motor areas that are required in the execution of these simple finger movements (e.g., primary 

motor cortex) might also be affected in children with dyslexia. However, the primary point of the 

pathophysiology is hard to determine, because impairments in a number of regions may be due 

to a cerebellar dysfunction (and propagated via cortico-cerebellar pathways); or, equally possible, 

dysfunction originates in primary motor areas and interferes with processing in the cerebellum, 

which would become an innocent bystander (Zeffiro and Eden 2001). As such, an important first 

step is to examine all brain areas engaged and functionally interacting in a simple motor control 

task and to establish whether they differ in children with and without dyslexia.  

Turning to brain imaging studies of dyslexia, there is now an abundance of neuroimaging 

research showing that the brain regions involved in reading and reading-related tasks (e.g. 
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phonological processing) are altered anatomically (Eckert 2004) and functionally (Eden et al. 

2016) in dyslexia; specifically, these are left temporo-parietal, occipito-temporal, and inferior-

frontal cortices. Yet, tasks of reading also evoke brain activation in the motor system, even for 

tasks that do not require aloud articulation, and some of these differ in groups with dyslexia 

relative to controls to (Richlan et al. 2009, 2011). Specifically, meta-analyses of studies of reading 

in children (nine studies; mean ages: 9-11 years) and adults (nine studies; mean ages: 18-30 

years) found (separate) likelihoods of hyperactivation in the dyslexic groups compared with 

controls in left SM1. In addition, studies of brain anatomical differences in dyslexia have also 

implicated motor regions. For example, Krafnick et al. (2014) found less gray matter volume in 

right precentral gyrus (peak in lateral premotor cortex) in children with dyslexia compared to age- 

and reading level-matched controls (Krafnick et al. 2014). In a study of the cerebellum specifically, 

Rae and colleagues reported anomalies of the cerebellum for brain anatomy (Rae et al. 2002) 

and neurochemistry (Rae et al. 1998).  

In terms of brain function underlying motor control, Nicolson and colleagues (1999), 

examined task-related differences by studying right hand finger sequences, both pre-learned and 

novel, in a group of adults with dyslexia (mean age: 21.4 years) and age-matched controls. They 

found that for both pre-learned and new sequences, activation measured with positron emission 

photography (PET) was lower in the group with dyslexia than the controls in right cerebellum. 

However, the cerebellum was not the only brain region to differ; for the new sequence task, adults 

with dyslexia showed greater activation in right medial prefrontal cortex and other parts of bilateral 

temporal and parietal cortices (Nicolson et al. 1999). In a more recent study, Menghini and 

colleagues (2006) administered a task consisting of pseudorandom and repeating motor 

movement sequences and found that across all sequences adults with dyslexia showed greater 

activation in right cerebellum lobule VI, right lateral premotor cortex, and bilateral inferior parietal 

cortex compared with control subjects (Menghini et al. 2006). This greater activation is contrary 

to the weaker activation reported by Nicolson and colleagues; however, the methods and possibly 
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locus of cerebellar activation (Nicolson et al. (1999) did not specify the region of cerebellum) were 

very different, making it difficult to offer a precise explanation that could account for these different 

findings. Together these results suggest that dyslexia is marked by differences in cerebellum and 

other motor areas, however the specific results of the findings are mixed.  

Another line of investigation has proposed that dyslexia can be described as a condition 

of functional or anatomical disconnections (Paulesu et al. 1996). In support of this, functional 

connectivity (i.e., the correlation between activity in two brain regions over time) measured while 

subjects are engaged in a reading-related task have consistently shown reductions in dyslexic 

compared with control groups between reading-related regions (Horwitz et al. 1998; Schurz et al. 

2015) as well as between regions outside the left hemisphere reading areas (Koyama et al. 2013). 

A “functional disconnection,” as was observed between left angular gyrus and left inferior frontal 

gyrus (Horwitz et al. 1998), emerges when positive correlations between brain regions are 

significant in the control but not dyslexic group and persists in control > dyslexic contrasts. 

Related to this, anatomical anomalies have been identified with diffusion tensor imaging 

(DTI) along the left arcuate fasciculus in dyslexia. In particular, the segment of this tract 

connecting the reading areas posterior temporal and frontal cortices has been shown to have 

decreased fractional anisotropy (FA; a measures of white matter microstructural) in dyslexic 

compared to normal readers (Boets et al. 2013; see Vandermosten et al. 2012 for review). 

Anatomical anomalies are also present along white matter tracts thought to subserve motor 

function, specifically in segments of the cortico-cerebellar loop. A meta-analysis of DTI studies 

identified one cluster in the left temperoparietal area, which, through subsequent fiber 

tractography, was found to be split along two fiber tracts: the arcuate fasciculus and the corona 

radiate (Vandermosten et al. 2012). Notably, part of the corona radiata constitutes projections 

from SM1 to pontine nucleus as well as other cortifugal pathways. In addition, a more recent DTI 

study found that adolescents with dyslexia (mean age: 12.0 years) exhibited greater FA between 
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thalamus and SM1 (but not between thalamus and perisylvian reading areas as predicted) 

compared with age-matched controls (Fan et al. 2014)).  

The current study was motivated by anomalies reported in dyslexia during behavioral, 

functional and anatomical studies of the motor system. Based on these, one would expect activity 

elicited by a simple finger tapping movement in cortical and subcortical motor regions and their 

functional interactions with other brain areas to differ in children with dyslexia compared with 

control children. First, we examined task-evoked activation during simple thumb-tapping 

movements of the dominant and non-dominant hands in separate runs. Second, we examined 

functional connectivity between seeds placed in motor regions and the rest of the brain. Seeds 

were in the cerebellum ipsilateral, and SM1 and SMA contralateral to the side of movement, and 

chosen for their role in dyslexia (Richlan et al. 2009, 2011) and reading (Martin et al. 2015). 

Functional connectivity was examined in two ways. First, we assessed task-modulated functional 

connectivity (tmFC), which reveals brain areas whose time series correlates more strongly with 

the average time series in a seed region during tapping relative to fixation blocks. It has been 

shown in healthy adults that FC between brain regions of the same functional network tend to 

become less correlated during task specific conditions than during rest (analogous to negative 

tmFC) and areas that are part of different functional networks at rest become more correlated 

during task compared to rest (analogous to positive tmFC)(Cole et al. 2014). If we are to assume 

that the control children are more likely to exhibit patterns of tmFC more akin to healthy adults 

than children with dyslexia, then compared to control children, one would predict that children with 

dyslexia will exhibit greater tmFC between regions comprising the motor system and weaker 

tmFC between motor regions and brain regions outside of the motor system. 

The second functional connectivity approach involved background functional connectivity 

(bFC) (Al-Aidroos et al. 2012; Norman-Haignere et al. 2012; Wang and Voss 2014; Gratton et al. 

2016), which reveals those brain areas whose time series correlates with the average time series 

of the seed across the entire run. This measure, sometimes referred to as task-based or task-
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related FC (Jones et al. 2010; Rehme et al. 2013), or pseudo-rest (Sheffield et al. 2015)] is said 

to reveal how “patterns of functional connectivity support specific…[motor] processes” (Norman-

Haignere et al. 2012). bFC (or synonymous term) provides additional and potentially clinically 

relevant information (Jones et al. 2010), if correlated to clinical phenotypes or impairments of 

dyslexia. Importantly, a similar analysis technique was used previously to identify reduced FC 

between reading-related brain areas (Schurz et al. 2015). We expect this analysis to identify 

functional disconnections between motor-related brain areas in children with dyslexia.  

 

MATERIALS AND METHODS 

Subjects 

The children with dyslexia and their age-matched controls were part of a larger study on reading 

disability (Krafnick et al. 2011, 2014, Olulade et al. 2013, 2015; Evans et al. 2014a, 2014b). All 

children were right-handed (i.e., with scores between 30 and 100 on the Edinburgh Handedness 

Inventory (Oldfield 1971)), monolingual English speakers without prior diagnoses of neurological 

disorders. Children with and without dyslexia were recruited from comparable geographic regions 

within the greater Washington, DC metropolitan area and from families at comparable 

socioeconomic standings. Children with dyslexia came from a private school specializing in 

learning disabilities. 

We assessed intelligence quotient (IQ) in all participants using the Wechsler Abbreviated 

Scale of Intelligence (WASI; (Wechsler 1999)) to ensure all children had Full-Scale IQs at or 

above 80. To evaluate reading proficiency, all children underwent the Woodcock-Johnson Tests 

of achievement (WJ III; (Woodcock et al. 2001)). For this study children with dyslexia were 

included if they had WJ III Word Identification (Word ID) test < 92; control children had Word ID 

> 92 (30th percentile). Children with dyslexia also had a documented history of underachievement 

in reading.  
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Head motion criteria (which, as described below, were very conservative due to the FC 

analyses) led to the elimination of 15 children with dyslexia and 16 control children. To match our 

subjects on chronological age and reduce age variance differences between groups, we removed 

two dyslexic and five control subjects from the overall sample. The final groups comprised 15 

children with dyslexia (mean age: 10.00 ± 1.3 years) and 15 controls (mean age: 8.72 ± 2.0 years). 

Subjects were also matched on Conners’ ADHD index T-scores and three children had elevated 

ADHD index scores (> 1 SD above mean), two in the dyslexic and one in the control group. 

Demographic information for the final sample are summarized in Table 12. 

 

 

 
MRI Task and Data Acquisition 

Subjects performed a visually and irregularly paced, unimanual finger-tapping tasks during 

functional data acquisition. Subjects were instructed to press the button with their thumb in 

response to a circle surrounding a cross-hair, which was omnipresent throughout the run. The 

tasks were presented using a block design (Chapter III, Fig. 5), which consisted of 4 tapping 

blocks (Tap) interspersed with fixations (Fix). All Tap blocks were 24 seconds. Within these 

blocks, the timing of the stimulus presentations varied and a 100 ms Tap stimulus appeared at 

one of three intervals: once per 650 ms, once per 900 ms, or once per 1150 ms. Each interval 

Table 12. Subject demographics.
control dyslexic p-value

N 15 15
Sex (F/M) 7/8 7/8
Age (yrs) 8.72 (2.0) 10.0 (1.3) ns
Range (yrs) 7.1 – 13 7.4 – 12
Edinburgh Handedness Inventory 78.6 (21) 91.3 (19) ns
Verbal IQ 122 (13) 110 (12) p<.05
Performance IQ 118 (16) 99.1 (11) p<.001
Full-Scale IQ 123 (14) 105 (12) p<.001
WJ Word ID 118 (9.8) 78.1 (10) p<.05
WJ Word Attack 115 (11) 88.1 (13) p<.05
WJ Reading Fluency 122 (14) 72 (14) p<.05
Conners’ ADHD index 52 (8.6) 55 (7.7) ns
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was used 8 times per block and interval order was randomized and differed for each Tap block. 

Left and right finger movements were performed in separate runs and each run consisted of 69 

volumes (32 Tap volumes and 37 Fix volumes). For both, subjects could view stimuli from inside 

the scanner using an angled mirror apparatus fastened to the head coil that relayed projections 

from a screen behind the scanner. 

To ensure quality performance and to familiarize subjects with the scanner environment, 

subjects practiced each task in a mock scanner before entering the real scanner. To ensure 

comfort and to minimize head motion, we placed foam cushions on both sides of their heads and 

allowed them to use additional foam padding around their arms. 

Structural MPRAGE and functional EPI images were acquired on a 3T Siemens Trio 

scanner. MPRAGE scans were acquired with the following parameters: TR = 1600 ms, TE = 4.38 

ms, 160 axial slices, 1 mm3 voxels, FOV = 256 mm. EPI scans were acquired with blood-oxygen-

level dependent (BOLD) contrasts, using TR = 3000 ms, TE = 30 ms, 50 axial slices acquired 

interleaved and anterior to posterior with a 0.2 mm gap, in-plane resolution of 64 x 64 (3 mm 

isotropic voxels), and 192 mm FOV. 

 

Behavior Data Analysis 

We calculated two performance measures from inside the scanner: (1) accuracy, defined as the 

percent of trials in which subjects pressed the button when prompted; and (2) response times, 

defined as the time between the onset of the circle around the fixation cross and the button press 

by the subject. Data files were lost for two subjects with dyslexia and so summary performance 

measures (please see Results) are calculated without their data points. Visualization of these 

measures was performed using GraphPad Prism 6. 
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MRI Data Analyses 

Preprocessing and Motion Quality Control 

All MRI analyses were performed using MATLAB 2016a (MathWorks), SPM12 

(http://www.fil.ion.ucl.ac.uk/spm/), and CONN 15h/16a (https://www.nitrc.org/). 

 

MPRAGE 

For all subjects, MPRAGE images were warped into Montreal Neurological Institute (MNI) 

stereotaxic space to correct for intersubject variability and segmented into gray matter, white 

matter and cerebrospinal fluid (CSF) regions-of-interest (ROIs) using the VBM8 toolbox in 

SPM12.  

EPI 

To reduce T1 saturation effects, we discarded the first 3 volumes from each run. Volumes were 

preprocessed and analyzed using SPM12, with preprocessing comprised of five major steps: (1) 

slice time correction to account for sampling superior and inferior parts of the brain at different 

times, (2) realignment of scans to correct for inter-scan head motion throughout the run, (3) 

coregistration to the un-normalized, subject-specific MPRAGE images, (4) deformation to warp 

EPI images into MNI space using the subject-specific transformations applied to the MPRAGE 

images (which additionally resliced images to isotropic 1.5 mm), and (5) smoothing to an isotropic 

8.0 mm Gaussian kernel to improve the signal-to-noise ratio. Following preprocessing, smoothed 

images were overlain with the MNI template to ensure successful normalization.  

We undertook several additional steps to account for in-scanner head motion, since  

functional connectivity in general (Van Dijk et al. 2012; Satterthwaite et al. 2013) and  especially 

in children (Satterthwaite et al. 2012) suffers considerably from head motion artifacts. First, we 

removed subjects for whom greater than or equal to 20% of the total number of scans from either 

their left or right hand runs were preceded by interscan head motion greater than 0.75 mm (25% 

of the voxel size) Euclidean displacement (i.e., d2 = ∆x2 + ∆y2 + ∆z2 + [(65π/180)2 · (∆pitch2 + ∆rol2 
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+ ∆yaw2)] (Mazaika et al. 2005). This procedure removed 15 children with dyslexia and 16 children 

without dyslexia from the sample. The remaining subjects (15 children in each group) did not differ 

on the percentage of scans removed from each subject’s dataset for the left (t(28) = -0.18; p > 

0.05) or right hand (t(28) = -0.44; p > 0.05). Second, scans that were preceded by ≥ 0.75 mm 

inter-scan head motion were regressed (“scrubbed”) at the first level (please see below). Third, 

we performed two-sample t-tests on mean and maximum interscan Euclidean displacement (not 

including scans preceded by ≥ 0.75 mm head motion; (Power et al. 2012; Alaerts et al. 2014)) 

and found no significant differences for left (mean interscan: t(28) = -0.24; p > 0.05; max interscan: 

t(28) = -0.31; p > 0.05) or right hand (mean interscan: t(28) = -0.011; p > 0.05; max interscan: 

t(28) = 1.65; p > 0.05). And third, we assessed stimulus-correlated motion using Artifact Detection 

Tools (ART; https://www.nitrc.org/; adjusted in-house) to display correlation coefficient r-values 

for each translation and rotation parameter, because stimulus-correlated motion has been shown 

to reduce sensitivity of first-level effects when r > 0.2 (Johnstone et al. 2006). We found that r-

values between 0.2 and 0.3 occurred only twice for the group with dyslexia and 14 times for the 

group without dyslexia out of 90 r-values per group per hand; in addition, no subject for either 

hand had r-values above 0.3. When we then transformed these r-values into Fisher z-values and 

compared dyslexic and control groups for each hand separately using a MANOVA implemented 

in MATLAB’s Statistics and Machine Learning Toolbox (MathWorks), there was no significant 

difference between groups on these measures (Table 13). 

 

 

Table 13. Motion description.
control dyslexic p-value

L. mean interscan displacement (mm) 0.138 (0.058) 0.142 (0.047) ns
L. max interscan displacement (mm) 0.469 (0.16) 0.484 (0.11) ns
L. % movement scan 3.23 (5.7) 3.64 (6.7) ns
L. stim correlated motion (dim. pool) 0.0729 (0.051) 0.0782 (0.068) ns
R. mean interscan displacement (mm) 0.151 (0.047) 0.151 (0.046) ns
R. max interscan displacement (mm) 0.604 (0.11) 0.516 (0.17) ns
R. % movement scan 3.44 (4.9) 2.61 (5.2) ns
R. stim correlated motion (dim. pool) 0.0520 (0.048) 0.0964 (0.073) ns
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Task-evoked Activation Analyses 

All task-evoked activation analyses were performed in SPM12. For each subject, first-level 

statistics were performed by first applying a temporal high pass filter of 128 seconds, and then 

modeling each condition (Left Hand and Right Hand) with a convolution of the canonical 

hemodynamic response function and our experimental block design. Fixation was treated as 

baseline, rather than as a distinct condition. We used an autoregressive (AR 1) model to reduce 

serial correlations from biorhythms and unmodeled neuronal activity. To account for head motion 

as a confound of the button press and for changes in the global mean signal, we created a multiple 

regression model comprising the Euclidean displacement from origin, a logical vector to indicate 

whether a particular scan was preceded by our 0.75 mm threshold (i.e., scans preceded by inter-

scan head motion < 0.75 mm received a 0 and scans preceded by inter-scan head motion ≥ 0.75 

mm received a 1), and the global mean signal at each time point. This procedure generated within-

subject beta maps for each contrast (Left Hand > Fix and Right Hand > Fix).  

To identify within-group activations, we performed one-sample t-tests on children with and 

without dyslexia for Left Hand > Fix and Right > Fix contrasts. To identify between-group activation 

differences, we performed two-sample t-tests for control > dyslexic and dyslexic > control using 

Left Hand > Fix and Right Hand > Fix. We applied SPM’s EPI.nii template as an explicit mask. All 

clusters output from these second-level analyses were reported as significant using an FDR 

cluster-level correction of p < 0.05 and an uncorrected height threshold of p < 0.001. 

 

Seed-to-voxel Task-Modulated (tmFC) and Background Functional Connectivity (bFC) 

Analyses 

First, seeds were built from task-evoked activation maps using MarsBaR 0.44 

(http://marsbar.sourceforge.net/index.html). Within group maps for task-evoked activation for the 

dyslexic and control groups were overlain and the overlap of activity for cerebellum, SM1, and 

SMA clusters identified. Second, 6 mm spheres were built around the centers of mass for each 
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of these regions. This resulted in six seeds: left cerebellum (x = -17.8, y = -55.6, z = -17), right 

cerebellum (x = 12.7, y = -55.4, z = -14.5), left SM1 (x = -36.7, y = -21.6, z = 60), right SM1 (x = 

37.7, y = -21.6, z = 61), left SMA (x = -2.58, y = -2.51, z = 61.1), and right SMA (x = 2.25, y = -

1.81, z = 59.7). Constructing seeds from a task-evoked activation analysis for subsequent use in 

functional connectivity analyses is consistent with earlier work (Rehme et al. 2013).  

All FC analyses were performed using CONN 15h/16a (https://www.nitrc.org/; (Whitfield-

Gabrieli and Nieto-castanon 2012)). To maximize signal-to-noise, all unsmoothed functional data 

(following preprocessing and motion quality control steps detailed earlier) were denoised, which 

involved simultaneous regression of temporal confounding factors and temporal filtering. 

Temporal confounding factors included six rigid body head position parameters, a logical vector 

to indicate whether a particular scan was preceded by our 0.75 mm threshold (i.e., scans 

preceded by inter-scan head motion < 0.75 mm received a 0 and scans preceded by inter-scan 

head motion ≥ 0.75 mm received a 1), and block conditions (Fix, Left Hand/Right Hand) convolved 

with the canonical hemodynamic response function. CONN also implements the CompCor 

method (Behzadi et al. 2007; Chai et al. 2012), in which principal components are estimated from 

subject-specific white matter and CSF ROIs, which were created in the VBM segmentation step 

above. We designated five principal components for white matter and five components for CSF 

per subject. Using a histogram of correlation coefficients between a random subset of voxels, as 

part of the CONN interface, we observed that applying zero temporal derivatives for any temporal 

confounding factors maximized the signal-to-noise ratio. 

For tmFC, we used a high-pass filter of 0.008-inf Hz (recommended by 

https://www.nitrc.org/ forum to increase block-to-block discrimination), whereas we used a band-

pass filter of 0.008-0.09 Hz for our bFC analysis for which block-to-block discrimination is not 

necessarily wanted; our low-pass threshold is consistent (0.09 Hz for us and 0.08 Hz for them) 

with that of previous bFC studies (Rehme et al. 2013; You et al. 2013) and a range similar to this 

one has been encouraged to reduce FC measures related to motion (Satterthwaite et al. 2013). 
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These steps produced denoised, residual blood-oxygen-level dependent (BOLD) time series for 

every gray matter voxel for every subject. 

Seed time series were computed by averaging the residual time series (i.e., denoised 

BOLD signal) corresponding to the voxels within the seed; for a given seed (e.g., left cerebellum), 

these voxels may have been different for different subjects because each seed was masked with 

subject-specific gray matter ROIs (from the MPRAGE segmentation step above). Maps generated 

for the left cerebellum, right SM1, and right SMA seeds were based on left hand tapping data; 

maps generated for right cerebellum, left SM1, and left SMA were based on right hand tapping 

data; and maps using bilateral seeds were generated from both left and right hand tapping data 

concatenated (left hand first).  

tmFC 

As our task paradigm lends itself to consideration of connectivity measures modulated by the task 

(i.e., task-modulated functional connectivity), we performed first-level analyses using the 

generalized psychophysiological interaction (gPPI) feature with bivariate regression parameters. 

Here, beta-values corresponding to the interaction of ROI x Condition (in this case, Left Hand x 

Fix or Right Hand x Fix) term were used for subsequent second-level statistics. 

bFC 

bFC examines correlations between time series data from the entire run (or both runs 

concatenated). Here, the first-level analysis was performed using weighted GLM, HRF 

weighting, and bivariate correlation parameters. This resulted in single-subject r-maps in which 

the value of each voxel represents the correlation coefficient of that voxel’s residual time series 

with the residual time series of the seed. These maps were subsequently transformed into z-

maps using Fisher’s r-to-z transform.  

For both tmFC and bFC analyses, generation of within-group brain maps used one-sample 

(two-sided) t-tests for each group and for all seeds (or pairs of seeds in the case that both left and 

right hand runs were used) separately. A positive tmFC value at a given voxel indicated that that 
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voxel’s functional connectivity with the seed was greater during tapping relative to baseline 

fixation. A negative tmFC value indicated that that voxel’s functional connectivity with the seed 

was weaker during the tapping relative to fixation condition. A positive bFC value at a given voxel 

indicated that that voxel’s residual time series was correlated with the time series of the seed. A 

negative bFC value at a given voxel indicated that that voxel’s time series was anti-correlated with 

the time series of the seed. Generation of between-group brain maps used two-sample (two-

sided) t-tests for control > dyslexic and dyslexic > control contrasts for all seeds or (in the case of 

both runs concatenated) pairs of seeds separately. All clusters output from these second-level 

analyses were reported significant using an FDR cluster-level correction of p < 0.05 and an 

uncorrected height threshold of p < 0.001. 

To differentiate positive and negative within-group FC and to examine inter-subject 

variability in the between-group results, we extracted single-subject tmFC and bFC measures 

from all resulting between-group clusters for both contrasts (control > dyslexic and dyslexic > 

control) using the REX toolkit (https://www.nitrc.org/). Visualization of these measures was done 

using GraphPad Prism 6. To illustrate between-group differences in bFC measures at the time 

series level, we plotted denoised BOLD time series data from the seeds and clusters 

demonstrating a between-group difference for both groups. Accordingly, denoised BOLD time 

series were averaged across all voxels comprising the seed (sphere) and clusters, separately.  

Finally, we examined brain-behavior relationships using Pearson correlations and partial 

correlations (controlling for effect of group) on individual bFC measures and Reading Fluency and 

Word ID standard scores. We used Bonferroni correction to control for multiple comparisons (i.e., 

14 tests). 

 

Reporting and Visualization  

Significant clusters’ peak voxel MNI coordinates and voxel extents were reported using SPM12 

and CONN 15h/16a. MNI stereotaxic coordinates were subsequently converted into Talairach 
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anatomical space (Talairach and Tournoux 1988) using the icbm2tal algorithm (Lancaster et al. 

2007) included in GingerALE 2.3.6 and then labelled as an anatomical region according to the 

Talairach Client 2.4.3 (http://talairach.org/client.html). Any peak coordinate greater than 11 mm 

from gray matter according to the Talairach Client was investigated using the Talairach Applet 

(http://talairach.org/client.html), and a visual determination of its anatomical location was made. 

Functional motor regions (e.g., SM1, SMA, etc.) were labelled by overlaying thresholded brain 

maps on the Human Motor Area Template (HMAT; (Mayka et al. 2006); http://lrnlab.org/). This 

template was derived by implementing the ALE method on 126 fMRI or PET studies involving 

motor control, and it demarcates 3 main divisions of motor areas (SM1, medial premotor cortex 

(MPMC), and LPMC) as well as their subdivisions (primary motor cortex (M1) and primary 

somatosensory cortex (S1) for SM1, SMA and pre-SMA for MPMC, and PMv and PMd for LPMC). 

For our reporting, we differentiated the subdivisions of MPMC and LPMC, but not SM1, because 

most of the effects in this region registered in a single cluster. This is different from activations in 

MPMC and LPMC, which often registered in one but not both subdivisions. All results were 

visualized using the Mango software package (http://rii.uthscsa.edu/mango/) with the Colin brain 

template in MNI space (Holmes et al. 2014). All voxels at surface depth ≤ 10 voxels are visualized 

at the surface. 

 

RESULTS 

Behavioral Results 

Individual in-scanner performance measures of accuracy and response times are depicted in 

Figure 11 and summarized by group in Table 14. No significant differences between children with 

and without dyslexia were observed for either measure for either hand. 
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Figure 11. Performance measures for children with and without dyslexia. ns, non-significant. 

 

 
 
 
Task-Evoked fMRI Activation  

Within-Group Maps: Finger Tapping versus Fixation 

For children with and without dyslexia, whole-brain activation maps for tapping compared to 

fixation are depicted in Figure 12. A full list of activation peaks corresponding to these contrasts 

are shown in Table 15, wherein motor regions are specified by anatomical as well as functional 

labels (see Methods). 

 

control dyslexic p-value
L. accuracy (% correct) 0.88 (0.1) 0.85 (0.08) ns
L. response time (ms) 324 (40) 328 (35) ns
R. accuracy (% correct) 0.88 (0.1) 0.84 (0.1) ns
R. response time (ms) 334 (55) 341 (44) ns

Table 14. In-scanner performance.

Figure 2: Performance measures for children with and without dyslexia. 
ns, non-significant.
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Control group 

In control children, right-hand thumb tapping was associated with activation in left primary 

sensorimotor cortex (SM1), left supplementary motor area (SMA; extending into right SMA and 

bilateral pre-SMA), right anterior cerebellum, left posterior cerebellum, left thalamus (extending 

into right thalamus), and left inferior occipital gyrus.  

Left-hand thumb tapping was associated with activation in right SM1 (extending into right PMd), 

left SMA (extending into right SMA and anteriorly into bilateral pre-SMA), left anterior cerebellum, 

right claustrum (extending into right PMv), right midbrain (extending into right thalamus), and right 

inferior occipital gyrus. 

Dyslexic group 

In children with dyslexia, right-hand thumb tapping was associated with activation in left SM1, left 

SMA (extending into bilateral pre-SMA), right anterior cerebellum, left thalamus, and right middle 

occipital gyrus.  

Left-hand thumb tapping was associated with activation in right SM1, left SMA (extending into 

right SMA and bilateral pre-SMA), right PMv (though the peak was located in right insula, not 

precentral gyrus), left anterior cerebellum, right thalamus, and right lingual gyrus. 
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Figure 12. Whole-brain activation maps for thumb movements in controls and children with 

dyslexia. For both groups, contrasts of thumb movements made with the left and right hands 

relative to fixation elicit activations in a network of cortical and subcortical (not shown) brain areas 

(FDR cluster-level corrected threshold of p < 0.05). All axial slices in insets are at z = -15 (MNI). 

L, left hemisphere; R, right hemisphere. Table 4 provides the full list of activations revealed by 

these contrasts. 

  

Figure 3: Whole-brain activation maps for thumb movements in controls and
children with dyslexia. For both groups, contrasts of thumb movements made
with the left and right hands relative to fixation elicit activations in a network of
cortical and subcortical (not shown) brain areas (FDR cluster-level corrected
threshold of p < 0.05). All axial slices in insets are at z = -15 (MNI). L, left
hemisphere; R, right hemisphere. Table 4 provides the full list of activations
revealed by these contrasts.
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Anatomical region
Functional 
motor region

BA k Z

x y z

Right Hand > Fix
L. Precentral Gyrus L. SM1 4 -30 -24 57 1629 5.57
L. Medial Frontal Gyrus L. SMA 6 -4 -8 62 1262 5.67
R. Ant. Cerebellum 14 -54 -20 4908 5.22
L. Post. Cerebellum -40 -64 -24 503 4.22
L. Thalamus -10 -22 2 760 4.70
L. Inferior Occipital Gyrus 18 -32 -94 -4 1211 5.23

Left Hand > Fix
R. Postcentral Gyrus R. SM1 3 36 -20 51 2173 5.50
L. Medial Frontal Gyrus L. SMA 6 -4 -6 69 2268 5.81
L. Ant. Cerebellum -9 -56 -10 3748 6.57
R. Claustrum 34 16 9 386 4.43
R. Midbrain 9 -24 -9 425 4.05
R. Inferior Occipital Gyrus 18 27 -93 -4 1639 5.07

Dyslexic
Right Hand > Fix
L. Postcentral Gyrus L. SM1 3 -38 -26 63 1154 4.76
L. Medial Frontal Gyrus L. SMA 6 -9 -2 64 1268 4.73
R. Ant. Cerebellum 15 -56 -15 503 3.82
L. Thalamus -9 -21 9 539 4.46
R. Middle Occipital Gyrus 18 39 -92 0 249 4.40

Left Hand > Fix
R. Postcentral Gyrus R. SM1 3 40 -24 58 1079 4.77
L. Medial Frontal Gyrus L. SMA 6 -4 0 58 1787 4.64
R. Insula R. PMv 13 50 -2 9 184 3.68
L. Ant. Cerebellum -21 -56 -16 646 4.46
R. Thalamus 16 -20 8 198 4.25
R. Lingual Gyrus 17 24 -96 3 419 4.64

Peak MNI coordinate

Control

Table 15. Activation peaks for within-group contrasts for left and right hand tapping.
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Between-Group Maps: Finger Tapping versus Fixation 

No significant between-group differences were observed for control > dyslexic or dyslexic > 

control contrasts. 

 

Task-Modulated Functional Connectivity (tmFC) Results 

We performed a gPPI analysis to examine areas where FC measures were modulated by the 

task. 

 

Within-Group Maps 

Control Group 

In control children, finger tapping of neither the left nor right hand modulated connectivity 

significantly relative to the fixation baseline. 

Dyslexic Group 

In children with dyslexia, positive tmFC (reflecting greater functional connectivity during tapping 

relative to fixation blocks) was observed for right hand tapping between the left SMA seed and 

left caudate.  

For left hand tapping, negative tmFC (reflecting weaker functional connectivity during tapping 

relative to fixation blocks) was observed between the left cerebellum seed and paracentral lobule 

(extending into bilateral SM1); between the right SM1 seed and right PMd (extending into right 

SM1), between the right SM1 seed and left SMA (extending into right SMA and right pre-SMA), 

and between the right SM1 seed and right SM1 (Fig. 13; Supplemental Table 1). 
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Figure 13. Within-group whole-brain tmFC maps. gPPI analyses identified brain regions where 

children with dyslexia exhibited tmFC (orange: tapping > rest; blue: rest > tapping) with the 

cerebellum, SM1, and SMA seeds. All maps were thresholded at p < 0.05 FDR cluster-level 

corrected. L, left; R, right; SM1, primary sensorimotor cortex; SMA, supplementary motor area; 

PMd, dorsal premotor cortex; CAU, caduate; PAR, paracentral lobule. 

 
 
 
 
 
Between-Group Maps 

Control > Dyslexic 

There were no differences in tmFC for right (dominant) hand tapping.  

For the left hand, children with dyslexia compared to controls exhibited weaker tmFC between 

the right SM1 seed and right cuneus and a self-connection between the right SM1 seed and right 

SM1 (extending into right PMd and right SMA; Fig. 14A). Children with dyslexia also exhibited 

relatively weaker tmFC between the right SMA seed and right superior parietal lobule, and 

between the right SMA seed and left IFG (Fig. 14B). When extracting individual tmFC values from 

all clusters reported here, all between-group differences were driven by positive tmFC means in 

the control group and negative tmFC means in the dyslexic group, indicating that in control 

children the time series in these areas are qualitatively more correlated with the time series of the 

respective seed during tapping than during fixation, and in dyslexic children, these areas’ time 

Left Hand Tapping

L. SMA seedR. SM1 seed

L. CAU
-10 -12 22

L. PAR
-2 -28 78

R. SM1
40 -28 64

Figure 4: Within-group whole-brain tmFC maps. gPPI analyses identified brain regions
where children with dyslexia exhibited tmFC (orange: tapping > rest; blue: rest > tapping)
with the cerebellum, SM1, and SMA seeds. All maps were thresholded at p < 0.05 FDR
cluster-level corrected. L, left; R, right; SM1, primary sensorimotor cortex; SMA,
supplementary motor area; PMd, dorsal premotor cortex; CAU, caduate; PAR, paracentral
lobule.

RL
L. Cerebellum seed

R. PMd
28 -12 70L. SMA

-6 -14 72

z = 17

Right Hand Tapping
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series are qualitatively less correlated with the time series of the respective seed during tapping 

relative to fixation (Table 16). 

 

 
 
 
 
 
 
Dyslexic > Control 

There were no differences between the two groups in tmFC for the right hand.  

For the left hand, children with dyslexia exhibited greater tmFC between the left cerebellum seed 

and right precuneus (Fig. 15). This between-group difference was driven by qualitatively positive 

tmFC in children with dyslexia and qualitatively negative tmFC in children without dyslexia (Table 

16). 

  

Table 16. tmFC peaks for between-group contrasts for cerebellum, SM1, and SMA seeds.

Group/Contrast Anatomical region
Functional 
motor 
region

BA k Z

Seed x y z
Control > Dyslexic
Left hand tapping
R. SM1 seed R. Cuneus 19 12 -80 44 110 4.47

R. Precentral Gyrus R. SM1 4 22 -18 72 164 4.80
R. SMA seed R. Superior Parietal Lobule 7 22 -52 74 131 3.93

L. Inferior Frontal Gyrus -52 36 -2 91 3.90

Dyslexic > Control
Left hand tapping
L. CB seed R. Precuneus 7 14 -58 40 178 4.35

-10 to 10

Peak MNI coordinate
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Figure 14. Whole-brain tmFC maps for the control > dyslexic between-group contrast. gPPI 

analyses identified brain areas in which children with dyslexia exhibited weaker tmFC compared 

with children without dyslexia in (A) right SM1 and (B) right SMA seeds. Results were for left hand 

tapping data only. All maps were thresholded at p < 0.05 FDR cluster-level corrected. Individual 

tmFC measures extracted from all clusters are depicted to the right of the brain map for 

distinguishing positive and negative within-group tmFC and showing inter-subject variance. L, left; 

R, right; SM1, primary sensorimotor cortex; SMA, supplementary motor area; SPL, superior 

parietal lobule; IFG, inferior frontal gyrus; CUN, cuneus. 

  

A. Control > Dyslexic: Right SM1 seed

R. CUN
12 -80 44

R. SPL
22 -52  74

Figure 5: Whole-brain tmFC maps for the control > dyslexic between-group contrast. gPPI analyses
identified brain areas in which children with dyslexia exhibited weaker tmFC compared with children
without dyslexia in (A) right SM1 and (B) right SMA seeds. Results were for left hand tapping data
only. All maps were thresholded at p < 0.05 FDR cluster-level corrected. Individual tmFC measures
extracted from all clusters are depicted to the right of the brain map for distinguishing positive and
negative within-group tmFC and showing inter-subject variance. L, left; R, right; SM1, primary
sensorimotor cortex; SMA, supplementary motor area; SPL, superior parietal lobule; IFG, inferior
frontal gyrus; CUN, cuneus.
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Figure 15. Whole-brain tmFC maps for the dyslexic > control between-group contrast. gPPI 

analyses identified brain areas in which children with dyslexia exhibited greater tmFC compared 

with children without dyslexia in left cerebellum seed. Results were for left hand tapping data only. 

All maps were thresholded at p < 0.05 FDR cluster-level corrected. Individual tmFC measures 

extracted from all clusters are depicted to the right of the brain map for distinguishing positive and 

negative within-group tmFC and showing inter-subject variance. A, left; P, right; PRC, precuneus. 

 

 
 

Background Functional Connectivity (bFC) Results 

Within-Group Maps 

We examined bFC across right and left hand tapping runs separately. Seeds in left cerebellum, 

right SM1, and right SMA were examined during left hand tapping. Seeds in right cerebellum, left 

SM1, and left SMA were examined during right hand tapping data. We also concatenated runs 

from both hands to explore bFC common to both task: thus, seeds in bilateral cerebellum, bilateral 

SM1, and bilateral SMA were examined with concatenated data. However, it is important to 

remember that bFC measures are calculated from the full run and not specific task blocks. For 

brevity, we do not report on significant self-connections, which are connections that are close to 

the seed (e.g., if, when using a left cerebellum seed, a cluster emerges with peak coordinate in 

Dyslexic > Control: L. Cerebellum seed
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Figure 6: Whole-brain tmFC maps for the dyslexic >
control between-group contrast. gPPI analyses
identified brain areas in which children with dyslexia
exhibited greater tmFC compared with children
without dyslexia in left cerebellum seed. Results
were for left hand tapping data only. All maps were
thresholded at p < 0.05 FDR cluster-level corrected.
Individual tmFC measures extracted from all clusters
are depicted to the right of the brain map for
distinguishing positive and negative within-group
tmFC and showing inter-subject variance. A, left; P,
right; PRC, precuneus.
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left cerebellum); however, full lists of within-group bFC results are given in Supplemental Table 

2. 

Control Group 

For right hand tapping, the controls exhibited bFC between the right cerebellum seed and left 

SM1 (though the anatomical location was labelled left inferior parietal lobule and not postcentral 

gyrus; extending into PMd); between the left SM1 seed and left SMA (extending into right SMA 

and bilateral pre-SMA) and between the left SM1 seed and left MTG; between the left SMA seed 

and right SM1, and between the left SMA seed and right PMd (extending into PMv). 

For the left hand tapping run, children the controls exhibited bFC between the left cerebellum 

seed and right SM1, bbetween the left cerebellum seed and right SMA (extending into left SMA); 

between the right SM1 seed and right SMA (extending into left SMA), between the right SM1 seed 

and left anterior cerebellum, between the right SMA seed and left SM1 (extending into PMd), 

between the right SMA seed and left PMv (two separate clusters), and between the right SMA 

seed and left lentiform nucleus. Importantly, the controls also exhibited negative bFC between 

the right SMA seed and right MTG, between the right SMA seed and left MTG, and between the 

right SMA seed and left IFG. 

For concatenated runs, the controls exhibited bFC between the bilateral cerebellum seeds and 

left SM1 (extending into left PMd and right PMv), between the bilateral cerebellum seeds and right 

SM1 (extending into right PMd and right PMv), between the bilateral cerebellum seeds and left 

SMA (extending into right SMA); between the bilateral SM1 seeds and left anterior cerebellum, 

between the bilateral SM1 seeds and right anterior cerebellum; between the bilateral SMA seeds 

and left SM1 (though anatomical peak was outside pre/postcentral gyrus), and between the 

bilateral SMA seeds and left anterior cerebellum (Fig. 16). 

Dyslexic Group 

For the right hand tapping run, children with dyslexia exhibited bFC between the right cerebellum 

seed and left superior temporal gyrus (STG) but not between this seed and any motor regions (a 
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finding was made in postcentral gyrus, but it was in BA 43 and outside of SM1 as defined by 

HMAT). Children with dyslexia did not exhibit bFC between the left SM1 seed and any other brain 

regions. Lastly, children with dyslexia exhibited bFC between the left SMA seed and right SM1, 

between the left SMA seed and left SM1 (though anatomical peak was outside pre/postcentral 

gyrus), between the left SMA seed and left PMv, and between the left SMA seed and right STG. 

For the left hand tapping run, children with dyslexia exhibited bFC between the left cerebellum 

seed and left SM1, between the left cerebellum seed and right SM1, and between the left 

cerebellum seed and left MTG; between the right SM1 seed and left SM1 (two separate clusters), 

between the right SM1 seed and left anterior cerebellum, and between the right SM1 seed and 

left fusiform gyrus; and between the right SMA seed and right SM1 (two separate clusters with 

the more lateral extending into PMd) and between the right SMA seed and left STG. 

For concatenated runs, children with dyslexia exhibited bFC between the bilateral cerebellum 

seeds and left SM1 (two separate clusters with the more ventral extending into PMd), between 

the bilateral cerebellum seeds and left STG, between the bilateral cerebellum seeds and right 

STG, and between the bilateral cerebellum seeds and left fusiform gyrus;  between the bilateral 

SM1 seeds and left anterior cerebellum (two separate clusters), between the bilateral SM1 seeds 

and right anterior cerebellum, between the bilateral SM1 seeds and left lentiform nucleus, and 

between bilateral SM1 seeds and left inferior temporal gyrus; and between the bilateral SMA 

seeds and left SM1 (extending into PMd and PMv), between the bilateral SMA seeds and left 

anterior cerebellum, between the bilateral SMA seeds and right caudate, between the bilateral 

SMA seeds and right STG, and between the bilateral SMA seeds and left STG (Fig. 17). 
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Figure 16. Whole-brain bFC maps for control children. The seeds in left cerebellum, right 

SM1, and right SMA used left hand tapping data; the seeds in right cerebellum, left SM1, and left 

SMA used right hand tapping data; and seeds in bilateral cerebellum, SM1, and SMA used tapping 

data from both left and right hand runs concatenated. Axial slices are z = -15 (MNI) for cerebellum 

seeds and z = -20 (MNI) for all other seeds. All maps were thresholded with FDR cluster-level 

correction of p < 0.05. L, left hemisphere; R, right hemisphere. Table 5 provides the full list of 

brain areas with iFC to these seeds. 
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Figure 7: Whole-brain bFC maps for control children. The seeds in left cerebellum, right SM1, and right SMA used left hand tapping data; the
seeds in right cerebellum, left SM1, and left SMA used right hand tapping data; and seeds in bilateral cerebellum, SM1, and SMA used tapping
data from both left and right hand runs concatenated. Axial slices are z = -15 (MNI) for cerebellum seeds and z = -20 (MNI) for all other seeds.
All maps were thresholded with FDR cluster-level correction of p < 0.05. L, left hemisphere; R, right hemisphere. Table 5 provides the full list of
brain areas with iFC to these seeds.
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Figure 17. Whole-brain bFC maps for dyslexic children. The seeds in left cerebellum, right 

SM1, and right SMA used left hand tapping data; the seeds in right cerebellum, left SM1, and left 

SMA used right hand tapping data; and seeds in bilateral cerebellum, SM1, and SMA used tapping 

data from both left and right hand runs concatenated. All axial slices are at z = -15 (MNI). All maps 

were thresholded with FDR cluster-level correction of p < 0.05. L, left hemisphere; R, right 

hemisphere. Table 5 provides the full list of brain areas with iFC to these seeds. 
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Figure 8: Whole-brain bFC maps for dyslexic children. The seeds in left cerebellum, right SM1, and right SMA used left hand tapping data; the
seeds in right cerebellum, left SM1, and left SMA used right hand tapping data; and seeds in bilateral cerebellum, SM1, and SMA used tapping
data from both left and right hand runs concatenated. All axial slices are at z = -15 (MNI). All maps were thresholded with FDR cluster-level
correction of p < 0.05. L, left hemisphere; R, right hemisphere. Table 5 provides the full list of brain areas with iFC to these seeds.
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Between-Group Maps 
Control > Dyslexic 

For the right hand tapping run, children with dyslexia compared with control children exhibited 

weaker bFC between the right cerebellum seed and left SM1. Individual bFC measures extracted 

from left SM1 show that this cluster is positively correlated with the seed in all controls while for 

children with dyslexia bFC values are centered around zero, with some children exhibiting positive 

correlations and others exhibiting negative correlations (Fig. 18A). To illustrate the nature of the 

data, we plotted denoised BOLD time series data, averaged across all voxels in the right 

cerebellum seed (yellow) and across all voxels in the left SM1 cluster (blue) separately, for one 

control (Fig. 18B) and one dyslexic (Fig. 18C) participant. We also found that children with 

dyslexia, compared with control children, exhibited weaker bFC between the left SM1 seed and 

left precuneus (Fig. 18D). We found no significant between-group differences for this contrast for 

any seeds using left hand tapping data or concatenated runs (e.g., bilateral cerebellum). 

Dyslexic > Control 

For the right hand tapping run, children with dyslexia exhibited greater bFC between the left SM1 

seed and left thalamus (Fig. 19A); and between the right SM1 seed and a more medial cluster in 

right SM1 (Fig. 19B).  

For the left hand tapping run, children with dyslexia exhibited greater bFC between the right SMA 

seed and left medial frontal gyrus (MFG), the right SMA seed and left MTG, and the right SMA 

seed and left SFG (Fig. 19C). As depicted graphically in Figure 19, individual bFC measures 

extracted from all significant clusters revealed that the seed was negatively correlated with these 

three clusters in most control subjects and mostly positively correlated (or centered around bFC 

= 0) in children with dyslexia.  

Compared with control children, children with dyslexia did not exhibited greater bFC for any seeds 

using concatenated runs. A full list of between-group results is provided in Table 17. 
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Figure 18. Whole-brain bFC from control > dyslexic contrast. (A) This contrast identified brain 

regions where children without dyslexia exhibited greater bFC with right cerebellum seed 

compared with children with dyslexia; p < 0.05 FDR cluster-level corrected. Individual bFC 

measures extracted from the L. SM1 cluster are depicted to the right of the brain map for 

differentiating positive and negative within-group bFC and showing inter-subject variance. We 

also show representative time series for averaged denoised BOLD signal from voxels in the seed 

(yellow) and L. SM1 cluster (blue) for (B) control and (C) dyslexic readers. Control > Dyslexic 

contrast for left SM1 seed is shown in (D) L, left hemisphere; R, right hemisphere; SM1, primary 

sensorimotor cortex; Prec, precuneus. 
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Figure 9: Whole-brain bFC from control > dyslexic contrast. (A) This contrast
identified brain regions where children without dyslexia exhibited greater bFC with
right cerebellum seed compared with children with dyslexia; p < 0.05 FDR cluster-
level corrected. Individual bFC measures extracted from the L. SM1 cluster are
depicted to the right of the brain map for differentiating positive and negative within-
group bFC and showing inter-subject variance. We also show representative time
series for averaged denoised BOLD signal from voxels in the seed (yellow) and L.
SM1 cluster (blue) for (B) control and (C) dyslexic readers. Control > Dyslexic
contrast for left SM1 seed is shown in D. L, left hemisphere; R, right hemisphere;
SM1, primary sensorimotor cortex; Prec, precuneus.
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Figure 19. Whole-brain bFC maps for dyslexic > control contrast. This contrast identified 

brain regions where children with dyslexia exhibited greater bFC with (A) left SM1, (B) right SM1 

and (C) right SMA seeds compared with children without dyslexia; p < 0.05 FDR cluster-level 

corrected. Single-subject bFC measures are shown for all clusters except for one (L. SFG) simply 

for figure constraint purposes. L, left hemisphere; R, right hemisphere; SM1, primary sensorimotor 

cortex; SMA, supplementary motor area; Thal, thalamus; MFG, medial frontal gyrus; SFG, 

superior frontal gyrus; MTG, middle temporal gyrus. 
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Figure 10: Whole-brain bFC maps for dyslexic > control contrast. This contrast identified brain regions where
children with dyslexia exhibited greater bFC with (A) left SM1, (B) right SM1 and (C) right SMA seeds compared
with children without dyslexia; p < 0.05 FDR cluster-level corrected. Single-subject bFC measures are shown for all
clusters except for one (L. SFG) simply for figure constraint purposes. L, left hemisphere; R, right hemisphere; SM1,
primary sensorimotor cortex; SMA, supplementary motor area; Thal, thalamus; MFG, medial frontal gyrus; SFG,
superior frontal gyrus; MTG, middle temporal gyrus.
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Brain-Behavior Relationships 

We performed Pearson correlations and partial correlations on individual bFC measures extracted 

from between-group contrasts (Figs. 18 and 19) and Reading Fluency as well as Word 

Identification of the  Woodcock-Johnson Tests of Achievement (Woodcock et al. 2001) to 

determine if there were relationships between the strength of these functional connections and 

reading ability (Fig. 20). While all brain-behavior relationships were significant when combining 

the dyslexic and control groups, the data were binomially distributed according to group; thus, we 

controlled for the effect of group using partial correlations. No brain-behavior partial correlations 

were significant after Bonferroni correction for multiple tests (i.e., 14 tests). 

  

Table 17.  bFC peaks for between-group contrasts for cerebellum, SM1, and SMA seeds.

Contrast Anatomical region
Functional 
motor 
region

BA k Z

Seed x y z
Control > Dyslexic
R. CB seed L. Postcentral Gyrus L. SM1 3 -32 -22 70 121 3.65
L. SM1 seed L. Precuneus 31 -6 -62 32 108 3.85

Dyslexic > Control
L. SM1 seed L. Thalamus -4 -18 2 95 5.09
R. SM1 seed R. Postcentral Gyrus* R. SM1 5 8 -38 82 124 4.38
R. SMA seed L. Medial Frontal Gyrus 10 0 66 2 142 4.30

L. Middle Temporal Gyrus 21 -56 -4 -16 86 4.00
L. Superior Frontal Gyrus 9 -14 64 14 99 3.92

Peak MNI coordinate

*Peak coordinate reported not within gray matter by Talairach Client. Anatomical Label determined by 
visual inspection of Colin brain template in Mango.
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Figure 11: Pearson correlations and partial correlations of single-subject bFC
with Reading Fluency and Word ID measures. r, Pearson correlation; rho,
partial correlation. *p < 0.05 Bonferroni-corrected for number of comparisons
(i.e., 14).
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Figure 20. Pearson correlations and partial correlations of single-subject bFC with Reading 

Fluency and Word ID measures. r, Pearson correlation; rho, partial correlation. *p < 0.05 

Bonferroni-corrected for number of comparisons (i.e., 14). 

 

 

 

DISCUSSION 

This is the first study to investigate the brain bases of simple voluntary movements in children 

with dyslexia and age-matched controls. For either group, thumb movements with either hand 

engaged SM1 contralateral to the side of movement, left SMA (which extended into right SMA), 

and anterior cerebellum ipsilateral to the side of movement. Our seed-to-voxel functional 

connectivity analyses yielded results for the tmFC and bFC approaches. The tmFC approach 

revealed that finger tapping modulated connectivity between motor seeds and other motor areas 

but only for children with dyslexia. Between-group differences in tmFC were observed only for the 
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Figure 11: Pearson correlations and partial correlations of single-subject bFC
with Reading Fluency and Word ID measures. r, Pearson correlation; rho,
partial correlation. *p < 0.05 Bonferroni-corrected for number of comparisons
(i.e., 14).
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left hand tapping run where children with dyslexia showed more negative tmFC compared with 

control children between the right SM1 seed and right cuneus and between the right SMA seed 

and right SPL and the right SMA seed and left IFG. Children with dyslexia exhibited relatively 

greater tmFC between the left cerebellum seed and right precuneus. These findings show that 

functional connectivity of the non-dominant motor network (i.e., right SM1, right SMA, and left 

cerebellum) is differentially modulated by movement of the non-dominant hand in children with 

and without dyslexia; however, tmFC of the dominant motor network (i.e., left SM1, left SMA, and 

right cerebellum) was no different between groups. When examining connectivity independent of 

block condition differences, we observed that both groups exhibited bFC among cerebellum, SM1, 

and SMA (for all seeds), with some exceptions. The group comparison revealed several 

differences in bFC. Pertinent to known cortico-subcortical loops, children with dyslexia showed 

weaker bFC between the right cerebellum seed and left SM1 and greater bFC between the left 

SM1 seed and left thalamus compared with children without dyslexia. Interestingly, children with 

dyslexia also showed greater bFC between right SMA and left MTG compared with control 

children, perhaps indicating a breakdown in functional network segregation between motor and 

reading networks in children with dyslexia. We did not find any between-group differences in bFC 

when examining bilateral seeds using the concatenated left and right finger tapping runs (which 

generated greater statistical power but less distinguishable states). We also did not identify any 

significant brain-behavior correlations within each group for FC and reading. Overall, these 

findings suggest compromise in the cortico-cerebellar loop but preserved activity during motor 

processing.  

 

Similarities to Previous Studies of the Motor System in Humans and Macaques 

Several studies have examined the motor system in normally developing children (Rivkin et al. 

2003; Vandermeeren et al. 2003; Mostofsky, Rimrodt, et al. 2006; De Guio et al. 2012; Roessner 

et al. 2012, 2013). One such study reported activation in children (mean age: 9.7 years) in bilateral 
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SM1, SMA, cerebellum, and posterior STG for auditory-paced alternating bimanual index finger 

movements (Rivkin et al. 2003). Both our groups showed activities in these motor areas, but 

because our experimental design considered right and left hand movements separately, our 

effects were not bilateral. In addition, as our task used a visual-, rather than auditory-paced 

stimulus, we observed activation in visual cortical areas, rather than STG. Functional 

neuroimaging studies focused on the motor system in disorders have also examined normally 

developing children as control groups. One such study examined children (mean age: 10.4 years) 

during a self-paced, right and left hand (separately) multi-digit sequential finger-tapping task. For 

either hand, they found activation in bilateral SM1 (with substantially more widespread activation 

on the contralateral side) and ipsilateral cerebellum; they also found activation in contralateral 

SMA and cerebellum for left hand movements (Mostofsky, Rimrodt, et al. 2006). Another pediatric 

study involving visually-paced right-hand index finger tapping (mean age = 12.5 years) showed 

activation in contralateral SM1, bilateral SMA, bilateral basal ganglia, ipsilateral cerebellum, 

bilateral insula, and right inferior parietal lobule (Roessner et al. 2012). Our task differed from 

these in terms of either pacing stimulus (i.e., visual, auditory, or self) or body part (i.e., right hand 

solely or both alternating, index finger or multi-digit), but overall, our two groups (dyslexics and 

controls) showed patterns of activation that are consistent with previous studies in normally 

developing children.  

Surprisingly, we found that control children did not exhibit tmFC within-network or 

between-network, suggesting that the functional connections were not affected by whether the 

subjects were in tapping or fixation blocks. In contrast, children with dyslexia exhibited patterns 

of positive tmFC between-network and negative tmFC within-network, consistent with previous 

studies (Cole et al. 2014); specifically, they exhibited positive tmFC between the left the SMA 

seed and left caudate (whereas most cortical motor projections are to putamen specifically 

(Takada et al. 1998), making this between-network) for right hand finger movements and negative 
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tmFC between the left cerebellum seed and paracentral lobule and between the right SM1 seed 

left SMA, right PMd, and right SM1 (self-connection; within-network).  

While there are no prior motor system functional connectivity studies in children, the motor 

system in children has been characterized as part of a general study on intrinsic functional 

connectivity (de Bie et al. 2012). In this study, children (age range: 5-8 years) were scanned under 

resting-state conditions (i.e., they were awake in the scanner, but did not perform a task) and their 

data was analyzed using independent component analysis (ICA). The investigators found several 

resting-state networks, including two sensorimotor networks, one of which encompassed bilateral 

SM1, bilateral SMA, and bilateral cerebellum. Though we did not observe significant bFC in all 

the same regions for each of our seeds (e.g., a seed in left cerebellum in the control group 

exhibited bFC with right SM1 but not left SM1), overall, these motor regions did show bFC among 

each other for both groups and more so for the control group. de Bie and colleagues (2012) also 

reported functional connectivity in this network in bilateral parietal operculum, which appears to 

be present for children with and without dyslexia when identifying areas with bFC to bilateral SMA 

seeds (please see Figs. 16 and 17); however, we report additional bFC to several non-motor 

regions, most notably reading areas. For example, controls exhibited bFC between left SM1 and 

left MTG and children with dyslexia exhibited bFC between left cerebellum and left MTG.  

These differences may be the consequence of our using task-state, as opposed to resting-

state, data. While group functional connectivity maps can appear qualitatively similar between 

rest and task (Fair et al. 2007a), including when that task is motor and its effects are regressed 

(Ganger et al. 2015), quantitative comparison of these maps via two-sample t-tests has shown 

that regions that appear functionally connected in one approach may not be in another (Fair et al. 

2007a) or may have differing connectivity strengths (Fair et al. 2007a; Van Dijk et al. 2010; Rehme 

et al. 2013). Our attempt to regress task effects from our data were successful as visual 

examination of the control time series shown in Figure 18B, for instance, shows a roughly 20 

second periodicity (~0.05 Hz), which corresponds to the middle of the band-pass filter we applied 
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to our data for  bFC analyses. In addition, no discernible boxcar pattern was observed, as would 

have been expected for both right cerebellum seed and left SM1 cluster should our regression 

have failed. Also, resting-state data has been shown to differ from fMRI data acquired during a 

motor task state on an individual voxel basis (Ganger et al. 2015). Finally, it is unlikely that the 

differences in results can be attributed to using ICA versus seed-based approaches, as these 

have been shown to extract similar networks (Van Dijk et al. 2010). Others have proposed that 

bFC reflects the connectivity that supports a particular task (Norman-Haignere et al. 2012). Thus, 

what we report is the functional connectivity that uniquely supports finger movements of the right 

hand, left hand, or both hands (for combined bilateral seeds). 

 

Dyslexia and the Cerebellum 

Two studies have compared the brain responses of adults with and without dyslexia during a 

motor task (Nicolson et al. 1999; Menghini et al. 2006). The first employed a right hand, multi-digit 

motor sequence task with conditions of pre-learned as well as novel sequence performance. For 

the pre-learned sequence, dyslexic readers exhibited weaker (PET) activation in right cerebellum 

and left cingulate gyrus compared with control readers; no areas were identified in the opposite 

contrast. For the novel sequence, dyslexic compared with control readers exhibited weaker 

activation in right cerebellum; interestingly, greater activation was observed in dyslexic compared 

with control readers in areas that could be considered reading-related: bilateral angular gyrus and 

left STG, as well as an area labelled as medial area 9 (BA 9; Nicolson et al. 1999). The authors 

focused mostly on the cerebellum findings, arguing that these provide brain-based evidence for 

their early behavioral findings that were indicative of cerebellar abnormalities (Fawcett et al. 

1996). However, it is noteworthy that the tasks performed in this PET study were quite different 

from the behavioral tests cited, which examine balance, muscle tone, and coordination; rather, 

the PET study used a paradigm that could probe automaticity, another skill thought to be impaired 

in someone with cerebellar abnormality, by comparing dyslexic and control readers on relative 



	 122	

increase from pre-learned to novel sequence conditions. Accordingly, control compared with 

dyslexic readers would be expected to show a greater activation increase in cerebellum when 

performing the pre-learned relative to the new sequence. This was not the case based on their 

whole-brain analysis. Thus, an alternative hypothesis is that the differences observed in 

cerebellum activation on the pre-learned and novel sequences separately might indicate a general 

motor deficit, rather than one specific for automaticity.  

This point is furthered when considering the second study (Menghini et al. 2006). Unlike 

our study, as well as the one by Nicolson and colleagues (1999), this one did not report screening 

for ADHD, which, as described in the Introduction, can pose as a confound for studies of dyslexia 

(Raberger and Wimmer 2003). For this one, adults again performed two types of motor sequence 

tapping. Each run began and ended with subjects performing a random sequence and the 

remainder of the run consisted of subjects performing a serial reaction time task, in which they 

repeated the same sequence several times (alternating with rest), thereby implicitly learning the 

sequence over the course of the run. In contrast to the previous study, this one employed fingers 

of both hands (though no two fingers were used simultaneously in response to a stimulus). Across 

the whole run, which can be argued would reflect more general motor processing as it includes 

random and repeated sequences, dyslexic readers exhibited greater activation in right cerebellum 

lobule VI, right lateral premotor area, and bilateral inferior parietal cortex compared with controls; 

the opposite contrast revealed no significant brain differences (Menghini et al. 2006). Unlike 

Nicolson et al. 1999, this study reported cerebellar differences specifically in lobule VI, which for 

the left hemisphere has also been shown to contain less gray matter volume in dyslexic compared 

with control readers (Stoodley 2014). While the results of these two studies are in conflict as to 

the direction of cerebellar activation differences between groups, they are consistent in that both 

have reported differences between the groups for a sequence-based motor task. Thus, a more 

parsimonious conclusion for these two studies is that the brain bases of motor movements in 

general differ between adults with and without dyslexia, which is consistent with the hypothesis in 
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the behavioral literature of a general motor deficit, rather than cerebellum-specific deficit (Ramus, 

Pidgeon, et al. 2003).  

Considering the research studies reporting worse performance in children with dyslexia 

compared with control children on a variety of cerebellum-specific (Fawcett et al. 1996), as well 

as simpler (Wolff et al. 1984; Wolff 2002), motor tasks, one would expect that we would have 

observed differences in cerebellum in the present study. Like Nicolson et al. (1999), we used a 

task that had previously been shown to elicit activation in cerebellum, and, as demonstrated, 

elicited robust activation in both groups for left and right hand tapping; in addition, use of an 

irregular pacing stimulus, which was the paradigm we employed, has been shown to elicit greater 

activation than a regular pacing stimulus in adults (Lutz et al. 2000). Despite this, we did not 

observe any significant differences in task-evoked activation between dyslexic and control 

children in the cerebellum, or in any other brain area. It is possible that our irregular-paced tapping 

paradigm was sufficiently different from the sequence paradigms in the previous studies (Nicolson 

et al. 1999; Menghini et al. 2006) to explain these disparate reports. It is also possible, however, 

that task-evoked activation differences between dyslexic and control readers do not manifest until 

after childhood/early adolescence and reflect neuroplastic (possibly compensatory) events that 

occur as a consequence of more prolonged experience with dyslexia. Interestingly, early reports 

of motor behavior in dyslexia indicate that dyslexic readers who might have been impaired early 

in life, demonstrate athletic prowess post-puberty (Denckla 1985). It is possible, therefore, that 

the differences observed in adults by Nicolson and colleagues reflect the development of 

compensatory strategies that begins around the age of puberty. However, this assertion would be 

a more compelling explanation if both studies in adults (Nicolson et al. 1999; Menghini et al. 2006) 

had observed more similar results. 
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Dyslexia and Brain-Based Disconnections 

It has been proposed that dyslexia is not caused by inherent abnormalities in one or more brain 

areas, but in anatomical or functional disconnections between them (Paulesu et al. 1996). In the 

study from which this hypothesis emerged, two phonological processing tasks (rhyme judgment 

and phonological short-term working memory) were administered to groups of adults with and 

without dyslexia as they underwent PET scanning. Control readers activated both left inferior 

frontal and left temporo-parietal cortices for both tasks while dyslexic readers activated both these 

areas but not for both tasks. Further, dyslexic readers did not seem to recruit left insula, which 

prompted the investigators to posit that a disconnection between inferior frontal and tempero-

parietal areas in dyslexic readers and that the insula represents a bridge that would otherwise 

have allowed both inferior frontal and tempero-parietal cortices to have both been activated for 

both tasks (Paulesu et al. 1996). However, no test of anatomical or functional connectivity was 

performed to arrive at this conclusion. 

The evidence for a functional disconnection (i.e., when positive correlations between brain 

regions are significant in the control but not dyslexic group and persists in control > dyslexic 

contrasts) came two years later. In a study by Horowitz and colleagues (1998), adults with and 

without dyslexia performed two reading tasks while undergoing fMRI. For both tasks, dyslexic 

readers did not exhibit FC between the left angular gyrus seed and several left hemisphere brain 

areas involved in normal reading, including inferior frontal cortex, while controls (and the contrast 

of control > dyslexic) did reveal FC between these regions (Horwitz et al. 1998). Since this early 

study, several more have examined functional connectivity, either during reading tasks (van der 

Mark et al. 2011; Finn et al. 2014; Schurz et al. 2015) or when subjects are not engaged in a task 

(i.e., resting-state; Koyama et al. 2013). As in the case of Horowitz and colleagues (1998), these 

studies found weaker FC in the dyslexic compared with control group between left hemisphere 

brain areas normally involved in reading (van der Mark et al. 2011; Koyama et al. 2013; Schurz 

et al. 2015). Pointing to results that differed between these studies, Paulesu and colleagues 
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(2014) contended that the specific patterns of functional connectivity have varied considerably 

depending upon the task under which the data were acquired (Paulesu et al. 2014), which is 

consistent with methodology literature demonstrating that functional connectivity measured from 

resting-state and task-state data are not similar according to various similarity metrics, even when 

the subjects and seeds are the same in both (or, for multiple task comparisons, all) datasets 

(Rehme et al. 2013; Ganger et al. 2015). Given that different tasks recruit different functional 

systems and these different tasks have shown a variety of functional connectivity differences, the 

hypothesis was put forth that dyslexia is marked by dysfunction in multiple functional systems 

(Paulesu et al. 2014). 

 We expected to find reduced functional connectivity between motor regions when 

measuring FC during a motor task state. When examining bFC, we indeed found a functional 

disconnection in the children with dyslexia between right cerebellum and left SM1. Specifically, 

these children did not exhibit significant bFC between these two brain areas in the within-group 

analysis and their bFC values centered around zero; meanwhile control children exhibited a 

significant functional connection between these brain regions in the within-group analysis that 

persisted in the control > dyslexic contrast. Interestingly, this functional connection between right 

cerebellum and left SM1 (which is absent in children with dyslexia) is grounded in a rich 

anatomical literature in the macaque, which reports that motor cortex projects to the anterior 

cerebellum as part of the cortico-cerebellar loop, passing through the pontine nucleus in the 

brainstem along its efferent segment and through the thalamus as part of its afferent segment 

(Kelly and Strick 2003; for a review, see Ramnani 2006). Surprisingly, we also found greater bFC 

in dyslexic compared with control children between the left SM1 and left thalamus. Together, 

these findings point toward a generalized disruption or dysfunction along the well-elucidated 

cortico-cerebellar loop (Ramnani 2006). 

If this loop is somehow compromised in children with dyslexia, then presumably the 

disruption would be consequent of abnormality in one of the structures constituting it. GMV 
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assessments in children with dyslexia have consistently shown reductions in left cerebellum 

lobule VI (Linkersdorfer et al. 2012; Stoodley 2014), but not anterior (motor) cerebellum; our lab, 

using a subset of the subjects in this study, have reported GMV reductions in dyslexic compared 

with control readers in right, but not left, precentral gyrus (Krafnick et al. 2014) and did not report 

any differences cerebellum.  

Studies of anatomical connectivity may provide a better context. In a qualitative review of 

the diffusion tensor imaging (DTI) literature, Vandermosten and colleagues (2012) submitted to 

an activation likelihood estimation (ALE) meta-analysis (Turkeltaub et al. 2002) coordinates in 

which measures of white matter microstructure (i.e., functional anisotropy) correlated with 

measures of reading performance. Subsequent use of probabilistic fiber tracking showed that a 

large portion of the resulting ALE cluster was within the left corona radiate (Vandermosten et al. 

2012). Importantly, the x- and y- coordinates of the cluster they identified as partially belonging to 

the corona radiata bound our peak coordinates in SM1 (anterior boundary: -24, -12, 30; posterior 

bound: -32, -24, 22; our SM1 cluster: -32, -22, 70), suggesting that the part of corona radiata 

affected is the part containing (among other features) corticofugal M1 fibers to the pontine nucleus 

(one segment of the cortico-cerebellar loop) or afferent fibers from thalamus to M1 (another 

segment of the cortico-cerebellar loop), both of which would affect cortico-cerebellar bFC. In 

support of this, a more recent DTI study found that adolescents (mean age: 12.0 ±0.7 years) with 

dyslexia exhibited greater anatomical connectivity between thalamus and SM1 compared with 

age-matched control readers (Fan et al. 2014). Lastly, we note that the coordinates from this 

meta-analysis fall very near the left insula, which Paulesu and colleagues (1996) suggested acts 

as an anatomical bridge between inferior frontal and tempero-parietal regions that is dysfunctional 

in dyslexic readers (Paulesu et al. 1996). Whether the bFC differences we observed have to do 

with the white matter tracts specifically or dysfunction of an intervening brain area remains 

unclear; nevertheless, we find it compelling that abnormalities in this particular part of the brain 

can explain behavioral and other brain dysfunction in both reading and motor systems, including 
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the deficits on cerebellar motor tasks. In this way, anterior cerebellum would seem to be an 

innocent bystander (Zeffiro and Eden 2001) in which poor performance on cerebellar motor tasks 

are a consequence of compromise of the cortico-cerebellar loop and not by a dysfunction of the 

cerebellum per se. 

Based on the strong anatomical evidence linked to dyslexia, we think this functional 

disconnection between right cerebellum and left SM1 is driving the other bFC and tmFC between-

group differences we observed and not the other way around. But there is another reason that 

supports this causality, which has to do with left SM1’s asymmetrical dominance for skilled motor 

movements (Serrien et al. 2006). For instance, right-handed adults exhibited activation in the left 

hemisphere that did not significantly differ depending on whether they were performing right or 

left hand multi-digit finger movement tasks; whereas right motor cortex was significantly more 

active during left compared to right hand finger movements (Kim et al. 1993b). Further, it has 

been consistently argued that additional activation serves a compensatory purpose in older age 

(Mattay et al. 2002; c.f. Seidler et al. 2010 for a discussion of supporting as well as opposing 

viewpoints) and it is possible that relatively greater activation in ipsilateral SM1 in children 

compared to young adults for non-dominant hand movements (Turesky et al. 2014) does this as 

well. If such is the case, one would expect that the cortico-cerebellar loop constituting left SM1 is 

critical to the overall motor system, regardless of which hand is performing the task and that it 

would be more necessary to appropriate motor system function in childhood. 

 

Does Altered Functional Connectivity in Dyslexia Make Normal Task-Evoked Activation 

Possible? 

Despite the abnormal bFC results within the cortico-cerebellar loop, task-evoked activations do 

not differ, as both groups show activation in right cerebellum and left SM1 in response to a motor 

task (as a reminder, our bFC seeds were constructed from the task-evoked activation locations, 

which is consistent with previous studies (Rehme et al. 2013)) and these activations were not 
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different between groups. We also observed several functional connections in which children with 

dyslexia exhibited greater bFC compared with control children and it is possible that some of 

these bFC alterations serve a compensatory purpose to ensure normal motor-task-evoked 

activation through alternative connections.  

While a limited number of anatomical projections exist between various motor system 

areas, the causal influences between these areas is highly complex and dynamic. Thus, although 

two brain areas might not be directly connected, because they are part of the same system, the 

activity of one will influence the other through intermediate connections. As demonstrated by a 

study of effective connectivity, activity in each of ten a priori motor areas (bilateral M1, SMA, PMv, 

putamen, and cerebellum) during dominant right hand movements in right-handed adults were 

driven by activity in all nine other motor system areas. In total, 62 causal influences were 

identified, demonstrating the highly complex nature of the motor system even for simple 

movements (Pool et al. 2014). A disruption in any one of these connections, would alter the causal 

influence of other motor areas to each other. As has been shown in a transcranial magnetic 

stimulation study, which generated virtual lesions in PMd, there is adaptive reorganization 

following disruptions within the motor system (O’Shea et al. 2007). This reorganization could be 

especially pronounced if a functional disconnection exists between right cerebellum and left SM1, 

as during dominant hand movements right cerebellum strongly drives activity in left SM1 (Pool et 

al. 2014). This reorganization could result in a strengthening of one functional connection, or, 

given the highly intricate nature of this system, it might change multiple functional connection 

within the network or between-networks.  

We now examine the findings in which children with dyslexia exhibited greater bFC 

compared with control children. As discussed previously, we observed greater bFC in children 

with dyslexia compared with control children between the left SM1 seed and thalamus. Indeed, 

this finding might reflect compensatory alteration within the cortico-cerebellar loop that emerges 

as a nullifying force for the disruption to the system represented by the right cerebellum and left 
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SM1 functional disconnection. In addition, one of our bFC between-group findings seems to be 

marked by what is known as ectopic functional connectivity (i.e., greater functional connectivity in 

the disorder group in regions that are not significantly correlated (positively or negatively) with the 

seed in the typically developing group; Di Martino et al. 2011). We see this in the unique bFC 

between the right SM1 seed and more medial areas of right SM1, present in the dyslexic within-

group map and dyslexic compared with control contrast, but not in the control within-group map. 

This, too, could be a marker of compensation. A special alteration in bFC was identified for the 

right SMA seed, in which the between-group difference is largely driven by the strong negative 

correlations between the seed and non-motor areas left MFG, left SFG, and left MTG. In the case 

of these effects and the right cerebellum - left SM1 functional disconnection (and unlike all other 

bFC findings), one group exhibited a significant within-group effect (in this case, negative bFC or 

anti-correlations) and the other group exhibited no within-group effect; i.e., right SMA – left 

MFG/left SFG/left MTG functional connections are such that children with dyslexia exhibit bFC 

that does not differ significantly from zero and control readers exhibit robust negative bFC. If we 

invoke the reasoning that fewer within-network and unique or relatively greater between-network 

functional connectivity indicates greater immaturity of the functional network (Fair et al. 2007b; 

Fair et al. 2012; Satterthwaite et al. 2012), then based on our bFC findings, children with dyslexia 

have seemingly less mature functional motor network organization relative to control subjects. 

However, it is also possible that these alterations in bFC are not indicative of protracted normative 

development, but of a categorical difference (Church et al. 2009; Di Martino et al. 2011) in dyslexic 

individuals, such that they are on a different developmental trajectory entirely. Nonetheless, we 

do not think these bFC alterations for the right SMA seed are likely to serve a compensatory 

purpose, because the bFC values for these functional connections in children with dyslexia are 

centered around zero, suggesting that the right SMA seed and left MTG/left SFG/left MTG are 

not interacting during the motor task state. 
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 It is also possible that compensatory functional alterations are not present throughout the 

entire task run (as bFC would show) but emerge only when the task necessitates it, which our 

tmFC would be well-suited to reveal. We found several functional connections that were 

modulated by the task differently in children with and without dyslexia (i.e., areas in which tmFC 

is different between groups), but only for the left hand tapping condition. It is possible, given the 

dynamic nature of the motor system (Serrien et al. 2006), that changes to the functional 

interactions between brain areas subserving dominant hand movements (as right cerebellum and 

left SM1 do) could alter the functional connectivity in the non-dominant side. In other words, rather 

than part of the motor system being enabled for dominant hand movements and disabled for non-

dominant hand movements, the bilateral whole of it changes depending upon task. For instance, 

even though left SM1 does not show task-evoked activation for non-dominant left hand motor 

movements, its BOLD fluctuations still causally effect the BOLD fluctuations observed in other 

motor areas and thus may contribute in some way to the task-evoked activation pattern (or in 

response to it). Pool and colleagues (2014) also examined right-handed adults during a non-

dominant hand movement task and showed that the causal influences of several functional 

connections between the ten a priori motor areas, which includes contralateral as well as 

ipsilateral cortical and subcortical motor areas, differed between dominant and non-dominant 

hand conditions (Pool et al. 2014). Therefore, a functional disconnection between right cerebellum 

and left SM1 might also give rise to tmFC effects for movements of the non-dominant hand. 

However, we do not think these effects are necessarily compensatory in nature. Given that in 

normal, healthy individuals, tmFC (or a similar measure) is positive for between-network 

connections and negative for within-network connections (Cole et al. 2014), we would expect 

children with dyslexia to compensate by showing high positive between-network tmFC and low 

negative within-network tmFC. This was true for only 2/5 between-group tmFC findings: the effect 

between right SM1 seed and more medial aspect of right SM1, in which children with dyslexia 

exhibited weaker within-network tmFC, and between left cerebellum seed and right precuneus, in 
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which children with dyslexia exhibited greater tmFC compared with control children. In addition, 

were children with dyslexia compensating, we would have assumed children with dyslexia would 

exhibit this pattern of positive between-network connections and negative within-network 

connections more strongly than the control children; however, compared with control children, 

children with dyslexia exhibited mostly greater tmFC between regions comprising the motor 

system and weaker tmFC between motor regions and brain regions outside of the motor system, 

consistent with our hypothesis. Overall, tmFC is not likely to serve a compensatory purpose but 

might be a consequence of the disruption in the cortico-cerebellar loop. 

 Importantly, these altered patterns of functional connectivity are not limited to dyslexia 

research, but have also been shown in studies of autism spectrum disorder for rest (Di Martino et 

al. 2011) and task-regressed datasets (Noonan et al. 2009; Shih et al. 2010; for a review, please 

see Müller et al. 2011), ADHD in children (Tian et al. 2006) and adults (Castellanos et al. 2008), 

and Tourettes Syndrome (Church et al. 2009). The ADHD study in adults is particularly relevant 

to our work because the findings there were less negative functional connectivity in adults with 

ADHD compared with controls between attentional and default-mode networks, thereby 

paralleling our between-network (motor and reading network) findings (Castellanos et al. 2008). 

The Tourettes study is also relevant because it finds relatively greater functional connectivity in 

an area outside the functional network of the seed, but in close proximity. For them, it was a 

connection between dorsolateral prefrontal cortex and anterior prefrontal cortex, which was 

stronger in children with Tourettes Syndrome (age range: 10-15 years) relative to control children 

(Church et al. 2009). For us, it was between the right SM1 seed and a more medial region of right 

SM1 (which is part of the same functional network, but irrelevant for the task). These findings for 

these developmental disorders are consistent not only with the developmental trajectory of 

increasing within-network and decreasing between-network connections, but also with increasing 

long-range connections and decreasing short-range connections (Fair et al. 2007b); nevertheless, 

these altered patterns of functional connectivity might also be indicative of a distinct 
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developmental trajectory for children with developmental disorders. If the latter is true, there is 

further the question as to whether these alterations are the consequence of what we think is our 

main finding of a stable functional disconnection between right cerebellum and left SM1 or all bFC 

between-group differences (i.e., including the right cerebellum – left SM1) are caused by some 

other, yet unknown factor. We find the immaturity hypothesis appealing for the motor system, 

again, because of the earlier-described observation that dyslexic readers who exhibited motor 

deficits early in life can demonstrate athletic prowess post-puberty (Denckla 1985). Ultimately, 

longitudinal and reading-level matched cross-sectional studies would be needed in parsing these 

possibilities. 

 

Relevance to Reading Ability 

We also wondered whether any of our between-group bFC findings were correlated with 

measures of reading. As demonstrated, none of our measures of bFC for the areas found to be 

different between dyslexic and control readers showed significant correlations with measures of 

Reading Fluency or Word ID, when controlling for the effect of group. Broadly, this is consistent 

with previous behavioral literature, showing no correlations between measurements of motor and 

reading deficits (Rochelle and Talcott 2006) or ability (White et al. 2006). Thus, while there seems 

to be dysfunction of multiple functional systems, as demonstrated by our results and others 

(Paulesu et al. 2014), the degree or severity of the reading and motor dysfunctions appear to be 

independent of one another. One possibility is that deficits in both systems emerge from white 

matter abnormalities in the left perisylvian region (Vandermosten et al. 2012), but that multiple 

tracts are being affected, which causes divergent behavioral symptoms; e.g., damage to the 

arcuate fasciculus leads to the phonological impairments and damage to the corona radiata 

damage leads to the motor impairments. This would explain the finding that motor impairments 

do not manifest in all children with dyslexia, but are restricted to a minority (Ramus et al. 2003) or 

majority (Fawcett et al. 1996) subset, as some of these children would have arcuate fasciculus 
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damage that does not extend into corona radiata. Overall, these null brain-behavior relationships 

support what others have argued earlier, that the motor differences (whether brain or behavioral) 

are “an optional, rather than defining feature of dyslexia” (Ramus 2003). 

 

Conclusion 

We found that children with and without dyslexia do not differ on task-evoked activation due to 

finger movements. However, our results indicate possible compromise in connections within the 

motor system as well as between motor system and non-motor system brain regions, most notably 

a functional disconnection in the cortico-cerebellar loop between right cerebellum and left SM1. 

Results here parallel earlier findings of functional disconnections between reading areas during 

reading tasks and support hypothesis that dyslexia is a disconnection disorder. However, as these 

brain-based findings showed no relationship with standardized measures of reading ability, our 

results do not support the hypothesis that the motor system has a critical role in dyslexia. 
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CHAPTER V 
 
 
 

GENERAL CONCLUSION 

 

 

 

 

OVERVIEW 

This thesis examined how the functional neuroanatomy of the motor system is different depending 

upon age and dyslexia. Throughout, we investigated the motor system by examining the brain 

correlates subserving simple finger movements. The first part focused on age-related changes. 

Several studies have already been performed and most, but not all, have found that finger 

movements elicit more activation in older when compared to young adults in primary sensorimotor 

cortex (SM1) ipsilateral to the side of movement. Beyond this finding, however, there was 

considerable inconsistency in which other brain areas also differ between older and young adults. 

Chapter 2 tested the hypothesis that older compared with young would exhibit unique or relatively 

greater likelihood of activation in ipsilateral SM1 by submitting foci from 8 right hand finger 

movement studies in older and young adults (separate studies for each group) to the activation 

likelihood estimation (ALE) technique (Turkeltaub et al. 2002). As expected, we found that older 

compared with young adults exhibited a unique likelihood of activation in right (ipsilateral) SM1, 

as well as in right supramarginal gyrus (SMG) during finger movement of the right hand. In 

addition, we found age-related differences in likelihood of activation in the older compared with 

the young group in SMA; specifically, older compared with young adults exhibited greater 

likelihood of activation in caudal SMA and reduced likelihood of activation in rostral SMA. 
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In Chapter 3, we examined differences between the functional neuroanatomy of children 

and young adults. Given that motor skills increase through development (Largo et al. 2001) and 

decline in aging (Greene and Williams 1993; Ruff and Parker 1993) and white matter 

microstructure in tracts connecting motor regions follows an inverted U-curve shape across the 

lifespan (Lebel et al. 2012), we hypothesized that children compared to young adults would mirror 

the aging characteristics and also exhibit greater activation in ipsilateral SM1 on a finger 

movement task when compared to young adults. As predicted, we found that movement of the 

non-dominant (left) hand did indeed elicit greater activation in children compared with young 

adults; however, this was not the case for movements of the dominant (right) hand. For left hand 

movements we also found greater activation in children compared with young adults in caudal 

SMA and weaker activation in rostral pre-SMA/SMA, again mirroring the transition from young to 

older adulthood that has been described for the dominant hand in the aging literature (with most 

studies not including the left hand). For movements of either hand, children compared with adults 

also exhibited weaker activation in basal ganglia structures. Finally, an ANOVA revealed an 

interaction effect of age group x hand in right SM1, in which children compared with adults 

exhibited an attenuated pattern of activation during left hand finger movements and of 

deactivation during right hand finger movements. 

The second part of this thesis focused on the reading disability developmental dyslexia. 

Specifically, Chapter 4 examined the motor system during left and right hand finger movements 

and built on the work of a variety of studies, including those that stipulate that dyslexia is caused 

by dysfunction of the cerebellum (Nicolson et al. 2001), or that dyslexia is caused by a 

disconnection between two or more brain areas (Paulesu et al. 1996). We compared task-evoked 

activation in children with and without dyslexia as they performed a finger movement task. 

Subsequently, to look for disruption between brain areas (our proxy for disconnection), we 

investigated both (motor) task-modulated (tmFC) and background functional connectivity (bFC) 
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(Al-Aidroos et al. 2012; Norman-Haignere et al. 2012; Wang and Voss 2014; Gratton et al. 2016) 

between several specific motor system areas and the rest of the brain. We found no significant 

motor-task-evoked activation differences between children with and without dyslexia in 

cerebellum or any other brain region. We did, however, identify a number of tmFC and bFC 

differences between these groups. All tmFC differences were for non-dominant (left) hand tapping 

conditions and there were no significant differences in tmFC for movements made for the 

dominant (right) hand. Further, children without dyslexia exhibited bFC between right cerebellum 

and left SM1, whereas children with dyslexia did not, reflecting a functional disconnection in 

children with dyslexia; additionally, compared with control children, children with dyslexia 

exhibited greater bFC between left SM1 and left thalamus, overall suggesting potential 

compromise in the cortico-cerebellar loop (Ramnani 2006).  

 

CURRENT LIMITATIONS OF THIS WORK 

As described in Chapter 1, the functional neuroanatomy of the motor system has been thoroughly 

elucidated in young adults. However, less is known about the functional neuroanatomy of the 

motor system in children and older adults. Based on age-dependent changes reported in motor 

performance on various voluntary movement tasks (Ruff and Parker 1993; Largo et al. 2001) as 

well as differences in brain structure across the lifespan in motor system regions (Courchesne et 

al. 2000; Good et al. 2001; Sowell et al. 2002; Lebel et al. 2012), our main hypothesis was that 

the functional neuroanatomy of the motor system will be different depending upon age. In addition, 

little is known about the functional neuroanatomy of the motor system in dyslexia. Given motor 

impairments in children with dyslexia compared with control children on tasks of finger tapping 

(Wolff et al. 1984; Wolff 2002), as well as balance, posture, and complex movement (Fawcett et 

al. 1996), our main hypothesis was that the functional neuroanatomy of the motor system will be 
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different depending upon presence/absence of dyslexia, the specifics of which can be based on 

a number of hypotheses that have been put forward (e.g. cerebellar dysfunction). 

 

Age-Related Changes in Brain Function of the Motor System 

We begin by comparing the results from Chapters 2 and 3. First, I consider the brain areas that 

were more strongly recruited by children and older adults, each in comparison to young adults. 

The most salient similarity between our two studies was that in our ALE meta-analysis of 

published studies, we found that older compared with young adults exhibited greater likelihood of 

activation in ipsilateral SM1 for the dominant hand, and in our own adult/pediatric empirical study, 

we found that children compared with young adults exhibited greater activation in ipsilateral SM1 

for movement of the non-dominant hand. We also note a similar pattern in SMA: such that older 

compared with young adults exhibited a greater likelihood of activation in caudal SMA and a 

weaker likelihood of activation in rostral SMA (Chapter 2, Fig. 4); meanwhile, compared with 

young adults, children exhibited greater activation in caudal SMA and weaker activation in pre-

SMA/SMA (Chapter 3, Fig. 8). At first glance, this suggests that the functional neuroanatomy may 

follow a pattern similar to the behavioral and brain structural findings, which indicate that motor 

skill increases through development (Largo et al. 2001) and declines in aging (Ruff and Parker 

1993) and white matter microstructure changes across the lifespan according to an inverted U-

curve (Lebel et al. 2012).  

However, upon further inspection, some differences emerge. First, many of the brain areas 

identified in the between-group comparison from the aging ALE study did not emerge in the 

comparison of children and young adults, and vice versa. In Chapter 2, we observed that older 

compared with young adults had greater likelihood of activation in right SMG, which we noted 

may reflect our inclusion of (older and young adult) studies employing tasks of multiple digits. 

Thus, we would not have seen this in our comparison of children and young adults because they 
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were performing a single digit (thumb) pressing task. In Chapter 3, we observed that children 

compared with young adults exhibited weaker activation in basal ganglia structures for 

movements of either hand, whereas no significant differences were observed between older and 

young adults in these structures. Therefore, while some of the between-group effects can be 

attributed to methodology, it is likely that development and aging are not simply mirror processes 

of one another. Ultimately, to disentangle age-related effects from differing methodologies, we 

would need to recruit a group of older adults to a study using the same  experimental protocol as 

that used in the children and young adults study, thereby using consistent  procedures across all 

three age groups. 

Second, considering the findings in the within-group maps, the older adults exhibited a 

likelihood of activation in this ipsilateral SM1 in this analysis as well (i.e., in addition to the 

between-group analysis), which is consistent with reports demonstrating that activation of 

ipsilateral SM1 positively correlates with age (Naccarato et al. 2006). Children, however, did not 

activate ipsilateral SM1 compared to the baseline rest condition during left or right hand finger 

movement. In fact, based on the percent signal change values (Chapter 3, Fig. 10), the relatively 

greater activation of ipsilateral SM1 in children compared with adults seems to be due to 

attenuated signal decrease relative to baseline in the adults in our own study. If the functional 

neuroanatomy of the motor system can be modeled as an inverted U-curve with, for instance, age 

on the x-axis and activation in ipsilateral SM1 on the y-axis, one possibility is that the ages in our 

meta-analysis and our own dataset do not fall on the inverted U-curve at the same y-value. In this 

sense, our children could be more similar in terms of functional brain maturity to the young adults 

in our study than the older adult groups are to the young adults used in our meta-analysis. If such 

were the case, one would expect that younger children than those in our study might have 

exhibited within-group ipsilateral SM1 activation as older adults did; likewise, slightly younger 
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older adults than those in our meta-analysis might not have exhibited a within-group likelihood of 

activation in ipsilateral SM1. 

Third, the ipsilateral SM1 result in older adults was for movements made with the dominant 

(right) hand and the result for children was made only for movements of the non-dominant (left) 

hand. As noted in Chapter 3, it is possible that the relatively stronger right hand advantage in 

childhood compared to adulthood (Roy et al. 2003) explains why we observed this effect for the 

left but not right hand. Interestingly, in older adulthood, the right-hand advantage reportedly 

attenuates (Kalisch et al. 2006), which is a departure from the inverted U-curve model. Therefore, 

we expect that if we performed a similar meta-analysis to that in Chapter 2, but using studies 

employing non-dominant hand finger movements (which is not possible at this time due to 

insufficient numbers of left hand tapping studies in older adults), we might find that older compared 

with young adults exhibit similar or attenuated greater likelihood of activation in ipsilateral (left) 

SM1, but not a more pronounced effect. Future work would be needed to test this hypothesis. 

Two interpretations have been proposed for motor task-evoked activations that are greater 

in older compared with young adults: compensation and de-differentiation (Seidler et al. 2010). In 

the aging motor system, compensation has been used when additional activations in the older 

group correlate with behavioral measures of motor task performance (Mattay et al. 2002; 

Heuninckx et al. 2005), whereas de-differentiation is used when older adults’ additional activations 

and motor performance do not correlate (Riecker et al. 2006) or are negatively correlated (Loibl 

et al. 2011). Similar interpretations have been provided in the developmental literature (Poldrack 

2010). Unfortunately, our meta-analysis precludes the use of performance measures, whereas 

our children and young adults study could benefit from a larger range of behavioral measures; 

thus, disentangling these two interpretations based on performance measures is out of the scope 

of this thesis.  
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Nonetheless, there is strong evidence to show that de-differentiation is a fitting model for 

age-related changes in ipsilateral SM1 for both development and aging. Healthy normal 

individuals exhibit transcallosal inhibition (TI), in which activation (as measured with transcranial 

magnetic stimulation, not fMRI) of ipsilateral motor cortex is mediated by inhibitory projections 

from contralateral motor cortex (Ferbert et al. 1992; Meyer et al. 1995; Netz et al. 1995; Boroojerdi 

et al. 1996; Gerloff et al. 1998; Stinear et al. 2001; Daskalakis et al. 2002; Duque et al. 2007). It 

is thought that these pathways are what give rise to the signal decreases relative to baseline in 

ipsilateral motor cortex (Ferbert et al. 1992; Allison et al. 2000; Liepert et al. 2001; Hamzei et al. 

2002; Newton et al. 2005), which we observed for young adults when extracting percent signal 

change values from the right SM1 cluster revealed by our interaction of age group x hand (Chapter 

3, Fig. 10). Interestingly, this TI is reportedly different at different ages: it begins to develop after 

age 5 (Heinen et al. 1998) and does not completely develop until age 10 (Muller et al. 1997), 

roughly 2.5 years after our children’s mean age (7.48 years). Meanwhile, in aging, it has been 

reported that TI decrease from young to older adulthood (Talelli et al. 2008). These findings are 

consistent with the lifespan changes in the body of the corpus callosum (Lebel et al. 2012) and 

suggest that immaturity in childhood and degeneration in older adulthood of these fibers may 

underlie the greater activation of ipsilateral SM1 that we observe in children and older adults 

compared with young adults. This, therefore, supports the theory of de-differentiation for this 

particular brain area. Further work would be needed to know whether de-differentiation is 

appropriate for interpreting age-related effects in other brain areas. 

 

Dyslexia-Related Changes in Brain Function of the Motor System 

Prior to this work, the functional neuroanatomy of the motor system had only been elucidated in 

adults with dyslexia (Nicolson et al. 1999; Menghini et al. 2006), and these results were not 

consistent between studies. One of these reports found weaker activation in adults with dyslexia 
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compared to adults without dyslexia in the cerebellum (Nicolson et al. 1999) and subsequently 

proposed that dysfunction of the cerebellum is responsible for both the reading and motor 

impairments commonly observed in dyslexia (Wolff et al. 1984; Fawcett et al. 1996; Wolff 2002). 

If such is the case, then we would expect children with dyslexia to also exhibit weaker activation 

in cerebellum by comparison to age-matched children without dyslexia. However, it should also 

be noted that the second study found greater activation in cerebellum for the dyslexic compared 

with control contrast; therefore, the role of the cerebellum in dyslexia is not particularly clear. 

In Chapter 4, we begin by comparing activation patterns in children with and without 

dyslexia as they performed an irregularly paced finger-tapping task. Unlike the investigations in 

prior adult groups, we did not find any differences in task-evoked activation in cerebellum or in 

any other brain regions. This could have been because (i) dysfunction of the cerebellum is not 

actually associated with dyslexia, despite previous reports; (ii) the activation differences observed 

in cerebellum in adults are the consequence of more prolonged experience with dyslexia; (iii) the 

children with dyslexia in our sample do not have motor impairments and thus would not show 

differences in motor aspects of cerebellum (keeping in mind that motor impairments are present 

in a consistent minority subset of children with dyslexia (Ramus 2003; White et al. 2006)); or (iv) 

the task design was sufficiently different in our study. We do not think iv is a correct conclusion 

because our within-group maps demonstrate robust activation for both groups and both conditions 

and irregularly paced tapping in general has been reported to engender robust activation in 

cerebellum, and more so than regularly paced tapping (Lutz et al. 2000). Regarding iii, it could be 

argued that if the children with dyslexia in our sample do not have comorbid motor symptoms, 

then we would likely not find differences in cerebellar activation. This is based on the concept that 

the parts of cerebellum that underlie the reading impairment are distinct from the parts of 

cerebellum underlying the motor impairments. Specifically, dysfunction in the cerebellum that 

gives rise to the reading impairments are localized to lobule VI and/or crus 2, as dyslexic relative 
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to control subjects have less gray matter volume (GMV) in these regions (Stoodley 2014) and 

these regions exhibit functional connectivity with reading-related cortical regions (Buckner et al. 

2011). This has been supported by the authors of the cerebellar deficit hypothesis of dyslexia 

(Commentary on (White et al. 2006)). This region of cerebellum is adjacent to but distinct from 

the region of cerebellum commonly activated during motor tasks (i.e., anterior cerebellum). Thus, 

it may be that in children with dyslexia but no motor impairments, the motor part of cerebellum is 

intact and would contribute to motor-task-evoked activation, whereas in children with dyslexia and 

motor impairments, the motor part of cerebellum is also disturbed and would not contribute to 

motor-task-evoked activation. As we did not gather measures of motor ability outside the scanner 

and as in-scanner performance measures are limited by design (i.e., to allow all participants to 

execute the task adequately), this is a limitation of our study. Future work with a more 

comprehensive workup of motor deficits/abilities will be needed to address this limitation. 

Nevertheless, given the inconsistency in cerebellar findings for dyslexic > control 

contrasts, with one prior study finding weaker activation (Nicolson et al. 1999) and one finding 

stronger activation (Menghini et al. 2006), we are also not convinced that differences in this region 

are truly associated with dyslexia. Thus, we now turn to other theories to explain dyslexia. One of 

these posits that dyslexia is caused by anatomical and/or functional disconnection between brain 

areas (Paulesu et al. 1996). Evidence for functional disconnection has already been reported: 

compared with a control group, adults with dyslexia exhibited weaker functional connectivity (FC) 

between reading-related brain areas, including left angular gyrus and left inferior frontal gyrus, 

while performing two reading tasks (Horwitz et al. 1998). We found only one functional 

disconnection (i.e., bFC in the control within group map and not the dyslexic group map; and 

greater bFC in the control > dyslexic contrast) and it was between the right cerebellum seed and 

left SM1, suggesting compromise of the thoroughly anatomically mapped cortico-cerebellar loop 

(Ramnani 2006). As described in the Introduction, previous reports have identified differences 
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between dyslexic and control groups in white matter pathways constituting segments of this loop, 

particularly in corona radiata (Vandermosten et al. 2012) and thalamocortical pathways (Fan et 

al. 2014). In addition, we also found that children with dyslexia compared with controls exhibited 

greater bFC between left SM1 seed and left thalamus, which also supports compromise of the 

cortico-cerebellar loop. 

One reason this was interesting is that despite it, children with dyslexia were able to 

perform the task as well as the controls and showed brain activity during the task like controls did, 

with no between-group differences. This suggested that some compensation might be occurring 

through other functional connections. Thus, it is possible that some or many of the remaining bFC 

differences we found are compensatory; however, it is also possible that the compensation only 

emerges for task execution. As part of Chapter 4, we also investigated task-modulated functional 

connectivity (tmFC; i.e., brain areas whose FC with the seed became stronger or weaker going 

from task to rest blocks or vice versa). Thus, it is also possible that these differences in tmFC 

correspond to compensatory patterns.  

We also observed three between-group differences – between right SMA seed and left 

middle frontal gyrus, between right SMA seed and left superior frontal gyrus, and between right 

SMA seed and left middle temporal gyrus (MTG) – that were driven by children without dyslexia 

exhibiting significant negative correlations while children with dyslexia exhibited bFC around zero 

(as indicated by their within-group maps and individual bFC measures). The finding of greater 

bFC between right SMA and left MTG in children with dyslexia compared with control children 

was particularly interesting because left MTG is consistently activated during reading-related 

tasks (Martin et al. 2015); however, when correlating the individual bFC values here with 

behavioral measures of reading ability (Reading Fluency and Word Identification reading tests), 

we did not find that this functional connection (or any other functional connection) was directly 

related to reading. This, thus, led us to consider these findings as evidence either that functional 
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circuits are less developed in children with dyslexia (given that fewer within-network and unique 

or relatively greater between-network functional connectivity indicates greater immaturity of the 

functional network (Fair et al. 2007b; Fair et al. 2012; Satterthwaite et al. 2012)) or that they are 

altered off the normal developmental trajectory (Church et al. 2009; Di Martino et al. 2011). 

Interestingly, the latter are commonly observed throughout the developmental disorder literature 

(Tian et al. 2006; Church et al. 2009; Müller et al. 2011). 

Finally, we note that our FC analyses were conducted on data acquired in a short period 

of time (roughly 3.5 minutes) and with few data points (64). Indeed, it is recommended for resting-

state studies that subjects are scanned for at least 5 minutes. While this did not seem to effect 

our bFC maps, as they were fairly consistent with the literature for the control children (de Bie et 

al. 2012), we do think that the tmFC results – and our interpretation of these – be viewed with 

caution. tmFC involves a comparison between our baseline and task conditions; thus, if estimates 

about those conditions need to be made separately to some extent, then the number of data 

points would be further constrained relative to the bFC analysis.  

 

FUTURE DIRECTIONS 

There are several ways to build upon the research described in this thesis. As mentioned in the 

Introduction and elsewhere in this thesis, motor performance across the lifespan increases during 

development (Largo et al. 2001) and declines in older age (Ruff and Parker 1993) and age-related 

brain structural changes have been shown to follow an inverted U-curve shape (Lebel et al. 2012). 

An outstanding question is whether functional activations follows a similar pattern. So far, we have 

seen that they might in certain brain regions, given the greater likelihood of activation in older 

compared with young adults for right hand movements and greater activation in children 

compared with young adults for left hand movements in ipsilateral SM1. The evidence on TI 

increasing from childhood to adulthood and declining from young adulthood to older age is 
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consistent with an inverted U-curve pattern for this brain area (Muller et al. 1997; Heinen et al. 

1998; Talelli et al. 2008), but it is not clear that this would be the case for other brain areas. In 

addition, the finding of greater likelihood of activation in ipsilateral SM1 from Chapter 2 was 

generated from studies that used somewhat different experimental protocols and these differed 

from the experimental protocols we used for our study in Chapter 3. Ultimately, to determine 

whether the inverted U-curve were a viable model, the same experimental protocols would need 

to be used in studying children, young adults, and older adults. As described in the Introduction, 

understanding whether this inverted U-curve is a viable model could aid in our understanding of 

age-related functional neuroanatomical changes in non-motor domains.  

Subsequent work would also benefit from an investigation of brain-behavior relationships. 

For the aging literature, our ALE meta-analysis provides only a more coherent picture of the 

functional neuroanatomy of the motor system in older adults and how they might differ from that 

of young adults. However, it does not resolve the controversy over whether the differences 

between the two age groups are evidence of compensation or de-differentiation. Based on the 

current definitions of these terms, as they are applied to the motor system (Seidler et al. 2010) 

and cognition (Grady 2012), this would necessitate correlating activations with performance 

measures. Conceivably, this can be done in a meta-analysis too, if one takes a study-wise, rather 

than subject-wise approach: specifically, if one correlates the effect sizes of the study-level 

activation in a particular brain area with the effect sizes of the performance. Similarly, if a greater 

number of studies on the aging motor system were published (currently, there are six), then this 

can be done by comparing the effect size of the between-group difference for a particular brain 

area (e.g., ipsilateral SM1) and correlating it with the effect size of the performance deficit, again 

on a study-wise basis. A similar meta-analytical approach has been taken behaviorally and for a 

different purpose (Rochelle and Talcott 2006). The study of development needs also to resolve 

the debate between compensation and de-differentiation (or scaffolding and neural efficiency). In 
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other words, it is still unclear whether the greater activations we observed in children compared 

with young adults are compensatory or indicative of immature pathways. Subsequent studies 

need to correlate activation measures with performance measures to resolve this.  

 Another approach to contributing to the compensation versus de-differentiation debate 

might be to use functional connectivity, as a few aging studies have done (Taniwaki et al. 2007; 

Langan et al. 2010; Marchand et al. 2011). One of these, in particular, investigated the relationship 

between ipsilateral SM1 activation, interhemispheric resting-state functional connectivity, and 

task performance. They found that activation in ipsilateral SM1 (in response to a motor task) was 

negatively correlated with interhemispheric connectivity and positively correlated with longer 

reaction times; from this, they proposed that older adults with greater interhemispheric functional 

connectivity may better engage the local inhibitory networks (Conti and Manzoni 1994), which 

would reduce ipsilateral activation and lead to faster reaction times on a task (Langan et al. 2010). 

Overall, this finding supports the de-differentiation model. Taking a similar approach in children 

could also inform developmental models of the motor system. 

 In Chapter 4, our main finding was that there is a functional disconnection between right 

cerebellum and left SM1 in children with dyslexia. Despite this, their patterns of task-evoked 

activation are not different from age-matched controls. One possibility for this observation is that 

children with dyslexia invoke other functional connections within the motor system or between 

motor system brain areas and brain areas outside of the motor system that allow them to 

compensate for this functional disconnection. This could be simply through the greater bFC 

between left SM1 and left thalamus in the dyslexic compared with control groups or another bFC 

difference we observed, or it may also only emerge for tapping blocks specifically. Consistent with 

this, a recent study by Gratton and colleagues have shown that the degree to which FC between 

brain regions within a particular system and brain regions outside of that system differs from 

resting-state to task-state (as measured through bFC) correlates with the degree to which that 
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system activates in response to a task (Gratton et al. 2016). Given these considerations, it is 

possible that our tmFC findings between motor system seeds and non-motor system brain areas 

correlate with task-evoked activation measures. This possibility remains to be thoroughly 

investigated. However, it is likely that children with dyslexia, in an effort to compensate through 

additional tmFC, do not compensate using the same brain areas. Thus, future work needs also to 

examine tmFC on a subject-wise, not only group-level, basis.  

 Structural brain imaging studies would also be helpful in better contextualizing the 

functional imaging and ALE results presented here. For instance, in the Discussion of Chapter 3, 

we speculated that greater GMV in basal ganglia structures in children compared with adults 

(Sowell et al. 2002) might underlie the age-related activation differences we observed in this area. 

We could test this directly by correlating single-subject measures of GMV with subject-level 

percent signal changes in this area to determine whether this is indeed the case. In addition, 

diffusion tensor imaging might be useful in grounding our functional connectivity findings in 

Chapter 4 to anatomical connectivity. For instance, we could test directly whether measures of 

fractional anisotropy in left corona radiata (previously reported to be lower in dyslexic subjects; 

(Vandermosten et al. 2012)) correlate with bFC measures for right cerebellum seed and left SM1.  

 In addition, all of these studies have been conducted in predominantly right-handed 

subjects. Left-handed subjects have been shown to engender different patterns of activation in 

motor cortical areas (Kim et al. 1993b) and it is unclear whether their patterns of activation will 

change with age in the same ways as that of right-handed individuals. 

 

SUMMARY 

In three studies, this thesis examines how the functional neuroanatomy of the motor system 

changes depending upon age and dyslexia. The first two studies are dedicated to elucidating the 

motor system in older adults and children by comparison to the more commonly studied young 
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adult populations, and they do so using two separate techniques: (1) the ALE meta-analysis 

technique to quantitatively summarize extant neuroimaging studies of finger movements in older 

adults and (2) task-evoked activation on original fMRI data in children as they perform an 

irregularly paced finger tapping task. These studies converge on greater likelihoods of activation 

in older adults or greater activations in children compared with young adults in SM1 ipsilateral to 

the side of movement and caudal SMA (and greater likelihood of activation or activation in rostral 

SMA in young adults compared with these other age groups), which provides support for an 

inverted U-curve model for lifespan changes to functional activation in the motor system; however, 

brain-based differences between age groups that do not follow this pattern were also revealed; 

for instance, compared with young adults, children exhibited weaker activation in basal ganglia 

structures, whereas a similar effect was not observed in older compared with young adults. 

 The third study examines the motor system in children with dyslexia using fMRI data 

acquired during an irregularly paced finger-tapping task. Here, we investigated task-evoked 

activation and two seed-to-voxel functional connectivity approaches: tmFC to examine differences 

in FC between tapping and fixation blocks and bFC to examine patterns of FC that support the 

motor task state. We found no differences in task-evoked activation between dyslexic and control 

children; however, we did find a functional disconnection (i.e., using bFC measures) between the 

right cerebellum seed and left SM1 in children with dyslexia, suggesting compromise of the 

cortico-cerebellar loop. Together, these findings demonstrate that the functional neuroanatomy of 

the motor system is highly variable depending upon the population studied; thus, it is incumbent 

upon future work to carefully control for this. 
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APPENDIX 

 

 

  

Group/Contrast Anatomical region
Functional 
motor 
region

BA k Z

Seed x y z
Dyslexic
Right hand tapping
L. SMA L. Caudate -10 12 22 78 4.10

Left hand tapping
L. CB L. Paracentral Lobule 6 -2 -28 78 59 -4.42
R. SM1 R. Precentral Gyrus R. PMd 6 28 -12 70 99 -3.75

L. Medial Frontal Gyrus L. SMA 6 -6 -14 72 72 -3.86
R. Postcentral Gyrus R. SM1 3 40 -28 64 64 -4.23

-10 to 10

Peak MNI coordinate

Supplemental Table 1. tmFC peaks for within-group contrasts for cerebellum, SM1, and SMA 
seeds.
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Group Anatomical region
Functional 
motor 
region

BA k Z

Seed x y z
Control
R. CB seed L. Inferior Parietal Lobule⌿ L. SM1 40 -40 -26 44 619 4.39

L. Sub-Gyral Temporal Lobe 21 -38 -6 -16 176 4.01
R. Ant. Cerebellum 10 -54 -14 2639 6.48

L. CB seed R. Postcentral Gyrus R. SM1 2 42 -30 66 170 3.82
L. Medial Frontal Gyrus# R. SMA 6 2 -14 56 96 3.75
L. Ant. Cerebellum -18 -58 -16 2142 6.88
L. Ant. Cerebellum -54 -56 -32 113 4.49

B. CB seeds L. Postcentral Gyrus L. SM1 2 -46 -20 52 1020 5.22
R. Precentral Gyrus R. SM1 4 32 -24 58 379 3.89
L. Medial Frontal Gyrus L. SMA 6 -6 -12 58 131 3.96
R. Parahippocampal Gyrus 36 -10 -20 204 4.99
L. Parahippocampal Gyrus -34 -16 -16 111 4.19
L. Ant. Cerebellum -18 -58 -16 6127 6.80

L. SM1 seed L. Medial Frontal Gyrus L. SMA 6 -8 -4 58 506 5.07
L. Middle Temporal Gyrus 21 -60 -28 -6 82 4.72
L. Medial Frontal Gyrus# 9 2 56 22 206 4.36
L. Precentral Gyrus L. SM1 4 -38 -20 60 2297 6.72

R. SM1 seed R. Paracentral Lobule R. SMA 5 4 -24 58 148 4.17
L. Ant. Cerebellum -22 -48 -22 77 3.78
R. Precentral Gyrus R. SM1 4 38 -22 64 2091 6.74

B. SM1 seeds L. Ant. Cerebellum -18 -60 -18 467 4.84
R. Ant. Cerebellum 20 -58 -18 230 4.20
L. Lingual Gyrus 18 -2 -104 -2 99 4.39
L. Precentral Gyrus L. SM1 4 -34 -22 62 8088 7.10

L. SMA seed R. Postcentral Gyrus R. SM1 3 26 -20 66 65 3.89
R. Precentral Gyrus R. PMd 4 52 -6 44 340 4.84
L. Precentral Gyrus 44 -58 16 0 246 4.42
L. Medial Frontal Gyrus L. SMA 6 -2 -2 62 3667 7.79

⌿Inconistence between anatomical and functional regions
#Inconsistence between +/- x-coordinate and Talairach Client R/L identification

Peak MNI coordinate

*Peak coordinate reported not within gray matter (11mm cube) by Talairach Client. Anatomical Label 
determined by visual inspection of Colin brain template in Mango.

Supplemental Table 2. bFC peaks for within-group contrasts for cerebellum, SM1, and SMA 
seeds. 
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Group Anatomical region
Functional 
motor 
region

BA k Z

Seed x y z
Control
R. SMA seed L. Postcentral Gyrus L. SM1 3 -46 -12 60 1040 5.35

L. Insula L. PMv 13 -40 4 12 1268 5.18
L. Precentral Gyrus L. PMv 4 -62 2 16 120 4.69
L. Lentiform Nucleus -20 -4 -6 68 4.25
R. Middle Temporal Gyrus 39 56 -68 32 162 -4.09
L. Middle Temporal Gyrus 39 -50 -66 28 162 -3.91
L. Inferior Frontal Gyrus 9 -58 22 26 60 -3.80
L. Cingulate Gyrus 31 -4 -42 38 242 -5.10
L. Medial Frontal Gyrus 10 0 66 2 1465 -4.82
R. Precentral Gyrus 6 68 8 18 1209 4.77
L. Middle Frontal Gyrus 6 -32 12 58 93 -4.54
L. Post. Cingulate Gyrus 31 -12 -64 20 111 -3.86
L. Post. Cerebellum -24 -74 -16 54 4.27
L. Medial Frontal Gyrus R. SMA 6 0 -4 62 4255 6.95

B. SMA seeds L. Inferior Parietal Lobule L. SM1 40 -52 -22 28 208 4.81
L. Ant. Cerebellum -38 -60 -26 140 4.45
L. Insula 13 -40 6 4 1139 4.90
L. Medial Frontal Gyrus 10 -4 58 -10 163 -4.13
L. Precuneus 19 -34 -74 44 67 3.81
R. Thalamus 26 -14 10 1223 4.89
R. Cuneus 18 20 -74 20 110 3.82
L. Medial Frontal Gyrus L. SMA 6 -2 -2 62 8851 7.69

Dyslexic
R. CB seed L. Postcentral Gyrus 43 -58 -16 16 126 4.60

L. Superior Temporal Gyrus 38 -36 0 -16 314 4.40
Midline Pons* 0 -16 -28 57 4.09
R. Post. Cerebellum 12 -60 -14 2425 6.67

L. CB seed L. Postcentral Gyrus L. SM1 2 -66 -18 30 98 4.19
R. Postcentral Gyrus R. SM1 2 28 -32 76 49 4.17
L. Middle Temporal Gyrus 21 -52 -4 -18 49 4.11
L. Post. Cerebellum -26 -54 -48 135 4.26
L. Ant. Cerebellum -18 -54 -18 1849 7.25

⌿Inconistence between anatomical and functional regions
#Inconsistence between +/- x-coordinate and Talairach Client R/L identification

Supplemental Table 2. (Cont.) bFC peaks for within-group contrasts for cerebellum, SM1, and 
SMA seeds. 

Peak MNI coordinate

*Peak coordinate reported not within gray matter (11mm cube) by Talairach Client. Anatomical Label 
determined by visual inspection of Colin brain template in Mango.
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Group Anatomical region
Functional 
motor 
region

BA k Z

Seed x y z
Dyslexic
B. CB seeds R. Precentral Gyrus R. SM1 4 36 -14 50 126 4.62

R. Postcentral Gyrus R. SM1 3 28 -28 74 81 3.87
R. Superior Temporal Gyrus 41 56 -24 8 93 4.63
L. Superior Temporal Gyrus 38 -36 0 -16 97 4.18
L. Fusiform Gyrus 20 -38 -10 -28 55 3.96
R. Lingual Gyrus 19 26 -62 4 61 4.52
L. Ant. Cerebellum -16 -56 -18 7466 7.16

L. SM1 seed L. Precentral Gyrus L. SM1 4 -38 -22 60 1102 7.03

R. SM1 seed L. Postcentral Gyrus L. SM1 3 -34 -18 52 88 4.30
L. Postcentral Gyrus L. SM1 2 -38 -32 68 58 4.05
L. Ant. Cerebellum -6 -52 -12 47 3.89
L. Fusiform Gyrus 37 -60 -60 -18 394 4.70
L. Subcallosal Gyrus 34 -12 4 -20 55 4.72
R. Post. Cerebellum* 32 -44 -56 125 5.42
L. Post. Cerebellum -20 -58 -50 153 4.36
L. Post. Cerebellum* -26 -44 -54 134 4.11
L. Post. Cerebellum -34 -88 -18 138 4.00
L. Post. Cerebellum -10 -74 -42 100 3.84
R. Lingual Gyrus 18 14 -84 6 352 4.64
R. Precentral Gyrus R. SM1 4 38 -20 60 3006 6.39

B. SM1 seeds L. Ant. Cerebellum -18 -46 -14 1531 5.22
R. Ant. Cerebellum 4 -66 -32 145 4.34
L. Ant. Cerebellum -38 -54 -22 48 3.92
L. Lentiform Nucleus -32 0 0 81 4.16
L. Inferior Temporal Gyrus 20 -62 -60 -16 77 4.35
L. Postcentral Gyrus 43 -54 -16 20 67 4.18
L. Insula 13 -56 -32 22 202 4.10
R. Insula 13 46 -26 24 101 4.01
L. Middle Occipital Gyrus 19 -40 -78 8 203 4.53
L. Cuneus 30 -4 -70 10 269 4.25
L. Precentral Gyrus L. SM1 4 -38 -22 60 5544 5.86

⌿Inconistence between anatomical and functional regions
#Inconsistence between +/- x-coordinate and Talairach Client R/L identification

Supplemental Table 2. (Cont.) bFC peaks for within-group contrasts for cerebellum, SM1, and 
SMA seeds. 

Peak MNI coordinate

*Peak coordinate reported not within gray matter (11mm cube) by Talairach Client. Anatomical Label 
determined by visual inspection of Colin brain template in Mango.
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