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ABSTRACT  

Eye-hand coordination is essential to our functional independence and relies on 

communication between widespread brain regions for successful unimanual and bimanual 

motor control. Eye-hand coordination performance has been shown to differ between the sexes, 

as well as between healthy aging individuals and those with dementia risk. The studies included 

within this dissertation were designed to characterize the structural and functional neural 

correlates of skilled movements across various populations in order to gain a better 

understanding of previously reported behavioural performance differences. The first two 

studies investigated changes in structural and functional integrity, respectively, of brain 

networks that may underlie known visuomotor behavioural deficits in older adults with an 

increased genetic (APOE e4) risk for Alzheimer’s disease. Alzheimer’s disease is thought to 

be a disconnection syndrome with characteristic patterns of disruption to structural and 

functional connectivity in the brain. A visuomotor task requiring the integration of different 

cognitive and motor domains via communication across multiple brain regions presents one 

way to test the integrity of these brain networks. The anatomical, diffusion-weighted, and 

resting state functional connectivity imaging data revealed that in older adult APOE e4 carriers, 

visuomotor deficits were predicted by i) lower grey matter volume and thickness of medial 

temporal lobe regions, ii) lower white matter integrity in several major tracts, and iii) decreased 

functional connectivity within the default mode and dorsal attention networks, in advance of 

any cognitive deficits. Historically, sex differences in unimanual and bimanual eye-hand 

coordination have also been observed, and a better understanding of the neural correlates of 

these differences could inform clinical practices on how to better tailor bimanual movement-

based rehabilitation to the individual. The third study investigated the sex differences in 

functional connectivity of bimanual control, demonstrating connectivity differences between 

men and women despite equivalent behavioural performance. Taken together, these data 

provide novel insight into the neural correlates underlying one of our most fundamental human 

behaviours, eye-hand coordination, and their potential clinical implications. 
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Chapter One: General Introduction 

 
General Introduction  
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1.1. Research in context 

To get to the point where you are reading this sentence, you will have had to interact with 

objects in your environment to navigate to this page of the dissertation. Perhaps you’re reading 

a physical copy and had to directly reach to pick this book off the shelf and flip to this page. 

Or maybe you’re reading this on your computer and had to use your mouse to navigate a cursor 

on your screen to bring you here. Hundreds of times per day we find ourselves reaching out 

with one, or both, hands to interact with the objects around us. The coordination of vision and 

limb motion for interaction with the external environment requires a complex level of control 

carried out by a number of interconnected brain regions. Performance of eye-hand coordination 

tasks has been shown to differ between men and women, as well as between healthy aging and 

neurodegenerative disease. This dissertation will characterize differences in the neural 

underpinnings of various skilled movements, both involving unimanual as well as bimanual 

coordination. 

One focus of the research presented here is Alzheimer’s disease and its impact on 

unimanual visually-guided movements. Alzheimer’s disease (AD) is the most common cause 

of dementia (Reitz and Mayeux 2014), and is often associated with decrements in cognitive 

function (Hebert et al. 2010). Dementia is a major cause of disability and dependency among 

older people worldwide, and as the disease progresses, individuals need assistance with 

activities of daily living (World Health Organization 2015). Visuomotor deficits in the AD 

population have received little study to date. This may be because the most prominent 

impairments in AD are in the cognitive domain, and have been the primary focus of most 

assessments and research (Hebert et al. 2010). Recently, it has become evident that complex 

movements can also be affected by the disease, with studies reporting declines in skilled eye-

hand coordination performance in AD patients (Ghilardi et al. 1999; Tippett and Sergio 2006; 

Tippett et al. 2007). Some of the movements we perform in everyday life involve more direct 
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“standard” visually-guided arm movements, and typically involve looking towards the 

intended target of a reach and making an arm movement to the same location, such as reaching 

out and picking up a cup of tea (Gielen et al. 1984; Wise et al. 1996; Helsen et al. 1998). 

However, with the advent of tool-use and living in an increasingly technology-driven world, 

many of the daily activities that we perform routinely require us to spatially dissociate the 

targets of the gaze and arm movements. These decoupled or “non-standard” visually-guided 

reaches rely on the integration of skilled movements with aspects of cognition (Johnson et al. 

1996); the mapping between the visual stimulus and response in these more complex and 

cognitively-demanding movements must be learned and calibrated (Wise et al. 1996). An 

example of this is learning that scrolling “up” on a laptop trackpad will move the page on the 

screen “down”.  

Preliminary research in our laboratory suggests that, relative to age-matched individuals 

without known risk factors for dementia, dementia risk is associated with the deterioration of 

non-standard visuomotor performance (Hawkins and Sergio 2014; Rogojin et al. 2019). 

Complex movements requiring non-standard visuomotor integration show deficits in advance 

of any detectable cognitive decline, as determined using standardized cognitive assessments. 

Furthermore, previous studies from our lab have demonstrated that even when cognitively 

healthy men and women show equal non-standard visuomotor task proficiency, the underlying 

brain activity associated with completing the task differs between the sexes in ways that are 

likely to be clinically relevant (Grön et al. 2000; Gur et al. 2000; Gorbet and Sergio 2007; 

Hawkins et al. 2015; Hawkins and Sergio 2016). This dissertation first provides an introduction 

to AD, looking at the biology, risk factors, and neural correlates of the disease (section 1.2). 

Unimanual visuomotor tasks are then discussed in the context of AD risk (section 1.3). These 

sections will outline how visuomotor tasks may be used to advance our understanding of AD 

compared to healthy aging.  
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While many of the movements we make throughout our day involve just one upper limb, 

most daily movements require a certain degree of coordination between both upper limbs 

(Kilbreath and Heard 2005; Vega-González and Granat 2005). Even though bimanual 

movements are more abundant than unimanual movements, they have been studied less 

extensively (Swinnen and Wenderoth 2004). Historically, the literature has demonstrated sex 

differences in eye-hand coordination tasks where women typically outperform men in tasks 

involving fine motor skills and accuracy, while men excel in spatiomotor tasks as well as tasks 

assessing reaction time and movement speed (Kimura 1993; Fozard et al. 1994; Hall and 

Kimura 1995). Functional neuroimaging studies have shown sex-differences in brain activity 

underlying processes required for motor control (Grön et al. 2000; Sadato et al. 2000; Jordan 

et al. 2002; Weiss et al. 2003; Seurinck et al. 2004), even in the absence of sex-related 

differences in behavioural performance (Gorbet and Sergio 2007). It has been suggested that 

performance asymmetries between men and women in eye-hand coordination tasks may arise 

from sex-specific differences in hemisphere asymmetry and interhemispheric connectivity 

(Allen et al. 1991; Dubb et al. 2003; Ingalhalikar et al. 2014; Shiino et al. 2017). Yet despite 

the well-known sex-based differences in hemisphere asymmetry, interhemispheric 

connectivity, and organization of the motor cortex (Amunts et al. 2000), sex-differences in the 

functional neural correlates underlying bimanual performance have not been explicitly 

investigated. The final section of this general introduction switches focus from unimanual to 

bimanual visually-guided movements (section 1.4), presenting current findings from 

neuroimaging studies investigating bimanual coordination as well as identifying gaps in the 

literature.  

 

1.2. Overview of Alzheimer’s disease  



 

 
 

 

5 

AD is an irreversible neurodegenerative brain disease, and is the most common cause of 

dementia (Reitz and Mayeux 2014). Dementia is not a single disease; rather, it’s an umbrella 

term that refers to a set of symptoms that arise as a result of damage to brain cells. Dementia 

is characterized by a decline in cognitive abilities, where symptoms include memory loss, 

difficulties with decision making, language problems, and behavioural changes (Burns and 

Iliffe 2009). Damage to nerve cells in the brain may be caused by a number of conditions or 

diseases, with AD accounting for approximately 60-80% of all dementia cases (Alzheimer’s 

Association 2019). The brain changes seen in AD lead to the eventual disruption of activities 

in daily living such as bathing and eating, and are ultimately fatal.  

The pathophysiological hallmarks of AD include the presence of 1) extracellular amyloid 

plaques formed by the abnormal accumulation of the beta-amyloid (Aβ) protein, 2) intracellular 

neurofibrillary tangles composed of hyperphosphorylated tau protein, and 3) 

neurodegeneration (dos Santos Picanco et al. 2016). Aβ monomers first form low- to mid-range 

molecular weight oligomers which then gradually deposit as high molecular weight oligomers, 

fibrils, and senile plaques (Guo et al. 2020). Aggregation of Aβ leads to the activation of 

pathways that generate reactive oxygen species, mitochondrial dysfunction, 

hyperphosphorylated tau protein, and neuroinflammation (Canevari et al. 2004; Mattson 2004; 

Devi et al. 2006). Aβ can damage neurites through these different pathways, and amyloid 

plaques reduce the number of synapses, all of which may result in neuronal and synaptic 

dysfunction leading to AD (Chen et al. 2017). Tau protein is a microtubule-associated protein 

expressed in neurons, and it is involved in the proper functioning of the cytoskeletal network 

via microtubule assembly (Binder et al. 1995). Microtubules are essential for delivery of 

presynaptic components to axon terminals and postsynaptic components to dendrites (Vallee 

1991); tangles made up of hyperphosphorylated tau protein disrupt this transport system in the 

brain, leading to synaptic dysfunction (Bloom 2014).  
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AD is a slowly progressive brain disease that begins decades before symptoms emerge 

and there is a diagnosis of clinical dementia (Morris 2005). Clinical symptoms of dementia 

appear only after there has already been significant damage to the brain (Sperling et al. 2011). 

Preclinical stages of AD are used by the National Institute on Aging and the Alzheimer’s 

Association (NIA-AA) workgroup to encompass individuals who are clinically normal but 

thought to be on a trajectory towards the symptomatic stages of AD (Sperling et al. 2011). 

These stages represent a continuum and are based primarily on AD biomarkers assessed 

directly through cerebrospinal fluid analysis or indirectly via brain imaging. Biomarker 

measures include Aβ accumulation, cerebrospinal fluid tau levels, and brain atrophy evaluated 

using volumetric magnetic resonance imaging (MRI). The preclinical stages are applicable to 

both individuals with genetic risk (such as having the apolipoprotein E (APOE) e4 allele) and 

age risk; they include those with no or subtle cognitive or behavioural changes who have not 

yet progressed to the point of clinical impairment diagnosed as mild cognitive impairment or 

dementia. The focus of this dissertation will be on the preclinical stage, investigating 

individuals at an increased risk for AD due to genetic factors or dementia family history 

(discussed in more detail below) and who have no cognitive impairment. 

 

1.2.1. Risk factors for dementia due to Alzheimer’s disease 

The prevalence and incidence of AD suggest that age is the primary risk factor, where 

the number of Canadians living with dementia more than doubles every 5 years after the age 

of 65 (Public Health Agency of Canada 2017). While less than 1% of Canadians between the 

ages of 65 and 69 have dementia, this number increases to 25% for those aged 85 and over. 

Although age is the primary risk factor for developing AD, AD is not a normal part of aging. 

AD can be defined based on age of onset (early-onset or late-onset), as well as on family 

determinants (familial or sporadic). Early-onset AD (EOAD) has an age of onset before the 
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age of 65 (Rossor et al. 2010), and accounts for a small percentage of all AD cases (between 

1-8%) (Prince et al. 2014; Zhu et al. 2015; Alzheimer’s Association 2019; Canadian Institute 

for Health Information 2019). This is an arbitrary age cutoff that doesn’t have any specific 

biological significance, but rather is indicative of a sociological partition based on employment 

and retirement age. Late-onset AD (LOAD) has an age of onset after the age of 65 and is the 

more common form of AD, accounting for approximately 95% of all AD cases (Reitz and 

Mayeux 2014). See Table 1 for a summary of these statistics. This dissertation will focus on 

LOAD; specifically, on the long preclinical phase, lasting approximately 15-20 years before 

onset of cognitive impairment (Bateman et al. 2012).  
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Table 1. Summary of Alzheimer’s disease statistics.  
 

Alzheimer’s disease (AD) 
60-80% of all dementia cases1 

The APOE e4 variant is associated with an increased risk for AD, especially LOAD but also 
EOAD, where 50-70% of subjects with AD carry at least one e4 allele2,3 

Early-onset AD (EOAD) 
1-8% of all AD cases4,5,6 

Late-onset AD (LOAD) 
95% of all AD cases7 

Familial 
60% of EOAD8 

 
13% have an 
autosomal dominant 
form of inheritance 
due to mutations in 
one of three genes: 
- APP (10-15%) 
- PSEN1 (20-70%) 
- PSEN2 (5%) 

Sporadic 
40% of EOAD 

 
 

Familial 
<10% of LOAD 

 
- First-degree relatives 
of a person with 
LOAD have a 
cumulative lifetime 
risk of approximately 
20-25%, whereas the 
risk in the general 
population is 10.4%8 

- APOE e4 is most 
highly associated with 
LOAD for individuals 
with a family history 
of dementia, and this 
association is highest 
for individuals that 
carry 2 APOE e4 
alleles (e4/e4 
genotypes), where 
e4/e4 is found in 1% 
of normal Caucasian 
controls but in nearly 
19% of familial LOAD 
populations8 

Sporadic 
>90% of LOAD8 

 
APOE is the only gene 
that has been 
consistently associated 
with sporadic LOAD, 
where approximately 
58% of persons with 
LOAD have the APOE 
e4 allele6 

1. (Alzheimer’s Association 2019); 2. (Kamboh 2004); 3. (Singh et al. 2006); 4. (Canadian Institute for Health 
Information 2019); 5. (Prince et al. 2014); 6. (Zhu et al. 2015); 7. (Reitz and Mayeux 2014); 8. (Bekris et al. 2010)   
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Family history risk 

After older age, the risk for most AD cases appears to be a complex interplay of multiple 

susceptibility genes and environmental factors. The exception to this is the familial EOAD case 

in which there is an autosomal dominant pattern of inheritance due to single-gene disorders 

(Karch et al. 2014). These individuals have mutations in three genes: Aβ precursor protein 

(APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2) (Rogaeva 2002). In contrast, more than 

90% of individuals with LOAD appear to have the sporadic form, meaning there is no specific 

familial link (Dorszewska et al. 2016). Sporadic AD is thought to be determined by a 

combination of genetics (70%) (Alonso Vilatela et al. 2012) and environmental contributors 

(30%), such as diet, hormonal factors, and toxicological exposure (Lahiri et al. 2007). LOAD 

is a complex genetic disorder, with an estimated heritability of 60-80% based on one of the 

largest twin studies done to date (Gatz et al. 2006). This study found that in twin pairs where 

both twins had AD, the intrapair difference in age of onset was significantly greater in dizygotic 

(fraternal) compared to monozygotic (identical) twins. This suggests a genetic component in 

timing of the disease. Another twin study reported a higher concordance rate (when both twins 

develop AD) in monozygotic pairs compared to dizygotic pairs, further confirming the 

contribution of a genetic component (Räihä et al. 1996). Importantly, the onset age differed by 

as much as 15 years in concordant pairs, reflecting the influence of environmental factors on 

AD. First-degree relatives of people with LOAD have a greater lifetime risk for developing 

dementia (approximately 30-40%) (Silverman et al. 1994; Farrer et al. 1995; Lautenschlager et 

al. 1996) compared to those without first-degree relatives with LOAD (approximately 12%) 

(Silverman et al. 1994). The number of additional affected family members also appears to 

increase risk of close relatives; by age 80, children with two affected parents (conjugal AD) 

have a higher lifetime risk of AD (54%), 1.5 times the risk of children with just one affected 

parent, and nearly 5 times the risk of children with non-affected parents (Lautenschlager et al. 
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1996). Age at onset may also be earlier in those with a more extensive family history, beyond 

just having parents with AD (Jayadev et al. 2008).  

The biological mechanisms through which family history of AD confers increased risk 

for LOAD are not yet known. There is evidence that maternal transmission of LOAD may have 

a greater impact on offspring than paternal transmission. Maternal transmission of AD is more 

frequent than paternal transmission (Gómez-Tortosa et al. 2007); a review study found that in 

AD patients with one affected parent, the ratio of mother:father affected is approximately 3:1 

(Mosconi et al. 2010). A consistent feature of AD is a reduction in the cerebral metabolic rate 

of glucose (CMRglc) measured using [18F]-fluorodeoxyglucose positron emission 

tomography (FDG-PET) (Mosconi 2005). A study examining clinically normal individuals 

found that those who had a mother with AD had reduced CMRglc compared with those who 

had a father with AD and with those who had no parents affected (Mosconi et al. 2007). 

CMRglc reductions in participants with maternal AD history were found in brain regions that 

are typically affected in AD patients, including the parieto-temporal, posterior cingulate, 

precuneus, medial temporal, and prefrontal cortices. These CMRglc reductions due to maternal 

AD history remained significant after controlling for age, gender, education, and genetic risk 

(namely involving the APOE gene, discussed in more detail below). Conversely, there were no 

CMRglc differences between children with a paternal AD family history and the children of 

parents without AD.  

 

Genetic risk factors 

Recently, genome-wide association studies have identified over 20 polymorphisms in or 

near genes that modify risk for LOAD (Karch and Goate 2015). The effects of each gene on 

AD risk is small, where they are associated with a 1.1 to 1.2 times increased risk (Rabin et al. 

2019). The only widely accepted susceptibility gene that has been consistently linked to both 
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familial and sporadic LOAD across multiple genetic studies is the APOE gene (Bekris et al. 

2010; Karch and Goate 2015). APOE is located on chromosome 19 and encodes three common 

alleles - e2, e3, e4 (Corder et al. 1993) - with a worldwide frequency of 8.4%, 77.9% and 

13.7%, respectively (Farrer et al. 1997). The e4 allele specifically is associated with an 

increased risk for AD across multiple ethnic groups (Tang et al. 1996; Farrer et al. 1997; Bekris 

et al. 2010). APOE e4 carrier prevalence in LOAD cases varies across studies due to factors 

such as country hosting the study and the study design, but mean estimates are approximately 

between 40-65% in subjects with AD (Rebeck et al. 1993; Crean et al. 2011), compared to 12% 

in controls (Poirier et al. 1993). A systematic review of 139 publications from January 1, 1985 

to May 31, 2010 was done on studies reporting the APOE e4 status of patients diagnosed with 

AD (Ward et al. 2012). The meta-analysis reported that APOE e4 carrier (defined as having at 

least one e4 allele) prevalence was 48.7% (95% confidence interval, CI: 46.5-51.0), and a 

homozygous e4 prevalence of 9.6% (95% CI: 8.4-10.8). Another study looking at APOE 

genotypes of elderly adults over the age of 85 reported that 4% of healthy controls and 6% of 

AD patients were homozygous for the e4 allele, compared to 34% of healthy controls and 50% 

of AD patients who were heterozygous for the e4 allele (Skoog et al. 1998). Homozygous e4 

individuals are rare in the population, and many research studies will therefore combine 

homozygous and heterozygous e4 individuals into one group. For these studies, the definition 

of an APOE e4 carrier is an individual with at least one e4 allele, which includes both 

homozygous and heterozygous e4 individuals. Another study reported that the proportion of 

individuals with AD also increases with the number of e4 alleles from 20% of subjects with no 

e4 alleles, to 47% of e4 heterozygotes and 91% of e4 homozygotes (Corder et al. 1993). 

Compared to the other genes identified in genome-wide association studies, the e4 allele 

confers a much greater risk for developing AD; one e4 allele results in a 3-fold increase of AD 

risk, while two e4 alleles increase AD risk by 8- to 12-fold (Corder et al. 1993; Farrer et al. 
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1997). APOE e4 is also associated with a dose-dependent decrease in the age of onset, where 

each e4 allele reduces the average age of symptom onset by about a decade: mean onset is 

approximately 84 years in subjects without an e4 allele, 76 years in subjects with one e4 allele, 

and 68 years in subjects with two e4 alleles (Corder et al. 1993). 

In the central nervous system, APOE is mainly synthesized and secreted by astrocytes 

and microglia (Boyles et al. 1985; Liu et al. 2013), and plays a central role in lipid and 

cholesterol transport, lipoprotein metabolism, neuroplasticity, and neuroinflammation (Bales 

et al. 2000; Mahley and Rall 2000; Kim et al. 2009). In most, if not all, proposed AD pathogenic 

pathways, the APOE e4 allele either reduces protection or increases toxicity compared to the 

e3 and e2 alleles. A lot of the literature has focused on the isoform-specific effects of APOE 

on protection against Aβ-induced neurotoxicity (Mahley and Rall 2000; Manelli et al. 2004). 

The APOE E3 protein binds to Aβ with higher affinity than APOE E4 (LaDu et al. 1994), and 

APOE E2 protein binding to the Aβ peptide has been shown to be comparable to E3-Aβ 

complex formation (LaDu et al. 1997). Therefore, the higher affinity binding of APOE E3 and 

E2 to Aβ may enhance the clearance, and thus prevent accumulation, of the neurotoxic Aβ 

species in individuals with the e3 allele (LaDu et al. 1997). Indeed, APOE E4 has been shown 

to form insoluble, high-molecular-weight complexes with the Aβ peptide whereas APOE E3 is 

less reactive and doesn’t form such extensive and dense complexes (Sanan et al. 1994). In a 

cohort of cognitively normal individuals under the age of 70, biomarkers of brain Aβ 

accumulation were present at a frequency that corresponded to their APOE genotype, that is e4 

> e3 > e2 (Castellano et al. 2011). The same study also looked at a mouse model of Aβ-

amyloidosis expressing human APOE isoforms, and found that consistent with their 

observation in human participants, mice also developed Aβ deposition in an APOE isoform-

dependent pattern (E4 > E3 > E2). Furthermore, E4 appears to destabilize microtubule 

assembly while E3 stabilizes the formation of microtubules (Nathan et al. 1995). Though the 
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mechanism remains unclear, the binding of APOE E3 and E2 to tau may protect it from 

hyperphosphorylation, and therefore prevent intracellular deposits of tau in the form of 

neurofibrillary tangles characteristic of AD (Strittmatter et al. 1994).  

Another mechanism by which APOE may affect AD pathology is through modulation of 

neuroinflammatory responses. In addition to amyloid plaques and neurofibrillary tangles, an 

activation of inflammatory responses is observed in the brains of AD patients and is thought to 

contribute to the pathogenesis of AD (Bales et al. 2000). Aβ is a stimulator of glial-mediated 

neuroinflammatory responses (Guo et al. 2004). Interestingly, Aβ also induces upregulation of 

APOE expression and release, and these increased levels of APOE may serve as a feedback 

mechanism to limit Aβ-driven neuroinflammation (LaDu et al. 2000). Isoform-dependent 

differences in the anti-inflammatory properties of APOE may in part explain the differential 

risk for AD caused by e2, e3, and e4 alleles. This has been shown in vivo with human-APOE 

knock-in mice, where e4 knock-in mice had a greater pro-inflammatory response compared to 

e3 knock-in mice (Guo et al. 2004). Having an APOE e4 allele may therefore exacerbate or 

ineffectively prevent neuroinflammation in AD. Several other mechanisms by which the e4 

allele has been shown to contribute to AD risk is through network hyperexcitability, reduced 

glucose metabolism, decreased vascular health, and mitochondrial dysfunction (Liu et al. 

2013). As both i) first-degree relatives of persons with LOAD, and ii) individuals with the 

APOE e4 allele have a greater risk for developing AD, family history and APOE e4 status are 

important predictors of AD risk.   

 

1.2.2. Neural correlates of early Alzheimer’s disease 

Historically, AD has been classified based on appearance of clinical symptoms. As 

previously mentioned, however, one of the pathophysiological hallmarks of AD is 

neurodegeneration, beginning decades before any cognitive symptoms arise (Morris 2005). In 
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2011, the National Institute on Aging and the Alzheimer’s Association (NIA-AA) Working 

Group proposed criteria that incorporate neuroimaging biomarkers for diagnosis of probable 

AD (Sperling et al. 2011). The NIA-AA research framework has since been updated to group 

biomarkers into those of Aβ deposition, pathologic tau, and neurodegeneration [AT(N)] (Jack 

et al. 2018). This dissertation focuses on the neurodegeneration component of the AT(N) 

framework, and the following section will introduce some MRI biomarkers of preclinical AD, 

prior to the appearance of cognitive symptoms. Figure 1 and Figure 2 provide visual 

representations of some of the grey and white matter anatomical brain regions, respectively, 

that will be discussed in the sub-sections below. The prevalent etiological model for AD 

suggests that brain changes characteristic of AD pathology follow a specific temporal order, 

and these changes map onto the amnestic cognitive decline phenotype (Braak and Braak 1991a; 

Braak et al. 2011; Jack et al. 2016; Riedel et al. 2018).  
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Figure 1. 3D depictions of a) areas of the medial temporal lobe, and b) areas important for 
non-standard visuomotor integration. Hippocampal subfields obtained from FreeSurfer 
segmentation are shown in c) a 3D brain, d) 3D superior, anterior, and inferior views, and e) 
sagittal, coronal, and axial slices. Figure taken from Rogojin et al. (from chapter 2).   
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Figure 2. Major white matter tracts affected in the preclinical stage of Alzheimer’s disease, 
some of which are also important for visuomotor control. IFOF, inferior fronto-occipital 
fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, 
uncinate fasciculus. Brain figures made with “ggseg” R package (Mowinckel and Vidal-Piñeiro 
2020). 
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Anatomical magnetic resonance imaging 

Anatomical, or structural, MRI is clinically valid, non-invasive, and sensitive to the 

changes seen in brain structure starting in early AD (Belleville et al. 2014). Anatomical MRI 

detects declines in grey matter volume as a measure of atrophy that results from global neuronal 

loss (Ewers et al. 2011). Normal aging, even without AD pathology, has been shown to lead to 

declines in grey matter volume. Advanced aging has been found to result in volume loss in 

areas of the prefrontal cortex, inferior parietal lobule (IPL), and hippocampal formation (Jack 

et al. 2000; Raz et al. 2005). Hippocampal and entorhinal volume declines with increasing age 

have also been shown to predict worse performance on memory tasks (Rosen et al. 2003; 

Rodrigue and Raz 2004). The medial temporal lobe (MTL) includes the hippocampus and the 

surrounding perirhinal, parahippocampal, and entorhinal cortical regions. Converging evidence 

from imaging studies has supported the hypothesis that the MTL, working in concert with the 

prefrontal cortex (Sperling et al. 2001; Sperling et al. 2003), is involved in episodic memory 

(Eichenbaum et al. 1996; Yonelinas et al. 2001; Zeineh et al. 2003).  

Cognitively normal adults with a maternal family history of AD show lower grey matter 

volumes in AD-vulnerable brain areas, with progressive grey matter atrophy in the 

parahippocampal gyrus and precuneus (Honea et al. 2011). In the same study, these authors 

found that APOE e4 carriers had more regional atrophy in the superior frontal and inferior 

frontal cortices compared to e4 non-carriers. A meta-analysis reported that atrophy in the 

transentorhinal region, hippocampus, IPL, and precuneus may predict progression from mild 

cognitive impairment to AD (Schroeter et al. 2009). Cognitively healthy individuals with a 

family history of LOAD have also shown decreased grey matter in the precuneus, superior 

frontal, middle frontal, and inferior frontal gyri compared with individuals with no family 

history (Honea et al. 2010). Furthermore, those with a maternal family history had significantly 

smaller inferior frontal, middle frontal, precuneus, and lingual gyri compared with subjects 
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with either a paternal family history or no family history. These findings complement and 

extend reports of cerebral metabolic differences in individuals with a maternal family history 

(Mosconi et al. 2007). Many of these areas that show early grey matter atrophy in preclinical 

AD, including the medial prefrontal cortex, precuneus, IPL, and regions of the MTL, are areas 

of the default mode network (DMN) discussed below (Parvizi et al. 2006; Sperling et al. 2010; 

Márquez and Yassa 2019), which is a resting state functional network negatively impacted in 

preclinical AD.   

The hippocampus is one of the earliest brain areas to be affected by AD pathology, with 

abnormal accumulation of Aβ protein in plaques and hyperphosphorylated tau in 

neurofibrillary tangles (Braak and Braak 1991a). Several studies have shown that atrophy in 

areas of the MTL, namely the hippocampus and entorhinal cortex, is a significant predictor of 

progression from being cognitively healthy to developing mild cognitive impairment, and 

eventually to AD (Jack et al. 2000; Pennanen et al. 2004; Apostolova et al. 2006; DeCarli et al. 

2007; Fleisher et al. 2007; Risacher et al. 2009; Apostolova et al. 2010). Atrophy in the 

hippocampus has been consistently shown in preclinical AD populations. Family history of AD 

and APOE e4 status are independently associated with hippocampal, parahippocampal, and 

entorhinal cortical thinning (Donix, Burggren, Suthana, Siddarth, Ekstrom, Krupa, Jones, 

Martin-Harris, et al. 2010). Family history specifically was associated with a thinner cortex in 

the hippocampal cornu ammonis field 1 (CA1) and subiculum. APOE e4 carriers, when 

compared with non-carriers, showed thinning of the subiculum. In 2-year longitudinal study 

completed by the same group, cognitively healthy APOE e4 carriers showed significantly 

greater cortical thinning in the subiculum of the hippocampus, as well as in the entorhinal 

cortex, compared to non-carriers of the allele (Donix, Burggren, Suthana, Siddarth, Ekstrom, 

Krupa, Jones, Rao, et al. 2010). Similar results were reported in another longitudinal study of 

elderly subjects who were cognitively healthy at baseline, some of whom were later diagnosed 
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with mild cognitive impairment and AD at 3- and 7-years follow-up, respectively (Apostolova 

et al. 2010). They found that atrophy within CA1 and the subiculum predicted decline to mild 

cognitive impairment, and progressive CA1 and subiculum atrophy spreading into the CA2/3 

subfields suggested future diagnosis of AD.  

 

Diffusion tensor imaging 

Changes to white matter microstructure can be detected using a technique called diffusion 

tensor imaging (DTI), which measures the diffusion of water molecules along white matter 

tracts (Taylor et al. 2003). Water diffusion is calculated based on the rate of diffusion along the 

three orthogonal axes of the diffusion ellipsoid, defined by eigenvectors (indicating diffusion 

direction) and their corresponding eigenvalues (reflecting diffusion magnitude) (Madden et al. 

2012). Some studies suggest that DTI changes reflecting decreased white matter integrity may 

precede grey matter volume loss, making it a potential tool of the early detection of 

neurodegeneration (Hugenschmidt et al. 2008; Nir et al. 2012). The most commonly reported 

DTI measures are mean diffusivity (MD) and fractional anisotropy (FA). MD is the average 

amount of water diffusion calculated as the average diffusivity across all three principal axes 

of diffusion, where higher MD denotes an increased rate of diffusion (Madden et al. 2012). 

MD depends on the integrity of physical obstructions, such as membranes, and the resultant 

diffusion rate of water molecules between different cell compartments (Beaulieu 2002). FA is 

a value between zero and one that measures the degree of anisotropy of a diffusion process, or 

directionality of water diffusion. Specifically, a value of zero corresponds to isotropic diffusion 

(it is unrestricted or equally restricted in all directions), whereas a value of one corresponds to 

complete anisotropic diffusion (diffusion occurs along a single axis) (Hashemi et al. 2012). A 

lower FA is thought to reflect a loss of white matter integrity that may be a result of myelin or 

axonal membrane damage (Kubicki et al. 2007). A higher MD and/or lower FA would signify 
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a breakdown in white matter integrity. More recently, studies have also started to look at DTI 

diffusion measures of water movement parallel (axial diffusivity, AxD) and perpendicular 

(radial diffusivity, RD) to the primary diffusion axis to provide more specific information about 

white matter integrity (Madden et al. 2012). Decreased AxD and increased RD values are 

thought to reflect axonal damage (Concha et al. 2006; Sun et al. 2006) and loss of myelin 

integrity (Song et al. 2003; Song et al. 2005; Sun et al. 2006), respectively. While the diffusion 

tensor model provides useful summary measures of regions containing mainly single fibres 

where there is one major fibre direction in a voxel (O’Donnell and Westin 2011), there are 

several limitations that are important to be aware of when interpreting diffusion data findings. 

For instance, DTI has limitations in regions with more complex microstructure within voxels 

containing multiple fibre populations (i.e., crossing-fibre tracts) (Curran et al. 2016). Several 

studies have demonstrated that FA, MD, RD, and AxD are all susceptible to the effects of 

crossing-fibres (Pierpaoli and Basser 1996; Wheeler-Kingshott and Cercignani 2009; Vos et 

al. 2012). Furthermore, although FA, MD, RD, and AxD quantify different properties of white 

matter microstructure, they are not completely independent of each other (O’Donnell and 

Westin 2011). All four diffusion measures are calculated from mathematical equations using 

different combinations of the three mutually perpendicular eigenvectors and their 

corresponding eigenvalues (Soares et al. 2013). 

DTI studies have shown that there are declines in white integrity as early as in the 

preclinical stages of AD (Kantarci et al. 2014; Prescott et al. 2014; Fischer et al. 2015). Lower 

FA in the parahippocampal gyrus white matter is associated with presence of APOE e4 

(Nierenberg et al. 2005; Honea et al. 2010). With disease progression, white matter alterations 

spread from association tracts within the limbic system to temporal and parietal areas (Kantarci 

et al. 2010; Nowrangi et al. 2013). Cognitively normal participants with preclinical AD 

pathology show lower integrity in frontal, parietal, temporal, and cingulate cortex white matter, 
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in regions known to be involved in the early stages of AD, compared to individuals without 

AD pathology (Hoy et al. 2017). Both APOE e4 and parental family history of AD have been 

associated with microstructural white matter differences in cognitively healthy adults (Bendlin 

et al. 2010; Westlye et al. 2012; Adluru et al. 2014). Several major white matter tracts within 

the brain have been linked to preclinical AD, many of which were previously reported to be 

affected in mild cognitive impairment and early AD. Older participants (over 65 years of age) 

who are APOE e4 carriers showed higher MD in the superior longitudinal fasciculus (SLF) and 

cingulum bundle, and higher RD in the genu of the corpus callosum, compared to non-carriers 

(Adluru et al. 2014). Similar results were reported in another study, with APOE e4 carriers 

having increased RD and MD in the forceps minor (anterior radiation of the genu of the corpus 

callosum) and SLF (Westlye et al. 2012). Parental family history of AD has also been 

associated with lower FA in the cingulum, corpus callosum, uncinate fasciculus (UF), and 

hippocampus (Bendlin et al. 2010). This study further demonstrated that FA is correlated with 

increased risk load, where possessing both positive family history and being an APOE e4 

carrier was associated with the lowest FA compared to possessing only one or no risk factors. 

Cognitively healthy women at increased risk for AD, based on a positive family history and 

have an APOE e4 allele, showed decreased white matter integrity in the inferior longitudinal 

fasciculus (ILF), inferior fronto-occipital fasciculus (IFOF), UF, genu of the corpus callosum, 

and cingulum, compared to women with a low-AD risk (Gold et al. 2010). Specifically, they 

had decreased FA in the ILF, IFOF, and UF, increased MD in the corpus callosum, ILF, and 

IFOF, decreased AxD in the cingulum, and increased RD in the ILF, IFOF, and UF. Similarly, 

decreased FA values in the IFOF, ILF, corpus callosum, and cingulum have been shown in 

cognitively healthy women with a family history of AD and who are APOE e4 carriers, 

compared to women without either AD risk factor (Smith et al. 2010).  
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Therefore, the major white matter tracts that appear to show decreased integrity in 

preclinical AD across multiple studies are the corpus callosum, cingulum, UF, ILF, SLF, and 

IFOF. The corpus callosum connects the two cerebral hemispheres thus facilitating 

interhemispheric integration, and atrophy leads to functional disability (Ardekani et al. 2014). 

The cingulum interconnects frontal, parietal, and MTL regions, as well as subcortical nuclei to 

the cingulate cortex (Bubb et al. 2018). The UF connects Brodmann area 10 and the lateral 

orbitofrontal cortex with the anterior temporal lobes (Von Der Heide et al. 2013). Both the 

cingulum and UF are implicated in episodic memory (Von Der Heide et al. 2013; Bubb et al. 

2018), with the cingulum also involved in visuospatial memory, and damage to these tracts in 

preclinical AD may potentially explain the memory impairments seen in the later stages of AD. 

The ILF is an associative white matter tract that connects the occipital lobe with the inferior 

temporal lobe and MTL, and is involved in visually-guided decisions and behaviours (Waller 

et al. 2017; Herbet et al. 2018). The IFOF extends from areas of the occipital and parietal lobes 

to the inferior frontal lobe (Waller et al. 2017). The ILF and IFOF both facilitate goal-directed 

behaviour. The SLF is actually made up of three parallel segments – dorsal SLF I, middle SLF 

II, and ventral SLF III (de Schotten et al. 2011). The SLF connects the SPL, IPL, and areas of 

the frontal cortex, and is involved in orienting spatial attention toward visual targets, and 

redirecting goal-directed attention to events it identifies as salient.  

 

Resting state functional MRI 

Changes in the brain’s functional connectivity associated with AD can be assessed using 

functional MRI (fMRI) (Ewers et al. 2011). Functional MRI is based on a blood-oxygen-level-

dependent (BOLD) contrast, which is associated with neural activity at the population level. 

Resting state fMRI examines task-independent spontaneous BOLD signal fluctuations, which 

are specifically correlated between anatomically separated but functionally connected brain 
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regions, and reflect known anatomical systems (Fox and Raichle 2007). A particular resting 

functional network of interest in AD patients is the DMN, an anatomically defined network of 

interconnected brain regions which are preferentially active when an individual is not focused 

on the external environment, and shows reduced activity during cognitive task performance 

(Shulman et al. 1997; Buckner et al. 2008; Sperling et al. 2010). The core areas of the DMN 

include the posteromedial cortex (comprising the retrosplenial cortex, posterior cingulate 

cortex, and precuneus) (Parvizi et al. 2006), medial prefrontal cortex, and IPL extending into 

posterior temporal areas (Sperling et al. 2010; Márquez and Yassa 2019). In addition to these, 

the hippocampus and surrounding regions of the MTL are also a part of the DMN. Structural 

and functional MRI, as well as lesion studies in animals, have demonstrated that core areas of 

the DMN (particularly areas of the posteromedial cortex) have extensive connections to the 

MTL, a region of the brain important for episodic memory encoding (Meguro et al. 1999; 

Kobayashi and Amaral 2007). The DMN has also been implicated in memory formation, where 

successful memory formation required coordinated activation in the hippocampal, prefrontal, 

and parietal regions, and that age-related memory problems may be primarily due to a loss of 

deactivation in regions of the posteromedial cortex (Miller et al. 2008). Importantly, regions of 

the DMN including the MTL, posterior cingulate cortex, and retrosplenial cortex overlap with 

some of the earliest brain regions to show abnormal Aβ deposition and structural atrophy 

(Buckner et al. 2005; Bokde et al. 2009).  

In preclinical AD, studies have demonstrated that disruptions in the DMN precede 

neurodegeneration (Sheline and Raichle 2013). Lower connectivity within the DMN was found 

in healthy older APOE e4 carriers, with a sex interaction in the precuneus (a major region of 

the DMN) (Riedel et al. 2016). Female e4 carriers showed significantly reduced functional 

connectivity in the precuneus compared with female e3 homozygotes and male e4 carriers 

(Damoiseaux et al. 2012). Significantly decreased DMN connectivity has been observed in 
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cognitively normal older adults with elevated Aβ levels, with decreased functional connectivity 

from the posterior regions (precuneus and posterior cingulate cortex) to the anterior regions 

(anterior cingulate cortex), as well as from the precuneus to the hippocampus (Hedden et al. 

2009; Sheline, Raichle, et al. 2010). Cognitively normal individuals with a family history of 

LOAD have reduced connectivity between particular nodes of the DMN, namely the MTL and 

posterior cingulate cortex, compared to those with no family history (Wang, Catherine M. Roe, 

et al. 2012). Importantly, a family history effect on connectivity within the DMN was seen in 

APOE e4 non-carriers. Taken together these studies of resting state functional connectivity 

implicate regions of the posteromedial cortex within the DMN, particularly the precuneus and 

posterior cingulate cortex, to be especially vulnerable to early AD pathology. The precuneus 

and posterior cingulate cortex have reciprocal connections to the MTL (Braak and Braak 

1991b), which is involved in memory function and is one of the first regions of the brain to 

exhibit AD tau pathology and reduced glucose metabolism in AD (Braak and Braak 1991a; 

Adams et al. 2019). AD patients have demonstrated less coordinated activity in the DMN, as 

well as less deactivation in the medial parietal and posterior cingulate cortex during memory 

encoding (Lustig et al. 2003). Although considerably less studied, recent studies suggest that 

the integrity of other resting state networks is also affected in preclinical AD and have reported 

alterations in functional connectivity within the dorsal attention network, frontoparietal control 

network, and salience network (Machulda et al. 2011; Brier et al. 2012; Brier et al. 2014; Elman 

et al. 2016; Buckley et al. 2017; Liang et al. 2017).  

Collectively, these structural and functional imaging studies provide potential MRI 

biomarkers for preclinical AD. However, while minimally invasive, neuroimaging is expensive 

and requires extensive personnel and infrastructure to administer. The findings from these 

neuroimaging studies demonstrate characteristic patterns of disruption to the structural and 

functional integrity of brain networks, suggesting the AD is a disconnection syndrome 
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(Delbeuck et al. 2003). Using a task that requires successful communication across multiple 

brain regions is one way to test the integrity of brain networks. Behavioural tasks that involve 

sensory and motor regions of the brain have been shown to be affected by AD pathology 

(Albers et al. 2015). For instance, performance deficits of visuomotor tasks requiring 

communication of widespread brain regions making up the frontoparietal network (Caminiti et 

al. 2017) have been demonstrated in individuals with AD-related dementia risk (Hawkins and 

Sergio 2014; Hawkins et al. 2015; Hawkins and Sergio 2016; Rogojin et al. 2019; Lu et al. 

2021), mild cognitive impairment (Salek et al. 2011), and dementia due to AD (Tippett et al. 

2012; de Boer et al. 2014; de Boer et al. 2015; de Boer et al. 2016). Together with the 

recognition that AD pathology develops over several decades, these findings suggest that the 

use of early noninvasive behavioural biomarkers for AD, such as tasks involving visuomotor 

integration discussed in detail below, could provide an exciting possibility for early AD 

detection. 

 

1.3. Sensorimotor transformations in unimanual visually-guided movements 

Imagine that you’d like to take a sip from the mug of tea that may be steaming on the 

table in front of you as you read this. When you reach towards the cup, it involves first looking 

at the object before initiating the reaching movement. Your brain then automatically transforms 

any relevant visuospatial information into a motor output for you to successfully pick up the 

mug. Eye-hand coordination is an important aspect of our ability to interact with the world 

around us in our everyday lives. In most reaching movements, the visual stimulus and required 

motor action are aligned, as with the mug of tea. These types of movements are referred to as 

standard “coupled” visuomotor transformations (Wise et al. 1996). This action involves the 

spatially congruent guidance of the eyes, limbs, and body directly towards a visual target of a 

reach. In other words, the eyes are directed towards the object and the hand moves to the same 
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spatial location occupied by that. This process is automatic because the brain’s default 

visuomotor mapping is thought to have the gaze and hand spatially aligned (Gielen et al. 1984; 

Helsen et al. 1998). However, primates have evolved to use tools and movements have become 

more complex, with many learned movements having an element of dissociation or 

“decoupling” between the targets of gaze, attention, and reach. There is an integration of some 

form of cognitive information into the visuomotor transformation (Wise et al. 1996). This form 

of visuomotor guidance depends on non-standard “decoupled” visuomotor transformations, 

and involves thinking and moving at the same time. This is also known as non-standard 

visuomotor integration. For non-standard visuomotor integration, the mapping between the 

visual stimulus and response must be learned and calibrated.  

Non-standard mapping is used in situations when there is some level of dissociation 

between the target of a reach and the motor output. There are two categories of non-standard 

visuomotor mapping: 1) arbitrary, and 2) transformational. Non-standard arbitrary mapping 

involves, as the name suggests, selection of motor behaviour based on arbitrary sensory stimuli 

(Murray et al. 2000). Nonspatial properties of a visual stimulus, such as colour, provide 

information about the target for the motor output. For instance, when driving a car, a red traffic 

light means the person driving must step on the brake pedal to stop the car. The stimulus (red 

light) is arbitrary in the sense that the action it leads to has no relationship to the stimulus itself 

other than an associative link formed through learning to drive. Non-standard transformational 

mapping also involves dissociated visual cues and motor outputs; however, unlike in arbitrary 

mapping, it uses spatial information to relate the position of the visual target to the direction of 

an action. Non-standard transformational mapping is itself further broken down into two 

forms: 1) sensorimotor recalibration, and 2) strategic control (Wise et al. 1996). Sensorimotor 

recalibration is used when the spatial location of a visual target and the required movement 

are in different planes. When using a laptop trackpad, the visual target (cursor on the computer 
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monitor) is in a different plane from the required movement (trackpad on a horizontal surface). 

This type of non-standard mapping is also used for laparoscopic surgeries. There needs to be a 

coordinated remapping of the visual target and hand representation in one plane, onto the target 

representation and true location of the hand in another plane (Bedford FL 1993; Lackner and 

Dizio 1994; Clower and Boussaoud 2000). For the movement to be successful, there also needs 

to be constant feedback and updating of the hand relative to the target location. Strategic 

control is used in movements where an explicit rule needs to be applied in order to move 

correctly (Redding and Wallace 1996; Redding et al. 2005). Going back to the laptop trackpad 

example, this is seen in certain laptops where in order to scroll down, you need to slide your 

fingers up. There is a 180o rotation, where your motor output (hand moving up) needs to go in 

the opposite direction of the target (page scrolling down) to successfully complete the task. 

Sensorimotor recalibration is implicit, whereas strategic control uses explicit rules. The 

projects within this dissertation involve the study of non-standard transformational mapping, 

as it requires non-standard visuomotor integration which has been shown to differ between 

healthy and clinical populations, discussed in more detail below. 

  

1.3.1. Brain networks involved in unimanual visuomotor integration 

Movements directed by vision require a transformation of sensory information about 

body and target positions into appropriate motor outputs - in other words, sensorimotor 

transformation. While the underlying neurological computations are not yet fully understood, 

a visually guided movement involves a transformation from extrinsic (using external cues) to 

intrinsic (the required joint and muscle activations) reference frames (Kalaska and Crammond 

1992; Kalaska et al. 1997; Kakei et al. 2003). Specifically, an eye-centered coordinate frame 

(i.e., internal representation of a target in space using its position on the retina) needs to be 

transformed to an effector-centered motor coordinate frame (i.e., position of muscles and joints 
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performing the movement) (Andersen et al. 1985; Soechting and Flanders 1989a; Soechting 

and Flanders 1989b; Flanders et al. 1992; Kalaska and Crammond 1992; Ghilardi et al. 1995). 

In a visually-guided reaching task, this sensorimotor transformation is known as visuomotor 

integration. There needs to be a transformation from extrinsic visuospatial information to 

intrinsic muscle and joint representations (Kalaska et al. 1997; Kalaska et al. 1998; Battaglia-

Mayer et al. 2000; Sergio and Kalaska 2003; Crawford et al. 2011).  

It has been well established that visuomotor integration relies on a network of brain 

regions within the frontoparietal reach network (Wise et al. 1996; Sabes 2000; Caminiti et al. 

2017). Interconnected neuronal populations from parietal, premotor, and primary motor areas 

forming the frontoparietal network have been established as brain areas necessary for 

visuomotor integration (Wise et al. 1997; Sabes 2000). The following outlines a simplified 

flow of information through the frontoparietal network necessary for visuomotor 

transformations (see Figure 3) (Alexander and Crutcher 1990; Kalaska and Crammond 1992; 

Kalaska et al. 1997; Sabes 2000). Visual information comes in through the primary visual 

cortex in the occipital lobe, and is further processed through the parieto-occipital region. 

Information then flows to the posterior parietal cortex (PPC), containing the superior parietal 

lobule (SPL), IPL, and areas of the intraparietal sulcus. These areas are called the anterior, 

medial, lateral, and ventral intraparietal areas. Neurons within the PPC are important for 

visuomotor transformations as they discharge in response to both sensation and movement 

(Kalaska 1996; Blangero et al. 2009). From the PPC, information is sent to the premotor cortex, 

which includes areas responsible for motor planning. These areas are the medial supplementary 

motor area, cingulate motor area, lateral dorsal (PMd) and ventral (PMv) premotor areas. The 

motor plan is then executed when these areas output information to the primary motor cortex.  
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Figure 3. Putative cortical networks required for non-standard visuomotor integration (Granek 
and Sergio 2015). The simplified schematic diagram depicts the possible cortical connections 
involved in strategic control (purple lines) and sensorimotor recalibration (green lines). Other 
intermediate connections in the networks are indicated with grey lines, and connections to the 
cerebellum are shown with dashed grey lines. Most cortico-cortical connections are reciprocal. 
The prefrontal cortex (PFC) consists of the ventrolateral (VLPFC) and dorsolateral (DLPFC) 
prefrontal cortices. The posterior parietal cortex (PPC) includes the superior parietal lobule 
(SPL) and inferior parietal lobule (IPL). The SPL and IPL are separated by the intraparietal 
sulcus (IPS), which contains anterior (AIP), lateral (LIP), medial (MIP), and ventral (VIP) 
subdivisions. The occipital cortex includes the primary visual cortex (V1). Dorsal premotor 
cortex (PMd), ventral premotor cortex (PMv), parieto-occipital region (PO), and primary motor 
cortex (M1) are shown as well. 
 

  



 

 
 

 

30 

Both single-unit and local field potential activity within parietal and premotor areas of 

the frontoparietal network is modulated when there is a decoupling between the actions of the 

eyes and the hand (reaching on a horizontal plane while viewing a guiding stimulus on a vertical 

place) (Hawkins et al. 2013; Sayegh et al. 2013; Sayegh et al. 2014). Standard reaches show 

enhanced activity within SPL regions surrounding the medial intraparietal sulcus, and the 

caudal PMd (Sayegh et al. 2017). In contrast, caudal SPL and rostral PMd show enhanced 

activity during non-standard reaches where there is a decoupling of the eyes and hand. These 

results demonstrate a separation by region in the SPL and PMd during standard versus non-

standard visuomotor tasks. Results from other studies have further suggested the existence of 

distinct neurological processes between implicit (sensorimotor recalibration) versus explicit 

(strategic control) non-standard transformational mapping (Taylor et al. 2014; McDougle et al. 

2015). Recent neuroimaging studies in humans have characterized the brain areas required for 

standard versus implicit and explicit non-standard mapping (Gorbet and Sergio 2016; Gorbet 

and Sergio 2018). Relative to standard mapping, incorporation of an explicit rule (a visuomotor 

rotation of 180°) resulted in significantly different activity in the cuneus and medial premotor 

regions during the preparatory phase of the movement (Gorbet and Sergio 2016). During 

movement execution, there was greater activity within the right IPL and left superior posterior 

cerebellum for the non-standard task. The right IPL in particular appears to play an important 

role in maintaining spatial attention on current task goals, as well as adapting to changing 

circumstances and responding to salient new information in the environment (Singh-Curry and 

Husain 2009). Lesions to the right IPL result in disorders of attention and neglect, and deficits 

in sustaining attention and detecting salient events (Husain and Nachev 2007). Damage to the 

left IPL is not associated with the same deficits in attention, instead typically leading to the 

syndrome of apraxia. Discrimination between standard mapping and implicit (arm movements 

made in a different spatial plane relative to the guiding visual stimulus) non-standard mapping 
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early in movement planning involved the anterior prefrontal cortex and precuneus (Gorbet and 

Sergio 2018). As motor execution approached, activity in areas of the premotor, primary motor 

and somatosensory, posterior parietal, middle occipital, and medial occipital cortices, as well 

as the anterior lobe of the cerebellum, was able to discriminate between the two conditions.   

 

1.3.2. Effects of healthy aging versus Alzheimer’s disease on unimanual visuomotor 

integration 

There are reductions in movement speed and accuracy, as well as difficulties in 

processing complex visual scenes, that come with healthy aging (Stelmach et al. 1987; Darling 

et al. 1989; Munoz et al. 1998; Sekuler et al. 2000; Ketcham et al. 2002). Healthy younger and 

older adults have shown declines in performance of increasingly dissociated reaching tasks 

requiring non-standard mapping (Hawkins and Sergio 2014). Reaction times and movement 

times were both significantly longer in the older adults when compared to younger adults in 

the non-standard conditions. In clinical populations, structural brain changes precede 

significant memory deficits typically associated with AD. Brain autopsies of demented patients 

showed widespread Aβ deposits and characteristic distribution patterns of neurofibrillary 

tangles in frontal and parietal lobes (Braak and Braak 1991a), which are part of the 

frontoparietal reach network required for visuomotor integration (Caminiti et al. 2017). 

Damage to white matter tracts has been found in and between brain areas affected in AD, such 

as in the posterior cingulum, between the prefrontal cortex and MTL, and between the 

prefrontal cortex and parietal lobe (Adlard et al. 2014). Preclinical AD has been shown to cause 

visuomotor deficits, where having a family history of dementia and being an APOE e4 carrier 

were significant predictors of poorer non-standard visuomotor integration performance 

(Rogojin et al. 2019). Behavioural studies looking at AD patients found performance declines 

of eye-hand coordination in plane change tasks requiring non-standard mapping (Ghilardi et 
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al. 1999; Ghilardi et al. 2000). Individuals with mild cognitive impairment and early-stage AD 

patients show difficulties in movements requiring the integration of cognitive information 

(Tippett and Sergio 2006; Tippett et al. 2007; Salek et al. 2011; Tippett et al. 2012). 

Interestingly, these clinical populations performed no differently compared to healthy age-

matched controls on a standard mapping task, but only showed significant declines in task 

performance once an element of decoupling was introduced between gaze and movement (i.e., 

tasks requiring non-standard visuomotor integration).  

While it’s the hippocampus that appears to be most severely affected by structural 

alterations in early AD, glucose hypometabolism is seen predominantly in the temporoparietal 

area, including the posterior cingulate gyrus, precuneus, and IPL (Schroeter et al. 2009). One 

theory to explain this discrepancy is that hypometabolism in the parietal cortex is the result of 

a disconnection from the hippocampus due to cingulum bundle atrophy. In support of this 

theory, a study looking at patients with early AD found that hippocampal atrophy was 

correlated with cingulum bundle disruption, which in turn was correlated to hypometabolism 

of the posterior cingulate cortex, parahippocampal gyrus, hippocampus, and right 

temporoparietal associative cortex (Villain et al. 2008). These results provide the first direct 

evidence supporting the disconnection hypothesis as a major factor contributing to the early 

posterior hypometabolism in AD. Imaging studies have demonstrated that disruption of the 

precuneus is involved in deficits in visually-guided behaviour (Cavanna and Trimble 2006), 

and the precuneus has been shown to be involved in movement planning for non-standard tasks 

requiring a plane change (Gorbet and Sergio 2018). The precuneus, a core node within the 

DMN, has decreased functional connectivity in healthy older APOE e4 carriers (Riedel et al. 

2016). Cognitively healthy older adults with elevated Aβ levels also show decreased DMN 

connectivity, specifically between the precuneus and the hippocampus (Hedden et al. 2009; 

Sheline, Raichle, et al. 2010). The right IPL is important for movement planning of tasks 
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involving a visual feedback reversal (Gorbet and Sergio 2016), and earlier research has shown 

that the IPL has reciprocal connections with the CA1 subregion of the hippocampus (Rockland 

and Van Hoesen 1999; Clower et al. 2001). In humans, there is increasing evidence that 

hippocampal subregions are differentially affected by AD, with atrophy seen in the subiculum 

and CA1 in preclinical AD (Apostolova et al. 2010; Donix, Burggren, Suthana, Siddarth, 

Ekstrom, Krupa, Jones, Rao, et al. 2010; Donix, Burggren, Suthana, Siddarth, Ekstrom, Krupa, 

Jones, Martin-Harris, et al. 2010). Damage to the hippocampus early on in disease progression 

may therefore affect IPL function. Both the precuneus and IPL show hypometabolism and grey 

matter atrophy early in AD (Schroeter et al. 2009; Honea et al. 2010). The IFOF and SLF white 

matter tracts are involved in visuospatial attention and goal-directed behavior (de Schotten et 

al. 2011; Waller et al. 2017; Herbet et al. 2018), and have connections with the IPL (de Schotten 

et al. 2011; Conner et al. 2018). Thus, atrophy in the precuneus and right IPL may underlie 

some of the early visuomotor impairments seen in preclinical AD, mild cognitive impairment, 

and AD for tasks requiring non-standard mapping. 

 

1.4. Behavioural principles of bimanual coordination 

Interlimb movements are those in which two limbs move simultaneously in order to 

perform a task, such as when buttoning up one’s shirt or driving a car. Interlimb movements 

can involve coordination between homologous limb pairs (i.e., between both arms or both legs), 

or between non-homologous limb pairs (e.g., the simultaneous movements of the forearm and 

lower leg, or the wrist and ankle) (Swinnen 2002). Healthy older adults predominantly use 

interlimb movements over unimanual movements as the majority of everyday tasks require 

some degree of collaboration between the upper limbs (Kilbreath and Heard 2005; Vega-

González and Granat 2005). The final project in this dissertation will focus on fundamental 
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research investigating interlimb coordination of homologous limb pairs, specifically the upper 

limbs in bimanual movements.  

Performing tasks that require moving more than one limb together introduces constraints 

or limitations on bimanual movements that don’t exist when performing unimanual 

movements. The most intensively studied have been neuromuscular constraints on bimanual 

coordination related to the relative timing of homologous muscle activation (Swinnen and 

Gooijers 2015) which as a result of different coordination modes. Although other modes exist, 

humans show a tendency towards in-phase or anti-phase (180° phase-shift) coordination modes 

(Swinnen 2002; Swinnen and Wenderoth 2004). In-phase movements involve both hands 

moving in mirror-symmetrical patterns with respect to the mid-sagittal plane, and correspond 

to simultaneous activation of bilateral homologous muscle groups (e.g., simultaneous flexion 

and extension of both hands at the wrist). Anti-phase patterns of coordination, or parallel 

asymmetrical movements, arise from non-homologous muscle activation where homologous 

muscle groups are activated in an alternating fashion (e.g., one hand flexes at the wrist while 

the other hand extends at the wrist). In-phase and anti-phase movements are spontaneously 

stable and can generally be performed without practice (Kelso 1984; Lee et al. 1995). In-phase 

coordination patterns are the more precise and stable of the two, while anti-phase patterns are 

increasingly unstable when performed at higher frequencies (Kelso 1984; Tuller and Kelso 

1989; Wenderoth et al. 2009). For example, in a bimanual four finger tapping tasks, a mirror 

symmetric pattern of movements with respect to the midline of the body (in-phase) was found 

to be more stable than a parallel coordination pattern where fingers tapped either to the left or 

to the right together on both hands (anti-phase) (Mechsner et al. 2001; Mechsner and Knoblich 

2004). When movement frequency is increased, the coordination mode will spontaneously 

switch from anti-phase to in-phase, while the opposite transition does not occur (Kelso 1984; 

Kelso et al. 1986; Scholz and Kelso 1989). Bimanual coupling of both arms is higher during 
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in-phase movements, demonstrated by a lower inter-limb phase difference, greater inter-limb 

synchronization, and similar acceleration profiles (Shih et al. 2019). These spatiotemporal 

relationships suggest that in-phase movements are controlled by a common neural generator 

(i.e., the dominant hemisphere), while in anti-phase movements the two limbs are controlled 

more independently. Phase patterns that deviate from in-phase or anti-phase coordination can 

be performed, however they are more difficult and require practice (Smethurst and Carson). 

There is also a bimanual coupling effect that takes place such that the two hands become 

constrained either spatially or temporally (Swinnen 2002). Imagine for a moment that there are 

two cups sitting on the table in front of you, one slightly closer and one slightly further away. 

If you were asked to unimanually reach out and grasp each cup separately, you would likely 

predict that it would take less time to grasp the cup that is closer to you. If you were then asked 

to perform this task bimanually (i.e., perform the two unimanual tasks simultaneously), would 

you still conclude that you would grasp the closer cup in less time? Previous research suggests 

that actually you would likely reach and grasp both cups at approximately the same time (Kelso 

et al. 1979; Crites and Gorman 2017). This is an example of temporal bimanual coupling. 

Another example of temporal coupling was shown in a bimanual finger tapping study, where 

most individuals were not able to successfully tap rhythms of non-harmonic relations without 

interference between the two hands (Peters 1977).  

In the spatial domain, the bimanual coupling effect has mostly been investigated through 

the simultaneous performance of incongruent actions, such as movements with different spatial 

forms (Franz et al. 1996; Franz 1997), directions (Swinnen et al. 2001), or amplitudes 

(Sherwood 1994a; Sherwood 1994b; Spijkers and Heuer 1995). For instance, have you ever 

tried to simultaneously tap the top of your head with one hand while rubbing your stomach in 

a circular motion with the other? In a similar task, when participants were asked to draw a line 

with one hand and a circle with the other hand, this resulted in cross-talk between the two 
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effectors and produced somewhat line-like circle and circle-like lines (Franz et al. 1991). 

Various combinations of these neuromuscular, temporal, and spatial constraints can further 

mediate bimanual control. For example, in-phase movements (homologous muscle activation) 

in the same direction (i.e., curling and uncurling the fingers by flexing and extending them) 

were performed with greater stability and accuracy than non-isodirectional in-phase 

movements (i.e., mirror-symmetrical abduction and adduction of the index fingers with respect 

to the midline of the body) (Swinnen et al. 1998).  

 

1.4.1. Neural correlates of bimanual movements in healthy adults 

Bimanual movements are not coordinated by a specific brain area, but rather require an 

involvement or collaboration among regions of a distributed motor network of cortical and 

subcortical areas that are important for general motor control (Debaere et al. 2001). These brain 

regions include the dorsal premotor cortex (PMd), primary sensorimotor cortex (M1 and S1), 

supplementary motor area (SMA), cingulate motor area (CMA), posterior parietal cortex 

(PPC), and the cerebellum, and show greater activation during bimanual tasks compared to 

unimanual tasks (Jancke et al. 2000; Tracy et al. 2001; Swinnen 2002; Lin et al. 2017). 

Differential activation levels were revealed in non-isodirectional bimanual coordination 

patterns compared to isodirectional coordination patterns, with greater activation in medial 

frontal areas including the SMA and CMA (Debaere et al. 2001). Studies have further 

addressed the distinction in neural activity underlying in-phase (symmetrical) and anti-phase 

(asymmetrical) coordination modes. In right-handed individuals, the left dominant hemisphere 

plays a key role in the execution of in-phase movements, resembling the combined activity 

patterns of right and left unimanual movements (Stephan et al. 1999). Meanwhile, there is 

greater activity in the right non-dominant hemisphere when performing anti-phase movements. 

Anti-phase bimanual movements, when compared to in-phase movements, show further 
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increased activation in the PMd (Sadato et al. 1997; Immisch et al. 2001; Ullén et al. 2003; 

Debaere et al. 2004a; Wu et al. 2010), SMA (Sadato et al. 1997; Debaere et al. 2001; Immisch 

et al. 2001; Ullén et al. 2003; Debaere et al. 2004b; Wu et al. 2010), CMA (Immisch et al. 

2001; Lin et al. 2017), PPC (Nair et al. 2003; Ullén et al. 2003; Wu et al. 2010; Kiyama et al. 

2014), and cerebellum (Debaere et al. 2004a; Kraft et al. 2007; Wu et al. 2010; Lin et al. 2017). 

Specifically, increasing spatiotemporal complexity of bimanual hand movements (i.e., moving 

from unimanual, to bimanual in-phase, to bimanual anti-phase, to bimanual 90° out-of-phase 

tasks) resulted in increases in activity in anterior and posterior hemisphere (lobule V, VIII) and 

vermis (V, VI, and VIII) regions of the cerebellum (Debaere et al. 2004a). Other studies have 

reported the importance of cerebellar lobules IV and VI in successful bimanual control 

(Debaere et al. 2004b; Boisgontier et al. 2018). 

The cerebellum is organized into two cerebellar hemispheres which are separated by an 

unpaired medial structure called the vermis (Klein et al. 2016). There are 10 lobules in the two 

hemispheres of the cerebellar cortex (lobules I-X), with lobules I-V constituting the anterior 

cerebellar lobe, lobules VI-IX the posterior cerebellar lobe, and lobule X the flocculonodular 

lobe, with corresponding vermal regions (vermis I-X). Cerebellar lobules IV-VI both receive 

input from and project to the arm area of M1 (Kelly and Strick 2003). Converging evidence 

suggests that parts of the anterior lobe (lobule V) and posterior lobe (lobules VI and VIII) 

constitute the sensorimotor cerebellum, showing greater activation during sensorimotor tasks 

(Habas et al. 2009; Stoodley and Schmahmann 2009; Stoodley and Schmahmann 2010). 

Human neuroimaging studies have also demonstrated somatomotor representations within the 

cerebellum, with representation of the arm and fingers localized to lobules V and VIII (Grodd 

et al. 2001; Wiestler et al. 2011). Together with findings from bimanual studies, these studies 

suggest the importance of specific cerebellar lobules (i.e., lobules IV-VI and VIII) in 

visuomotor and bimanual control.  
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1.4.2. Sex differences and their potential neural correlates in bimanual coordination 

performance 

Few studies have investigated sex effects on bimanual coordination, and those that have 

report contradictory findings with some studies demonstrating a slight female advantage 

(Albines et al. 2016; Khanjari and Arabameri 2021) while others found a slight male advantage 

(Mickevičienė et al. 2011; Shetty et al. 2014). These discrepancies may be due to differences 

in the tasks used to investigate bimanual coordination as sex effects have been shown to depend 

strongly on task symmetry, for instance, where women had better performance of some 

bimanual tasks and worse performance in others compared to men (Rudisch et al. 2020). The 

neural activity underlying sex-differences in bimanual movement production have not been 

explicitly studied. Bimanual performance asymmetries between women and men may arise 

from sex differences in interhemispheric connectivity. As discussed in the subsection above, 

different intra- and interhemispheric neural networks are necessary for successfully performing 

bimanual tasks. Greater within-hemisphere connectivity and cross-hemispheric cerebellar 

connectivity in men may confer a more efficient system for coordinated action (Ingalhalikar et 

al. 2014). Bimanual movements result in greater activation of the cerebellum compared to 

unimanual movements (Swinnen et al. 2002; Debaere et al. 2004a), with further increased 

cerebellar activity associated with increasingly complex bimanual tasks (Debaere et al. 2004a). 

Greater cross-hemispheric cerebellar connectivity in men may explain the male bimanual 

advantage demonstrated in some studies (Mickevičienė et al. 2011; Shetty et al. 2014).  

Conversely, women have greater interhemispheric connectivity (Ingalhalikar et al. 2014) 

and sex-differences in functional activity associated with visually-guided arm movements have 

been demonstrated using both fMRI (Gorbet and Sergio 2007) and EEG (Gorbet et al. 2010). 

These functional studies showed that during the preparatory phase of the movement, activity 
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in the PMd and PPC occurred mainly contralateral to the arm movement in men but showed a 

more bilateral activation in women. Greater interhemispheric connectivity and more bilateral 

activation in women suggests there is greater transmission of information across hemispheres 

and a greater capacity for one hemisphere to inhibit another. This may allow for an enhanced 

ability to decouple the arms in bimanual movements and translate into better bimanual 

coordination performance in women reported by other studies (Albines et al. 2016; Khanjari 

and Arabameri 2021). The contradictory results of sex-differences in bimanual performance 

and lack of studies explicitly investigating potential sex-differences in bimanual neural activity 

highlight a gap in the literature trying to understand the neural correlates of bimanual 

movements.  

 

1.5. A brief overview of the three projects described in this dissertation 

There were a number of objectives that drove the following projects, where the broad 

aim of the research discussed in this dissertation was to understand the neural mechanisms 

controlling voluntary movement. The first general objective was to examine the impact of early 

Alzheimer’s disease pathology on neural networks underlying complex visuomotor 

transformations in unimanual reaching movements. Previous work from our laboratory 

demonstrated that a tablet-based visuomotor transformation task may be used as a cost-

effective and clinically accessible assessment tool for the early detection of dementia likely 

due to Alzheimer’s disease (Rogojin et al. 2019). The first two projects described in this 

dissertation were a direct extension of these previous findings, and examined the neural 

anatomy (chapter two) and resting functional connectivity (chapter three) underlying 

impaired visuomotor performance in individuals with an increased genetic (APOE e4) risk for 

Alzheimer’s disease. The second general objective was more fundamental in nature, and sought 

to elucidate the neural correlates of previously observed sex differences in bimanual task 
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performance in healthy adults (Mickevičienė et al. 2011; Shetty et al. 2014; Albines et al. 2016; 

Khanjari and Arabameri 2021). While the underlying brain activity associated with completing 

the unimanual task has been extensively studied and shown to differ between the sexes (Gorbet 

and Sergio 2007; Gorbet et al. 2010; Gorbet and Staines 2011), there is a gap in the literature 

investigating potential sex-differences in the neural correlates underlying bimanual 

performance. The final project in this dissertation characterized the differences in the neural 

control of bimanual movement between males and females (chapter four).  
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Chapter Two: Structural MRI and diffusion tensor imaging: Effects of APOE status, family history of dementia, and sex on non-standard visuomotor 

performance 
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ABSTRACT 

Introduction: Visuomotor impairments have been demonstrated in preclinical AD in 

individuals with a positive family history of dementia and APOE e4 carriers. Previous 

behavioural findings have also reported sex-differences in performance of visuomotor tasks 

involving a visual feedback reversal. The current study investigated the relationship between 

grey and white matter changes and non-standard visuomotor performance, as well as the effects 

of APOE status, family history of dementia, and sex on these brain-behaviour relationships. 

Methods: Older adults (n = 49) with no cognitive impairments completed non-standard 

visuomotor tasks involving a visual feedback reversal, plane-change, or combination of the 

two. Participants with a family history of dementia or who were APOE e4 carriers were 

considered at an increased risk for AD. T1-weighted anatomical scans were used to quantify 

grey matter volume and thickness, and diffusion tensor imaging measures were used to quantify 

white matter integrity. Results: In APOE e4 carriers, grey and white matter structural measures 

were associated with visuomotor performance. Regression analyses showed that visuomotor 

deficits were predicted by lower grey matter thickness and volume in areas of the medial 

temporal lobe previously implicated in visuomotor control (entorhinal and parahippocampal 

cortices). This finding was replicated in the diffusion data, where regression analyses revealed 

that lower white matter integrity (lower FA, higher MD, higher RD, higher AxD) was a 

significant predictor of worse visuomotor performance in the forceps minor, forceps major, 

cingulum, inferior fronto-occipital fasciculus (IFOF), inferior longitudinal fasciculus (ILF), 

superior longitudinal fasciculus (SLF), and uncinate fasciculus (UF). Some of these tracts 

overlap with those important for visuomotor integration, namely the forceps minor, forceps 

major, SLF, IFOF, and ILF. Conclusions: These findings suggest that measuring the 

dysfunction of brain networks underlying visuomotor control in early-stage AD may provide a 

novel behavioural target for dementia risk detection that is easily accessible, non-invasive, and 

cost-effective. The results also provide insight into the structural differences in inferior parietal 

lobule that may underlie previously reported sex-differences in performance of the visual 

feedback reversal task.  
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1. INTRODUCTION 

Alzheimer’s disease (AD) is a slowly progressive neurodegenerative disease and the 

most common cause of dementia in older adults. AD pathology begins several decades before 

the onset of clinical dementia, and symptoms appear only after there has already been 

significant damage to the brain (Morris 2005), which means the assessment of increased 

dementia risk in the early stages of AD is crucial. Recently published guidelines suggest that 

effective interventions could be initiated during this early stage of disease progression (Dubois 

et al. 2016). Even in the absence of effective disease-modifying treatments that prevent 

neuronal loss and resultant cognitive decline (Vaz and Silvestre 2020), the early recognition of 

dementia risk is important for improving patient outcomes now and in the future when effective 

therapies become available. Current clinical diagnosis of AD involves procedures that can be 

invasive, expensive, and time-ineffective (such as cerebrospinal fluid analysis, blood tests, and 

neuroimaging), making their use as frontline screening tools limited. Furthermore, studies have 

shown that dementia is under-diagnosed in primary care (Connolly et al. 2011; Lang et al. 

2017; Amjad et al. 2018) even as the prevalence of AD is projected to rise due to increased life 

expectancy (Alzheimer’s Association 2019). A number of medical, environmental, and 

lifestyle factors have been associated with an increased risk for developing mild cognitive 

impairment and dementia, some of which include modifiable risk factors such as diabetes, 

tobacco use, physical inactivity, obesity, and social isolation (Livingston et al. 2020; Litke et 

al. 2021). These factors highlight the need for the development of a non-invasive and cost-

effective assessment tool for those at increased dementia risk. By identifying individuals at a 

greater risk for developing dementia, healthcare providers can provide evidence-based 

recommendations on lifestyle changes, interventions, and management of physical and mental 

health conditions to delay or slow down the progression of AD (World Health Organization 

2019). 
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As an alternative to current diagnostic tools and procedures, measuring the dysfunction 

of brain networks underlying visuomotor transformations in early-stage AD may provide a 

novel behavioural target for dementia risk detection that is easily accessible and cost-effective. 

Default or “standard” visually-guided arm movements typically involve looking towards the 

intended target of a reach, followed by an arm movement to the same location (Gielen et al. 

1984; Wise et al. 1996; Helsen et al. 1998). For example, reaching directly towards a cup of 

tea to pick it up. However, many tasks in our everyday lives require us to spatially dissociate 

the targets of the eye and arm movements, such as during a plane-change or a visual feedback 

reversal. A common example of a plane-change is using a computer with a mouse or trackpad. 

Arm movements controlling the mouse or trackpad are made along the horizontal plane in order 

to move a cursor on the vertical computer screen. An example of a visual feedback reversal is 

seen when using some computer trackpads, where sliding up on the trackpad scrolls the page 

down. Another example would be the use of a car’s rear-view camera (or, rear-view mirror) 

while backing up. To avoid hitting any objects, one must turn the steering wheel leftward in a 

vertical plane while the object on the screen (or, in the mirror) moves to the right. Here, the 

plane of limb movement is decoupled from the guiding visual information, and there is a visual 

feedback reversal as well. These decoupled or “non-standard” visually-guided arm movements 

require the integration of some form of cognitive information into the visuomotor 

transformation, and the mapping between the visual stimulus and response must be learned and 

calibrated (Wise et al. 1996). Some patient populations show an impaired ability to successfully 

perform non-standard visuomotor tasks, even while their performance on standard mapping 

tasks remains unaffected. These impairments have been observed in patients with mild 

cognitive impairment (Salek et al. 2011), in the early stages of dementia due to AD (Tippett et 

al. 2012; de Boer et al. 2014; de Boer et al. 2015; de Boer et al. 2016), and in individuals at an 

increased risk for future dementia (due to a dementia family history, or a genetic risk due to 
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being an APOE e4 carrier) who did not yet show any cognitive deficits (Hawkins and Sergio 

2014; Lu et al. 2021).  

Visuomotor integration relies on interconnected brain regions within the frontoparietal 

network (Wise et al. 1997; Sabes 2000; Filimon 2010; Caminiti et al. 2017). There are some 

areas of activity common to both standard and non-standard visuomotor reaching tasks 

including the contralateral primary, premotor, and medial motor regions, as well as the 

postcentral gyrus (Gorbet et al. 2004). Additional brain regions become active during non-

standard reaching tasks as visuomotor transformations become increasingly dissociated. These 

brain areas include the anterior prefrontal cortex, precuneus, and large regions of the occipital 

lobe for non-standard visuomotor integration involving a plane-change (Gorbet and Sergio 

2018), as well as areas of the premotor, primary motor and somatosensory, posterior parietal, 

middle occipital, and medial occipital cortices during a visual feedback reversal task (Gorbet 

and Sergio 2016). When contrasting a standard task with a non-standard task involving both a 

feedback reversal and plane-change using a joystick, the non-standard task showed increased 

activity in the left precuneus, the right superior frontal and middle temporal gyri, and bilaterally 

in the angular gyri (Gorbet et al. 2004). The precuneus and inferior parietal lobule in particular 

appear to be important for discriminating between standard and non-standard task conditions 

(Gorbet and Sergio 2016; Gorbet and Sergio 2018).  

Given the known functional substrates of non-standard visuomotor transformations, 

several white matter tracts that connect these areas of the frontoparietal network may be 

implicated in visually-guided reaching. The superior longitudinal fasciculus (SLF) has been 

shown to be important for visuomotor integration (Rodríguez-Herreros et al. 2015; 

Budisavljevic et al. 2017) and to a lesser extent, the inferior fronto-occipital fasciculus (IFOF) 

which has been implicated in visuospatial attention and goal-directed behaviour (de Schotten 

et al. 2011; Waller et al. 2017; Herbet et al. 2018). Both the SLF and IFOF have connections 
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with the inferior parietal lobule (de Schotten et al. 2011; Burks et al. 2017), which is one of the 

regions important for non-standard visuomotor mapping. The inferior longitudinal fasciculus 

(ILF) runs between the anterior temporal and posterior occipital lobes (Bennett et al. 2012; 

Wycoco et al. 2013), and is involved in processing visual cues and thus also in visually-guided 

decisions and goal-oriented behaviours (Waller et al. 2017; Herbet et al. 2018). A meta-analysis 

reported that the corpus callosum also plays a central role in visuomotor integration, as well as 

in higher-order cognitive functions such as spatial attention and executive control (Schulte and 

Müller-Oehring 2010).  

Little evidence exists regarding the role of the medial temporal lobe in visual guidance 

of movements and in visuomotor or motor tasks. Some areas of the medial temporal lobe have 

been implicated in visuomotor coordination. The parahippocampal cortex may be an important 

relay for the transformation between visual inputs and hand kinematics (outputs), and the 

hippocampus, parahippocampus, and entorhinal cortex appear to encode the position of the 

hand in space (Tankus and Fried 2012). The retrosplenial cortex has extensive connections 

with the parietal cortex (Vann et al. 2009), playing a central role in the coordination of 

information between internal and external spatial frames of reference (Clark et al. 2018) which 

is important for visually-guided movements. Although dramatic neuronal loss is not observed 

in preclinical AD, there is mild grey matter atrophy in areas of the medial temporal lobe 

including the entorhinal, perirhinal, hippocampal, and parahippocampal cortical regions during 

this stage (Honea et al. 2009; Honea et al. 2011). There is increasing evidence that hippocampal 

subregions are differentially affected by AD progression, with the earliest atrophy found in the 

subiculum and CA1 subfields in preclinical AD (Apostolova et al. 2010; Donix, Burggren, 

Suthana, Siddarth, Ekstrom, Krupa, Jones, Martin-Harris, et al. 2010; Donix, Burggren, 

Suthana, Siddarth, Ekstrom, Krupa, Jones, Rao, et al. 2010). The CA1 has reciprocal 
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connections with the inferior parietal lobule (Rockland and Van Hoesen 1999; Clower et al. 

2001). The retrosplenial cortex is also affected early in AD progression (Nestor et al. 2003). 

Diffusion tensor imaging measures (fractional anisotropy, FA; mean diffusivity, MD; 

radial diffusivity, RD; and axial diffusivity, AxD) provide information about white matter 

microstructure and pathology (Song et al. 2002; Song et al. 2003), and have been used as an 

index of white matter integrity (Pfefferbaum et al. 2000; Acosta-Cabronero and Nestor 2014; 

Molloy et al. 2021). Several studies have suggested that white matter damage may precede 

grey matter atrophy in AD (Hong et al. 2016; Hoy et al. 2017; Dadar et al. 2020). White matter 

integrity declines have been found in several major white matter tracts including the corpus 

callosum, cingulum, SLF, IFOF, ILF, and uncinate fasciculus (UF) in cognitively healthy 

adults who are APOE e4 carriers and have a parental family history of AD (Bendlin et al. 2010; 

Gold et al. 2012; Westlye et al. 2012; Adluru et al. 2014). Some of these tracts overlap with 

those mentioned previously to be involved in visuomotor integration. Known early AD 

pathology (Thal et al. 2002; Mintun et al. 2006; Pletnikova et al. 2018) and atrophy (Chételat, 

Villemagne, Bourgeat, et al. 2010; Jacobs et al. 2011; Doré et al. 2013) in frontal and parietal 

regions, combined with frontoparietal tract involvement in healthy rule-based visuomotor 

integration, suggest that reduced communication along these tracts may underlie impaired 

performance in those at an increased risk for dementia.  

In the present study, we first examined whether individuals at an increased risk for AD 

(due to a family history or a genetic risk) showed grey matter atrophy or declines in white 

matter integrity in brain regions and tracts typically affected early in disease progression. 

However, the main objective was to explore the neural underpinnings to previous behavioural 

findings, where individuals with a positive family history of dementia and APOE e4 carriers 

demonstrated performance deficits on non-standard visuomotor tasks (Rogojin et al. 2019). 

There were also sex-related differences in performance of the non-standard visuomotor task 
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involving a feedback reversal. In the current study, we examined the neural anatomy underlying 

impaired non-standard visuomotor performance, and whether this impairment is affected by 

family history of AD, APOE e4 status, or sex. We hypothesized a positive relationship between 

brain structural and white matter integrity measures and visuomotor performance. We 

predicted grey matter atrophy within the inferior parietal lobule, precuneus, and retrosplenial 

cortex to be associated with deficits in non-standard visuomotor integration. We were also 

interested in exploring whether atrophy in the areas of the medial temporal lobe that have been 

previously implicated in visuomotor coordination would be predictive of worse visuomotor 

task performance. Based on the importance of the SLF, IFOF, ILF, and corpus callosum in 

visuomotor integration and goal-directed behaviour, we also predicted that white matter 

integrity declines in these tracts would similarly be associated with declines in non-standard 

visuomotor integration performance. An exploratory component to the study was to explore 

the effects of family history, APOE status, and sex on these brain-behaviour relationships.  

 

2. METHODS 

2.1. Participants 

Forty-nine right-handed older adults aged 49 to 69 were included in the current study: 25 

individuals with a positive family history of dementia but with no cognitive impairment (n = 

12 females), and 24 individuals with no family history of dementia (n = 12 females) (see Table 

1 for demographic information). Classification of a positive family history of dementia was 

based on self-reported maternal or multiple family history (including at least one first-degree 

relative) of late-onset AD or probable AD. Cognitive function was measured with the Montreal 

Cognitive Assessment (MoCA), where scoring at or above education-adjusted norms of 26 or 

higher indicated no cognitive impairment. A higher risk for AD is associated with a maternal 

history of dementia, while paternal history does not confer the same increased risk and was 
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therefore not used for high-dementia risk classification (Honea et al. 2010; Honea et al. 2011). 

Participants were excluded if their parents were deceased at a young age before dementia could 

be detected, or if the participant was estranged from either of their biological parents and did 

not know their medical history. Classification of no family history of dementia was based on 

participants having no family history of AD or any other type of dementia, not demonstrating 

memory impairments outside of their age range norm, and scoring at or above age-average on 

the MoCA. Participants with a positive family history of dementia were age-balanced with 

participants without a family history of dementia. At present, the apolipoprotein E (APOE) e4 

allele represents the strongest and best-established genetic risk factor for progression to clinical 

AD (Reitz and Mayeux 2014; Dubois et al. 2016). Participants with a family history of 

dementia or who were APOE e4 carriers were considered at an increased risk for AD. The 

exclusion criteria included uncorrected visual impairments, upper-limb impairments, any 

medical conditions that would hinder motor task performance (e.g., severe arthritis or 

dystonia), neurological illnesses (e.g., Parkinson’s disease, depression, schizophrenia, 

alcoholism, epilepsy), history of head injury (e.g., mild, severe), stroke, and medical diagnoses 

that might impact white matter integrity and brain connectivity (i.e., hypertension or diabetes). 

The study protocol was approved by the Human Participants Review Sub-Committee of York 

University’s Ethics Review Board. 
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Table 1. Participant demographic features.  
 

 APOE e4 
positive 

APOE e4 
negative FH+ FH- Females Males 

Demographics 

n 16 31 25 24 24 25 

Age (years) 59.3 ± 5.30 58.4 ± 5.99 58.5 ± 6.10 58.8 ± 5.29        58.4 ± 5.81 58.8 ± 5.63 

Range 51 - 68 49 - 69 51 - 69 49 - 67 50 - 68 49 - 69 

FH+ 11 (69%) 14 (45%)   12 (50%) 13 (52%) 

APOE e4 positive    11 (69%) 5 (31%) 11 (46%) 5 (20%) 

MoCA score  27.9 ± 1.5 28 ± 1.56 27.8 ± 1.52 28 ± 1.56 28.2 ± 1.53 27.6 ± 1.5 

Range 26 - 30 26 - 30 26 - 30 26 - 30 26 - 30 26 - 30 

Years of education 16.0 ± 3.70 17.7 ± 3.15 17.3 ± 3.52 16.8 ± 3.19 17.3 ± 3.07 16.7 ± 3.61 

Range 11 - 23 12 - 24 11 - 23 12 - 24 12 - 24 11 - 22 

FH+, positive family history of dementia; FH-, no family history of dementia; APOE, apolipoprotein E; MoCA, 
Montreal Cognitive Assessment. 
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2.2. APOE genotyping 

A total of 2 mL of saliva were collected from each participant in microtubes from Diamed 

Lab Supplies Inc. using collection aids from Cedarlane Labs. Samples were sent to DNA 

Genotek Inc. (Ottawa, ON, Canada) for DNA extraction and APOE genotyping. DNA was 

isolated from samples according to the manufacturer’s protocols. Genotyping for APOE 

involved single nucleotide polymorphism (SNP) genotyping, and tested for SNPs rs429358 

and rs7412. The proteins that are produced by the APOE gene are either E2, E3, or E4 

combinations (for instance, E2/E3). 

 

2.3. Behavioural data 

2.3.1. Behavioural data acquisition 

A detailed description of our visuomotor assessment has been previously published (Rogojin 

et al. 2019). Briefly, all subjects completed four visuomotor transformation tasks, similar to 

those previously used by our laboratory (Tippett and Sergio 2006; Tippett et al. 2007; Salek et 

al. 2011; Tippett et al. 2012; Hawkins and Sergio 2014; Hawkins et al. 2015; Hawkins and 

Sergio 2016). These tasks were found to discriminate between women at high- and low-AD 

risk with a classification accuracy of 86.4% (sensitivity: 81.8%, specificity: 90.9%) (Hawkins 

and Sergio 2014). The tasks involved making simple sliding finger movements between targets 

displayed on an Acer Iconia 6120 dual-touchscreen tablet. These tasks were divided into one 

standard mapping condition (gaze and movement were coupled) and three different non-

standard mapping conditions (gaze and movement were decoupled). In all four conditions, 

participants were instructed to slide the index finger of their right hand along the touch screen 

(either the vertical or horizontal screen depending on the condition) in order to displace the 

cursor from a central target to one of four peripheral targets (up, down, left, right) as quickly 

and as accurately as possible. In the standard mapping task (S), the spatial location of the visual 
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target and the required hand movement were the same. The non-standard mapping tasks 

involved the finger movements being made either on a different plane (plane-change, PC), in 

the opposite direction (feedback reversal, FR), or both (PC+FR), from the spatial target location 

(see Fig. 1a for depictions of all four visuomotor transformation task conditions). Eye 

movements were the same across all conditions (i.e., always to the guiding visual target on the 

vertical screen).  

The four conditions were presented in randomized blocks, each consisting of five pseudo-

randomly presented trials to each of the four peripheral targets. Peripheral targets were located 

75 mm from the central target, with target diameters set to 20 mm. The tasks were displayed 

on a 170 x 170 mm black square and a surrounding grey background. There was a total of 20 

trials per condition, and thus each participant completed a total of 80 trials across the four 

conditions. To ensure task comprehension, each participant was given two practice trials per 

peripheral target prior to each of the four conditions. The trial timings and participant 

movements consisted of the following steps: 1) a yellow central (home) target was presented 

on the vertical tablet, 2) participants moved a white cursor to the central target, changing its 

colour to green once they reached it, 3) after holding the central target for 4000 ms, one of four 

red peripheral targets appeared and the central target disappeared, serving as the ‘Go’ signal 

for initiation of a movement, 4) participants were told to look towards the visual target and 

slide their finger along the touchscreen to direct the cursor towards the target, 5) once the 

peripheral target was reached and the participant held it for 500 ms, it disappeared, signaling 

the end of the trial, 5) the next trial began with the presentation of the central target after an 

inter-trial interval of 2000 ms (see Fig. 1b for visual representations of a single trial 

completion).  

In the standard condition, participants were asked to slide their finger directly to the target 

on the vertical screen (the cursor was directly under their finger). In the PC condition (non-
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standard), participants needed to move on the horizontal screen while looking at the vertical 

screen in order to direct the cursor towards the visual target displayed on the vertical screen. In 

the FR condition (non-standard), the cursor moved in the opposite direction of the participant’s 

finger movements, requiring them to slide their finger on the vertical screen away from the 

visual target in order to move the cursor towards it. Finally, in the PC+FR condition (non-

standard), movements needed to be made in the opposite direction and on a different plane 

from the visual target in order to direct the cursor towards it. 
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Figure 1. a) Schematic drawing of the visuomotor task conditions. Lighter eye and hand 
symbols denote the starting position for each trial (green central target). Darker eye and hand 
symbols denote the instructed eye and hand movements for each task. Red circles denote the 
peripheral (reach) target, presented randomly in one of four locations (left, up, right, or down 
relative to the central target). The direct interaction task requires standard mapping, where 
participants slide their finger on a touch screen to move a cursor from a central target to one of 
four peripheral targets. The other three conditions involve non-standard visuomotor 
integration, where targets either have a 180° feedback reversal (feedback reversal), are spatially 
dissociated from the plane of hand motion (plane-change), or both (plane-change + feedback 
reversal). b) Sequence of events during one trial of the visuomotor task. All trials begin in the 
central (home) target. Once the participant moves the cursor (denoted by the white square) into 
the central target, the target changes from yellow to green to signify a movement preparation 
period. After 4000 ms, a red peripheral target appears in one of four directions (up, down, left, 
or right of the centre) and serves as the ‘Go’ signal. Once the peripheral target is acquired and 
held for 500 ms it disappears, signaling the end of the trial. After an inter-trial interval of 2000 
ms, the central yellow target reappears, and the participant moves back to the central target to 
initiate the next trial.  



 

 
 

 

55 

2.3.2. Behavioural data preprocessing 

Kinematic measures, including timing, finger position (x, y coordinates; 50 Hz sampling rate), 

and error data were recorded for each trial and converted into a MATLAB readable format 

using a custom written (C++) application. Custom analysis software (Matlab, Mathworks Inc.) 

was used to process individuals’ finger trajectories with a fourth-order (dual pass) low-pass 

Butterworth filter at 10 Hz. Finger trajectories were generated from these filtered paths for each 

successful trial and displayed on a Cartesian plot illustrating finger location data superimposed 

on central and peripheral target locations. Movement onsets and ballistic movement offsets (the 

initial movement prior to any corrective movements) were scored at 10% peak velocity. Total 

movement offsets were scored as the final 10% peak velocity point once the finger position 

was within the correct peripheral target. If the initial movement successfully resulted in the 

finger reaching the peripheral target, then ballistic and total movement offsets were the same. 

These movement profiles were then verified by visual inspection, and manually corrected when 

necessary. Unsuccessful trials (error data) were detected by the data collection software by 

meeting the following criteria: finger left the home target too early (<4000 ms), reaction time 

(RT) was <150 ms or >8000 ms, or total movement time was >10 000 ms. Trials in which the 

first ballistic movement exited the boundaries of the central target in the wrong direction (>90o 

in either direction from a straight line to the target) were coded as direction reversals. Direction 

reversals were not included in metrics from correct trials, but instead were analyzed as a 

separate variable. All scored data were then processed to compute 7 different timing, accuracy, 

and precision measures described below. Any trials exceeding 2 standard deviations from the 

participant’s mean for any of the outcome measures were eliminated from final outcome 

calculations.  

The kinematic outcome measures were as follows: 1) Reaction time (RT), the time 

interval (in ms) between the central target disappearance and movement onset; 2) Full 
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movement time (MTf), the time (in ms) between movement onset and offset; 3) Peak velocity 

(PV), the maximum velocity obtained during the ballistic movement, and used to calculate the 

10% threshold used for determining movement onsets and offsets; 4) Path length (PL), the total 

distance (in mm, calculated from the x and y trajectories) travelled between movement onset 

and offset; 5) Absolute error (AE), a measure of end-point accuracy, and the average distance 

(in mm) from the individual ballistic movement endpoints (∑ x/n, ∑ y/n) to the actual target 

location; 6) Variable error (VE), a measure of end-point precision, and the distance (in mm) 

between the individual ballistic movement endpoints (σ) from their mean movement; and 7) 

Direction reversals (DR), recorded as a percentage of total completed trials. Corrective path 

length (CPL) represents corrective movements and was quantified by subtracting the PLb 

(initial movement offset) from the PLf (full movement offset). 

 

2.4. Magnetic resonance imaging 

2.4.1. Image acquisition 

MRI data were acquired using a 3 Tesla (3T) Siemens Trio scanner at York University. 

Participants received a T1-weighted anatomical scan using a sagittal volumetric magnetization-

prepared rapid gradient echo (MP-RAGE) sequence. The MP-RAGE consisted of the following 

acquisition parameters: 192 sagittal slices (slice thickness of 1 mm, with no gap), field of view 

(FOV) of 256 x 256 mm, matrix size of 256 x 256 resulting in a voxel resolution of 1 x 1 x 1 

mm, echo time (TE) = 2.96 ms, repetition time (TR) = 2300 ms, flip angle = 9o. The MP-RAGE 

scan was used to quantify grey matter volume and thickness. For assessing white matter 

integrity, a whole-brain diffusion-weighted scan was acquired with 64 encoding directions 

using diffusion-weighted spin-echo single-shot echo planar imaging. The diffusion tensor 

imaging (DTI) sequence used the following acquisition parameters: 56 axial slices (slice 

thickness of 2 mm, with no gap), FOV of 192 x 192 mm, matrix size of 128 x 128 resulting in 
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a voxel resolution of 1.5 x 1.5 x 2.0 mm, TE = 86 ms, TR = 6900 ms, b-value = 1000 s/mm2 

(including one volume with no diffusion gradient, b = 0 s/mm2).  

 

2.4.2. Structural MRI  

Preprocessing: The cortical surface was reconstructed using FreeSurfer 7.1 (Harvard Medical 

School, Boston, USA; https://surfer.nmr.mgh.harvard.edu/) with individual T1-weighted MR 

images serving as input. The main Freesurfer reconstruction pipeline (“recon-all”) was used to 

parcellate and segment the brain into anatomically distinct regions of the cortex and subcortical 

nuclei, respectively. Visual inspection of each participant's parcellation and segmentation was 

performed to ensure that there were no obvious errors.  

Grey matter volume and thickness (Fig. 2a,b): Volume and thickness measures for the 

precuneus, inferior parietal lobule, and parahippocampal cortex were obtained from the 

Desikan-Killiany atlas (Desikan et al. 2006) used in recon-all. Volume and thickness measures 

for the entorhinal cortex and perirhinal cortex were obtained from the cytoarchitecturally-

defined ex vivo labels in FreeSurfer. The retrosplenial cortex was defined as the posterior-

ventral part of the cingulate gyrus, or the isthmus of the cingulate gyrus, from the Destrieux 

atlas (Destrieux et al. 2010) used in recon-all. The posterior-ventral part of the cingulate gyrus 

provides a mask slightly larger than Brodmann areas 29 and 30 (i.e., the retrosplenial cortex 

proper) (Shine et al. 2016; Calati et al. 2018).  

Hippocampal subfield segmentation (Fig. 2c,d,e): Segmentation of the hippocampus into its 

subfields was performed with the FreeSurfer hippocampal module using the T1-weighted 

volumes processed with recon-all (Iglesias et al. 2015). This tool uses a probabilistic atlas 

constructed from ex vivo MRI data and a separate in vivo MRI dataset to automatically segment 

the hippocampal substructures. The resultant hippocampal subfields are the parasubiculum, 

presubiculum, subiculum, CA1, CA2/3, CA4/dentate gyrus (DG), molecular layer, fimbria, 
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hippocampal fissure, hippocampus-amygdala-transition-area (HATA), and hippocampal tail. 

Visual inspection of each participants’ hippocampal subfield segmentation was performed to 

ensure that there were no obvious errors, with the caveat that precise visualization of the 

distinct subfield boundaries at the spatial resolution used in this study is difficult. The following 

subfields were excluded: the parasubiculum (volume of <100 μl and may be more prone to 

noise), the molecular later (at risk of partial volume effects), HATA (volume of <100 μl and 

may be more prone to noise), fimbria (thin white matter whose segmentation is less reliable 

and is at risk of partial volume effects), the hippocampal fissure (a sulcus containing a thin 

layer of cerebrospinal fluid, rather than a hippocampal substructure exactly, whose 

segmentation is less reliable), and the hippocampal tail (a region where the subfields are not 

histologically distinct and discernible from each other) (Van Leemput et al. 2009; Kühn et al. 

2012; Iglesias et al. 2015; Parker et al. 2019). The following 5 subfields were therefore used 

for the final analysis: the presubiculum, the subiculum, CA1, CA2/3, and CA4/DG. 
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Figure 2. 3D depictions of a) areas important for non-standard visuomotor integration, and b) 
areas of the medial temporal lobe, used for grey matter volume and cortical thickness analyses. 
Hippocampal subfields obtained from FreeSurfer segmentation and used for analysis are shown 
in c) a 3D brain, d) 3D superior, anterior, and inferior views, and e) sagittal, coronal, and axial 
slices. 
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Intracranial volume adjustment: Intracranial volume (ICV) adjustment is an important step 

as it takes individuals’ variations in head size into account (i.e., the confound that subjects with 

large ICV and/or of younger age would be expected to have a larger hippocampus). ICV was 

calculated from the T1-weighted images using Statistical Parametric Mapping (SPM) 12 

software. The hippocampal subfield, parahippocampal, entorhinal, perirhinal, precuneus, 

inferior parietal lobule, and retrosplenial cortical volumes of interest (VOI) were ICV-corrected 

using the residuals method. This method was originally described by (Mathalon et al. 1993) 

and it aims to remove the ICV-VOI relationship. The residuals method obtains estimates of the 

ICV-VOI regression model parameters based on information solely from the control group, 

and these estimates are then used to compute residuals for the entire dataset (O’Brien et al. 

2011). The assumption behind this method is that the regression slope β is representative of a 

non-pathological relationship between VOI and ICV (Voevodskaya 2014). Thus, in studies 

where there is suspected brain atrophy (e.g., due to having a family history of dementia and 

being APOE e4-positive), the VOI-ICV regression line is calculated from controls (i.e., for the 

current study, controls are individuals who do not have a family history of dementia and who 

are also APOE-e4 non-carriers). Cortical thickness was not normalized as thickness measures 

do not scale linearly with head size.  

 

2.4.3. Diffusion-weighted imaging  

Preprocessing: T1-weighted images for each participant were aligned into AC-PC space to 

provide a common orientation for brain visualization and tractography. This alignment 

involved manually defining several anatomical landmarks in the T1 images: the AC (anterior 

commissure), the PC (posterior commissure), and the mid-sagittal plane. Diffusion-weighted 

images were preprocessed in FMRIB’s Software Library (FSL) using FMRIB’s Diffusion 

Toolbox (FDT) for eddy current correction and head motion correction. The preprocessed 
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diffusion-weighted images and the ACPC-aligned T1-weighted images were then input into 

the automated fibre quantification (AFQ) software (Yeatman et al. 2012). AFQ, a software 

package implemented in MATLAB, was used to identify the core of 20 major white matter 

tracts in each subject’s brain and then quantified the tissue properties of voxels near the core 

of the estimated tracts (Yeatman et al. 2012). The AFQ procedure is based on a combination 

of the methods described by (Hua et al. 2008) and (Zhang et al. 2008), and can be summarized 

in 6 steps: 1) Whole-brain tractography is done for each subject, where all fibers are tracked 

with a white matter mask defined as all the voxels with an FA value >0.3; 2) Fiber tract 

segmentation is performed based on the waypoint ROI procedure described in (Wakana et al. 

2007). Fibers are assigned as candidates to a specific fiber tract if they pass through two 

waypoint ROIs that define the central portion of the tract; 3) Fiber tract refinement involves 

scoring each candidate fiber based on its similarity to a standard fiber tract probability map 

from (Hua et al. 2008). Fibers with high probability scores are retained, thus defining the fiber 

tract core; 4) Fiber tract cleaning filters out stray fibers that deviate substantially from the core 

of a fiber group represented as a 3-dimensional Gaussian distribution; 5) Fiber tract clipping 

to the central portion that spans between the two defining ROIs for that tract; and finally 6) 

Fiber tract quantification to calculate diffusion measures at 100 equidistant nodes along the 

trajectory of the fiber group. The diffusion measures are calculated at each node by taking the 

weighted average of each fiber making up the tract based on its distance from the tract core. 

Thus, the AFQ pipeline produces a set of “tract profiles” that measure the tissue properties 

(FA, RD, AxD, and MD) at equidistant sample positions (100 nodes were used for our analysis) 

from the start to the end of the tract core. There is one profile for each tract and tissue property 

combination (e.g., FA along the inferior fronto-occipital fasciculus). The 20 fiber tracts 

identified with AFQ are: bilateral anterior thalamic radiation, bilateral corticospinal tract, 

bilateral cingulum cingulate, bilateral cingulum hippocampus, callosum forceps minor, 
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callosum forceps major, bilateral inferior fronto-occipital fasciculus, bilateral inferior 

longitudinal fasciculus, bilateral superior longitudinal fasciculus, bilateral uncinate fasciculus, 

and bilateral arcuate fasciculus (Hua et al. 2008). The literature has shown that the cingulum 

bundle, corpus callosum, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, 

superior longitudinal fasciculus, and uncinate fasciculus are affected early in AD progression. 

The corpus callosum, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, and 

superior longitudinal fasciculus have also been implicated in non-standard visuomotor 

transformations. We excluded the cingulum hippocampus which could not be properly tracked 

and was missing diffusion measures in over 5 subjects. The following 12 tracts of interest were 

therefore used in the final analysis: left (n = 47) and right (n = 46) cingulum cingulate (CGC), 

callosum forceps minor (n = 49), callosum forceps major (n = 49), left (n = 48) and right (n = 

47) inferior fronto-occipital fasciculus (IFOF), left (n = 48) and right (n = 49) inferior 

longitudinal fasciculus (ILF), left (n = 49) and right (n = 48) superior longitudinal fasciculus 

(SLF), and left (n = 48) and right (n = 49) uncinate fasciculus (UF) (Fig. 3).  
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Figure 3. White matter tracts of interest obtained from Automated Fibre Quantification 
software and used for analysis, shown in a) sagittal, and b) axial view. IFOF, inferior fronto-
occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus. 
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2.5. Statistical analysis 

All statistical analyses were carried out using open-source R software v4.1.0 (R Core 

Team 2021).  

 

2.5.1. Differences in structural MRI and DTI measures between groups 

Three-way ANOVAs were used to compare differences in structural MRI and DTI 

measures between three groups: 1) individuals with a family history of dementia and 

individuals without a family history of dementia, 2) females and males, and 3) APOE e4 

carriers and non-carriers. Specifically, the neuroimaging measures being compared were 1) 

grey matter volumes of the hippocampal subfields, parahippocampal cortex, entorhinal cortex, 

perirhinal cortex, retrosplenial cortex, inferior parietal lobule, and precuneus, 2) grey matter 

thickness of the parahippocampal cortex, entorhinal cortex, perirhinal cortex, retrosplenial 

cortex, inferior parietal lobule, and precuneus, and 3) mean diffusivity measures (i.e., FA, MD, 

RD, AxD) across the white matter tracts of interest. Post-hoc analyses were adjusted for 

multiple comparisons using the Holm correction method. Corrections were considered 

statistically significant at an alpha of p < 0.05.  

 

2.5.2. Effects of structural MRI and DTI measures on visuomotor performance 

Some of the kinematic measures were combined into composite scores to decrease the 

number of comparisons made in the data analysis, and the procedure was previously described 

in detail (Rogojin et al. 2019). Briefly, all kinematic measures were standardized using z-scores 

and composite scores were then created using simple averaging. The timing score was a 

composite score of RT, MTf, and PV, and the endpoint error score was a composite score of 

AE and VE. The Cronbach’s alpha values for the timing and endpoint error scores were 0.897 

and 0.772, respectively, indicating a high internal consistency.  
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Multiple regression analyses previously revealed both sex and family history as 

significant predictors of greater endpoint error scores (indicative of worse visuomotor 

performance) in the visual feedback reversal condition. The regression analyses also provided 

preliminary evidence that having an APOE e4 allele was a significant predictor of greater 

endpoint error scores in the plane-change feedback reversal condition, and greater corrective 

path lengths (indicative of worse visuomotor performance) in both plane-change conditions. 

Based on these previous behavioural findings, the current study used multiple linear regression 

analysis to explore whether visuomotor performance declines are associated with grey and 

white matter structural neuroimaging measures. The white matter tracts of interest were the 

cingulum cingulate, callosum forceps minor, callosum forceps major, IFOF, ILF, SLF, and UF. 

The grey matter regions of interest were the retrosplenial cortex, inferior parietal lobule, and 

precuneus, all shown to be involved in visually-guided reaching. Regression models were set 

up with grey or white matter measures as the predictor variable, visuomotor performance 

measures as the dependent variable, and were controlled for 1) sex and family history in the 

feedback reversal condition, and 2) APOE e4 status in the two plane-change conditions. The 

p-values were adjusted for multiple comparisons using the Holm correction method and were 

considered statistically significant at p < 0.05. For example, the regression models in the plane-

change feedback reversal condition were set up as follows: 

 

𝑌 = 	𝛽!𝑋 +	𝛽"𝑍 +	𝛽#𝑋 ∙ 𝑍 +	𝛽$ 
 
where:   Y is the continuous dependent variable, 

X is the continuous independent variable, 
Z is the dichotomous independent variable, 
X*Z is the interaction term calculated as X multiplied by Z, 
β0 is the intercept, 
β1 is the effect of X on Y, 
β2 is the effect of Z on Y, and 
β3 is the effect of XZ on Y. 
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A sample model looking at whether FA in the right ILF is predictive of endpoint error scores 

in the plane-change feedback reversal condition, moderated by APOE e4 status: 

 

𝐸𝑛𝑑𝑝𝑜𝑖𝑛𝑡	𝑒𝑟𝑟𝑜𝑟	𝑠𝑐𝑜𝑟𝑒 = 	𝛽!𝑅𝑖𝑔ℎ𝑡	𝐼𝐿𝐹 +	𝛽"𝐴𝑃𝑂𝐸	𝑒4	𝑠𝑡𝑎𝑡𝑢𝑠 +	𝛽#𝑅𝑖𝑔ℎ𝑡	𝐼𝐿𝐹 ∙ 𝐴𝑃𝑂𝐸	𝑒4	𝑠𝑡𝑎𝑡𝑢𝑠 +	𝛽$ 

 

If a significant moderated relationship has been identified (i.e., significant interaction 

X*Z), we used simple slopes analysis to examine the effects of X on Y within the individual 

levels of Z. A simple slope is the regression of Y on X at a specific value of Z. In this study, 

all moderator variables (family history of dementia, sex, and APOE e4 status) were binary - 

therefore, we tested the regression of Y on X at 0 (no family history, female, APOE e4 non-

carrier) and 1 (family history of dementia, male, APOE e4 carriers). Simple slopes analysis 

was used to determine whether either of the slopes differed significantly from zero (the 

horizontal).  

 

3. RESULTS 

3.1. Grey matter volume and thickness 

There was a significant main effect of family history on retrosplenial cortical volume 

(Fig. 4a), where individuals with a family history of dementia had lower grey matter volumes 

in the left retrosplenial cortex compared to individuals without a family history of dementia 

(F1,43 = 6.903, p < 0.05). There was a significant main effect of family history on 

parahippocampal cortical volume (Fig. 4b), where individuals with a family history of 

dementia had greater grey matter volumes in the right parahippocampal cortex compared to 

individuals without a family history of dementia (F1,43 = 14.2647, p < 0.01). Conversely, there 

was a significant main effect of APOE status on parahippocampal cortical volume (Fig. 4c), 

where APOE e4 carriers had lower grey matter volumes in the right parahippocampal cortex 
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compared to individuals without an APOE e4 allele (F1,43 = 5.4288, p < 0.05). Lastly, there was 

a significant main effect of sex on inferior parietal lobule thickness (Fig. 4d), where males had 

lower cortical thickness in the left inferior parietal lobule compared to females (F1,43 = 10.1512, 

p < 0.01). There were no statistically significant differences between 1) positive and negative 

family history, 2) females and males, and 3) APOE e4 carriers and non-carriers found for grey 

matter volume or thickness in the hippocampal subfields, entorhinal cortex, and perirhinal 

cortex. 
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Figure 4. Grey matter volume and thickness differences between participant groups. 
Significant results shown from three-way ANOVAs. Individuals with a family history of 
dementia had a) lower left retrosplenial volumes (F1,43 = 6.903, p < 0.05), but b) greater right 
parahippocampal volumes compared to individuals without a family history of dementia (F1,43 
= 14.2647, p < 0.01). c) APOE e4 carriers had lower right parahippocampal volumes compared 
to non-carriers (F1,43 = 5.4288, p < 0.05). d) Males had lower cortical thickness in the left 
inferior parietal lobule compared to females (F1,43 = 10.1512, p < 0.01). Brain figures made 
with “ggseg” R package (Mowinckel and Vidal-Piñeiro 2020). RSC, retrosplenial cortex; PHC, 
parahippocampal cortex; IPL, inferior parietal lobule; FH+, positive family history of 
dementia; FH-, no family history of dementia; APOE, apolipoprotein E.  
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3.2. Relationship between grey matter measures and non-standard visuomotor 

performance 

There were no significant interaction effects between the inferior parietal lobule, 

precuneus, or restrosplenial cortex and family history, sex, or APOE status in the multiple 

regression models that were based on previous behavioural findings. Multiple linear regression 

analyses revealed that presubiculum, subiculum, and parahippocampal volumes, as well as 

entorhinal cortical thickness were predictors of visuomotor performance in several of the non-

standard conditions.  

Hippocampal subfields (Fig. 5a,b,c): There was a significant interaction effect of left 

presubiculum volume and sex (β = -0.054317, p < 0.05) on endpoint error scores in the 

feedback reversal condition. The results of the regression indicated that the predictors 

explained 35.8% of variance (R2adj = 0.3584, F5,39 = 5.915, p < 0.001). Simple slopes analysis 

showed that smaller left presubiculum volume was a significant predictor of greater endpoint 

error scores only in males (simple slope = -0.06, S.E. = 0.02, p < 0.01). There was a significant 

interaction effect between right presubiculum volume and APOE status (β = 0.042356, p < 

0.01) on corrective path length in the plane-change condition, where the two predictors 

explained 43.1% of variance (R2adj = 0.4312, F3,39 = 11.61, p < 0.0001). Simple slopes analysis 

showed that larger left presubiculum volume was a significant predictor of greater corrective 

path length only in APOE e4 carriers (simple slope = 0.04, S.E. = 0.01, p < 0.01). There was a 

significant interaction effect between right subiculum volume and APOE status (β = 0.02861, 

p < 0.05) on corrective path length in the plane-change condition, where the two predictors 

explained 32.5% of variance (R2adj = 0.3248, F3,39 = 7.736, p < 0.001). Simple slopes analysis 

showed that larger right subiculum volume was a significant predictor of greater endpoint error 

scores only in APOE e4 carriers (simple slope = 0.02, S.E. = 0.01, p < 0.01).  
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Entorhinal cortex (Fig. 5d): There was a significant interaction effect of right entorhinal 

thickness and APOE status (β = -7.759, p < 0.05) on endpoint error scores in the plane-change 

feedback reversal condition. The results of the regression indicated that the predictors 

explained 34.8% of variance (R2adj = 0.3479, F3,43 = 9.181, p < 0.0001). Simple slopes analysis 

showed that smaller right entorhinal thickness was a significant predictor of greater endpoint 

error scores only in APOE e4 carriers (simple slope = -6.32, S.E. = 2.70, p = 0.02).  

Parahippocampal cortex (Fig. 5e): There was a significant interaction effect of left 

parahippocampal volume and APOE status (β = -0.0044851, p < 0.05) on corrective path length 

in the plane-change condition. The results of the regression indicated that the predictors 

explained 35.2% of variance (R2adj = 0.3519, F3,39 = 8.601, p < 0.001). Simple slopes analysis 

showed that smaller left parahippocampal volume was a significant predictor of greater 

corrective path length only in APOE e4 carriers (simple slope = -0.004, S.E. = 0.001, p < 0.01). 

There was also a significant interaction effect of left parahippocampal volume and APOE status 

(β = -0.02192, p < 0.05) on corrective path length in the plane-change feedback reversal 

condition. The results of the regression indicated that the predictors explained 36.2% of 

variance (R2adj = 0.3616, F3,43 = 9.686, p < 0.0001), however simple slopes analysis was not 

significant, indicating that APOE e4 carriers and non-carriers were significantly different from 

each other but not from zero. 
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Figure 5. Significant results from hippocampal subfield, entorhinal, and parahippocampal 
multiple regression and simple slopes analyses. Top panel (a,b,c): Hippocampal subfield 
volumes predict non-standard visuomotor task performance in the feedback reversal and the 
plane-change conditions. a) Higher endpoint error scores, reflecting worse visuomotor 
performance, were associated with smaller left presubiculum volumes (simple slope = -0.06, 
S.E. = 0.02, p < 0.01) only in males. Higher corrective path lengths, reflecting worse 
visuomotor performance, were associated with b) greater right presubiculum volume (simple 
slope = 0.04, S.E. = 0.01, p < 0.01), and c) greater right subiculum volume (simple slope = 
0.02, S.E. = 0.01, p < 0.01) only in APOE e4 carriers. Bottom panel (d,e): Entorhinal thickness 
and parahippocampal volume predict non-standard visuomotor task performance. d) Higher 
endpoint error scores, reflecting worse visuomotor performance, were associated with lower 
right entorhinal cortical thickness in the plane-change feedback reversal condition (simple 
slope = -6.32, S.E. = 2.70, p = 0.02) only in APOE e4 carriers. e) Higher corrective path lengths, 
reflecting worse visuomotor performance, were associated with lower left parahippocampal 
volume in the plane-change condition (simple slope = -0.004, S.E. = 0.001, p < 0.01) only in 
APOE e4 carriers. Brain figures made with “ggseg” R package (Mowinckel and Vidal-Piñeiro 
2020). EC, entorhinal cortex; PHC, parahippocampal cortex; FR, feedback reversal; PC, plane-
change; PC+FR, plane-change feedback reversal; APOE, apolipoprotein E. 
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3.3. Diffusion measures  

There were no statistically significant differences between 1) positive and negative 

family history, 2) females and males, and 3) APOE e4 carriers and non-carriers found for any 

of the diffusion measures in the major white matter tracts.  

 

3.4. Relationship between diffusion measures and non-standard visuomotor performance 

Multiple linear regression analyses revealed that lower FA, higher MD, higher RD, and 

higher AxD were significant predictors of worse visuomotor performance only in the plane-

change feedback reversal condition. Simple slopes analyses revealed that the relationship 

between the diffusion measures and visuomotor performance was only statistically significant 

in APOE e4 carriers (summarized in Table 2).  

Specifically, lower FA was associated with worse non-standard visuomotor performance 

in the forceps minor, right IFOF, and right ILF (Fig. 6). Higher MD was associated with worse 

non-standard visuomotor performance in the right cingulum cingulate, forceps major, forceps 

minor, and bilateral IFOF (Fig. 7). Higher RD was associated with worse non-standard 

visuomotor performance in the forceps minor, bilateral IFOF, and right ILF (Fig. 8). Higher 

AxD was associated with worse non-standard visuomotor performance in the right cingulum 

cingulate, bilateral IFOF, left SLF, and left UF (Fig. 9). Lower FA, higher MD, higher RD, 

and higher AxD are typically associated with damaged or impaired fibre integrity due to aging 

or disease pathology (Beaulieu et al. 1996; Davis et al. 2009; Acosta-Cabronero et al. 2010; 

Salat et al. 2010; Zhang et al. 2010; Bosch et al. 2012; Soares et al. 2013; Doan et al. 2017; 

Mayo et al. 2019; Bigham et al. 2020). Previous studies in preclinical Alzheimer’s populations 

found similar patterns of changes in diffusion measure of white matter in the same tracts 

(Bendlin et al. 2010; Gold et al. 2012; Westlye et al. 2012; Adluru et al. 2014), some of which 

overlap tracts important for visuomotor integration, namely the SLF, IFOF, ILF, and corpus 
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callosum. Our findings support our hypothesis that white matter integrity declines in these 

tracts would be associated with declines in non-standard visuomotor integration performance. 

The statistics for these multiple linear regressions are listed in Table 3. 
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Table 2. Summary of DTI findings by tract. In APOE e4 carriers, patterns in diffusion 
measures shown below (lower FA, higher MD, higher RD, higher AxD) were significant 
predictors of worse visuomotor performance in the plane-change feedback reversal condition. 
 

Tract FA MD RD AxD 

Forceps 
minor 

 

↓  ↑ ↑  

Forceps 
major 

 

 ↑   

Cingulum 
cingulate 

 

 ↑ right  ↑ right 

IFOF 

 

↓ right ↑ bilateral ↑ bilateral ↑ bilateral 

ILF 

 

↓ right  ↑ right  

SLF 

 

   ↑ left 

UF 
 

 

   ↑ left 

Brain figures made with “ggseg3d” R package (Mowinckel and Vidal-Piñeiro 2020). APOE, apolipoprotein E; 
FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; AxD, axial diffusivity; IFOF, inferior 
fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, 
uncinate fasciculus.   
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Figure 6. Lower fractional anisotropy predicts worse visuomotor performance (reflected by 
higher endpoint error scores or corrective path lengths) in the plane-change feedback reversal 
condition only in APOE e4 carriers in several major white matter tracts, including the a) right 
IFOF, b-c) right ILF, and d-e) forceps minor. Significant results shown from multiple 
regression and simple slopes analyses. Brain figures made with “ggseg” R package (Mowinckel 
and Vidal-Piñeiro 2020). PC+FR, plane change feedback reversal condition; APOE, 
apolipoprotein E; FA, fractional anisotropy; IFOF, inferior fronto-occipital fasciculus; ILF, 
inferior longitudinal fasciculus. 
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Figure 7. Higher mean diffusivity predicts worse visuomotor performance (reflected by higher 
endpoint error scores or corrective path lengths) in the plane-change feedback reversal 
condition only in APOE e4 carriers in several major white matter tracts, including the a-b) 
forceps minor, c) forceps major, d) left IFOF, e) right IFOF, and f) right CGC. Significant 
results shown from multiple regression and simple slopes analyses. Brain figures made with 
“ggseg” R package (Mowinckel and Vidal-Piñeiro 2020). PC+FR, plane change feedback 
reversal condition; APOE, apolipoprotein E; MD, mean diffusivity; IFOF, inferior fronto-
occipital fasciculus; CGC, cingulum cingulate.  
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Figure 8. Higher radial diffusivity predicts worse visuomotor performance (reflected by higher 
endpoint error scores or corrective path lengths) in the plane-change feedback reversal 
condition only in APOE e4 carriers in several major white matter tracts, including the a) right 
IFOF, b) left IFOF, c) right ILF, and d-e) forceps minor. Significant results shown from 
multiple regression and simple slopes analyses. Brain figures made with “ggseg” R package 
(Mowinckel and Vidal-Piñeiro 2020). PC+FR, plane change feedback reversal condition; 
APOE, apolipoprotein E; RD, radial diffusivity; IFOF, inferior fronto-occipital fasciculus; ILF, 
inferior longitudinal fasciculus. 
  



 

 
 

 

78 

 
Figure 9. Higher axial diffusivity predicts worse visuomotor performance (reflected by higher 
endpoint error scores or corrective path lengths) in the plane-change feedback reversal 
condition only in APOE e4 carriers in several major white matter tracts, including the a-b) left 
IFOF, c) right IFOF, d) left SLF, e-f) left UF, and g-h) right CGC. Significant results shown 
from multiple regression and simple slopes analyses. Brain figures made with “ggseg” R 
package (Mowinckel and Vidal-Piñeiro 2020). PC+FR, plane change feedback reversal 
condition; APOE, apolipoprotein E; AxD, axial diffusivity; IFOF, inferior fronto-occipital 
fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus; CGC, cingulum 
cingulate. 
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Table 3. Multiple linear regression models used to explore whether visuomotor performance 
declines are associated with white matter structural neuroimaging measures. Regression 
models were set up with white matter measures (FA, MD, RD, AxD) as the predictor variable, 
APOE e4 status as the moderator variable, and visuomotor performance measures (EE score 
and CPL) in the plane change feedback reversal condition as the outcome variable. Models 
with significant interactions are shown. 
 

Outcome Tract Predictor Estimate S.E. t Unadjusted p Adjusted p 
EE Score Forceps minor Intercept 17.19 4.42 3.89 0.00034  

  FA -31.60 8.86 -3.57 0.00090 0.00271 
  APOE 28.41 8.84 3.21 0.00248 0.00497 
  FA*APOE -50.30 17.72 -2.84 0.00689 0.00689 

R2adj = 0.4602, F3,43 = 14.07, p = 0.000001574 
APOE e4 simple slope = -56.75, S.E. = 14.33, p < 0.01 

EE Score Forceps minor Intercept -31.44 7.79 -4.04 0.00022  
  MD 39.80 9.44 4.22 0.00013 0.00038 
  APOE -56.72 15.58 -3.64 0.00073 0.00073 
  MD*APOE 72.72 18.89 3.85 0.00039 0.00058 

R2adj = 0.5444, F3,43 = 19.32, p = 0.00000004399 
APOE e4 simple slope = 76.16, S.E. = 14.69, p < 0.01 

EE Score Forceps minor Intercept -13.94 3.79 -3.68 0.00065  
  RD 27.11 6.66 4.07 0.00020 0.00059 
  APOE -22.19 7.58 -2.93 0.00542 0.00542 
  RD*APOE 44.96 13.31 3.38 0.00157 0.00235 

R2adj = 0.5149, F3,43 = 17.28, p = 0.0000001652 
APOE e4 simple slope = 49.59, S.E. = 10.48, p < 0.01 

CPL Forceps minor Intercept 45.94 10.56 4.35 0.00008  
  FA -78.17 21.17 -3.69 0.00062 0.00092 
  APOE 88.46 21.13 4.19 0.00014 0.00041 
  FA*APOE -160.60 42.35 -3.79 0.00046 0.00092 

R2adj = 0.5054, F3,43 = 16.67, p = 0.0000002487 
APOE e4 simple slope = -158.47, S.E. = 34.25, p < 0.01 

CPL Forceps minor Intercept -73.99 18.07 -4.09 0.00018  
  MD 97.93 21.91 4.47 0.00006 0.00006 
  APOE -175.48 36.14 -4.86 0.00002 0.00002 
  MD*APOE 222.80 43.82 5.09 0.00001 0.00002 

R2adj = 0.6066, F3,43 = 24.64, p = 0.000000001956 
APOE e4 simple slope = 209.33, S.E. = 34.07, p < 0.01 

CPL Forceps minor Intercept -30.51 8.93 -3.42 0.00139  
  RD 66.01 15.68 4.21 0.00013 0.00019 
  APOE -71.88 17.85 -4.03 0.00023 0.00023 
  RD*APOE 141.56 31.37 4.51 0.00005 0.00015 

R2adj = 0.5683, F3,43 = 21.18, p = 0.00000001411 
APOE e4 simple slope = 136.79, S.E. = 24.68, p < 0.01 

CPL Forceps major Intercept -26.96 11.19 -2.41 0.02030  
  MD 42.21 13.52 3.12 0.00321 0.00482 
  APOE -63.20 22.37 -2.83 0.00715 0.00715 
  MD*APOE 88.78 27.04 3.28 0.00205 0.00482 

R2adj = 0.4346, F3,43 = 12.79, p = 0.000004156 
APOE e4 simple slope = 86.60, S.E. = 23.72, p < 0.01 

EE Score Right CGC Intercept -19.91 8.45 -2.36 0.02340  
  AxD 18.76 7.41 2.53 0.01540 0.01770 
  APOE -41.81 16.90 -2.48 0.01770 0.01770 
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  AxD*APOE 39.80 14.82 2.69 0.01050 0.01770 
R2adj = 0.4183, F3,40 = 11.31, p = 0.00001659 

APOE e4 simple slope = 38.66, S.E. = 12.19, p < 0.01 
CPL Right CGC Intercept -25.00 16.70 -1.50 0.14220  

  MD 43.78 22.91 1.91 0.06320 0.06320 
  APOE -82.42 33.39 -2.47 0.01800 0.02700 
  MD*APOE 124.68 45.83 2.72 0.00960 0.02700 

R2adj = 0.4897, F3,40 = 14.75, p = 0.000001286 
APOE e4 simple slope = 106.12, S.E. = 25.49, p < 0.01 

CPL Right CGC Intercept -47.77 20.59 -2.32 0.02549  
  AxD 48.05 18.06 2.66 0.01118 0.01118 
  APOE -124.80 41.17 -3.03 0.00426 0.00639 
  AxD*APOE 117.30 36.12 3.25 0.00236 0.00639 

R2adj = 0.4474, F3,40 = 12.61, p = 0.000006087 
APOE e4 simple slope = 106.70, S.E. = 29.70, p < 0.01 

EE Score Left IFOF Intercept -19.29 10.07 -1.92 0.06223  
  AxD 16.35 7.89 2.07 0.04449 0.04445 
  APOE -68.60 20.13 -3.41 0.00146 0.00219 
  AxD*APOE 56.71 15.78 3.59 0.00085 0.00219 

R2adj = 0.4325, F3,42 = 12.43, p = 0.000005912 
APOE e4 simple slope = 44.70, S.E. = 12.49, p < 0.01 

CPL Left IFOF Intercept -27.39 17.72 -1.55 0.12964  
  MD 43.80 22.02 1.99 0.05324 0.05324 
  APOE -123.46 35.43 -3.48 0.00117 0.00175 
  MD*APOE 165.93 44.04 3.77 0.00051 0.00152 

R2adj = 0.4872, F3,42 = 15.25, p = 0.0000007371 
APOE e4 simple slope = 126.76, S.E. = 30.43, p < 0.01 

CPL Left IFOF Intercept -16.57 11.39 -1.46 0.15316  
  RD 42.97 20.00 2.15 0.03749 0.03749 
  APOE -54.78 22.78 -2.41 0.02067 0.03101 
  RD*APOE 114.04 40.00 2.85 0.00673 0.02019 

R2adj = 0.4236, F3,42 = 12.02, p = 0.000008145 
APOE e4 simple slope = 99.99, S.E. = 29.01, p < 0.01 

CPL Left IFOF Intercept -49.43 23.42 -2.11 0.04080  
  AxD 44.72 18.36 2.44 0.01920 0.01920 
  APOE -206.24 46.85 -4.40 0.00007 0.00011 
  AxD*APOE 169.32 36.72 4.61 0.00004 0.00011 

R2adj = 0.5198, F3,42 = 17.23, p = 0.0000001911 
APOE e4 simple slope = 129.37, S.E. = 29.06, p < 0.01 

CPL Right IFOF Intercept 41.57 16.58 2.51 0.01625  
  FA -68.66 34.23 -2.01 0.05146 0.05146 
  APOE 94.14 33.17 2.84 0.00702 0.02106 
  FA*APOE -172.21 68.45 -2.52 0.01589 0.03178 

R2adj = 0.4094, F3,41 = 11.17, p = 0.00001727 
APOE e4 simple slope = -154.77, S.E. = 57.00, p = 0.01 

CPL Right IFOF Intercept -16.66 20.80 -0.80 0.42761  
  MD 30.40 25.80 1.18 0.24549 0.24549 
  APOE -122.55 41.59 -2.95 0.00528 0.00792 
  MD*APOE 164.96 51.61 3.20 0.00268 0.00792 

R2adj = 0.4717, F3,41 = 14.09, p = 0.000001858 
APOE e4 simple slope = 112.88, S.E. = 33.18, p < 0.01 

CPL Right IFOF Intercept -13.76 12.94 -1.06 0.29385  
  RD 38.32 22.57 1.70 0.09706 0.09706 
  APOE -68.10 25.89 -2.63 0.01195 0.01794 
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  RD*APOE 137.62 45.13 3.05 0.00401 0.01203 
R2adj = 0.4648, F3,41 = 13.74, p = 0.000002407 

APOE e4 simple slope = 107.13, S.E. = 31.27, p < 0.01 
CPL Right IFOF Intercept -32.43 28.96 -1.12 0.26925  

  AxD 31.24 22.71 1.38 0.17628 0.17628 
  APOE -152.27 57.92 -2.63 0.01200 0.01800 
  AxD*APOE 127.33 45.41 2.80 0.00768 0.01800 

R2adj = 0.4224, F3,41 = 11.72, p = 0.00001109 
APOE e4 simple slope = 94.91, S.E. = 34.80, p = 0.01 

EE Score Right ILF Intercept 16.64 5.29 3.14 0.00302  
  FA -35.26 12.34 -2.86 0.00657 0.01971 
  APOE 24.94 10.59 2.36 0.02314 0.04628 
  FA*APOE -49.78 24.69 -2.02 0.05002 0.05000 

R2adj = 0.4212, F3,43 = 14.07, p = 0.000006795 
APOE e4 simple slope = -60.15, S.E. = 17.56, p < 0.01 

CPL Right ILF Intercept 38.52 13.31 2.89 0.00596  
  FA -72.82 31.04 -2.35 0.02365 0.03880 
  APOE 73.67 26.63 2.77 0.00831 0.02493 
  FA*APOE -150.79 62.08 -2.43 0.01940 0.03880 

R2adj = 0.4129, F3,43 = 11.79, p = 0.000009155 
APOE e4 simple slope = -148.21, S.E. = 44.16, p < 0.01 

CPL Right ILF Intercept -12.50 14.42 -0.87 0.39050  
  RD 32.76 23.92 1.37 0.17800 0.17800 
  APOE -63.00 28.83 -2.19 0.03440 0.05160 
  RD*APOE 119.83 47.84 2.51 0.01610 0.04830 

R2adj = 0.3905, F3,43 = 10.83, p = 0.00002004 
APOE e4 simple slope = 92.67, S.E. = 31.40, p = 0.01 

CPL Left SLF Intercept -41.76 17.49 -2.39 0.02140  
  AxD 44.87 15.93 2.82 0.00731 0.00731 
  APOE -104.73 34.97 -2.99 0.00455 0.00683 
  AxD*APOE 104.03 31.87 3.26 0.00216 0.00648 

R2adj = 0.4582, F3,43 = 13.97, p = 0.000001699 
APOE e4 simple slope = 96.88, S.E. = 24.47, p < 0.01 

EE Score Left UF Intercept -12.26 9.27 -1.32 0.19320  
  AxD 12.04 8.14 1.48 0.14660 0.14660 
  APOE -42.87 18.55 -2.31 0.02580 0.03870 
  AxD*APOE 40.99 16.29 2.52 0.01580 0.03870 

R2adj = 0.379, F3,42 = 10.16, p = 0.00003728 
APOE e4 simple slope = 32.54, S.E. = 12.55, p = 0.01 

CPL Left UF Intercept -27.72 22.90 -1.21 0.23297  
  AxD 30.68 20.11 1.53 0.13460 0.13460 
  APOE -123.68 45.80 -2.70 0.00995 0.01493 
  AxD*APOE 116.73 40.22 2.90 0.00588 0.01493 

R2adj = 0.3899, F3,42 = 10.59, p = 0.00002596 
APOE e4 simple slope = 89.05, S.E. = 30.98, p = 0.01 

Unadjusted and adjusted p-values reported. Values were adjusted for multiple comparisons using the Holm 
correction method and were considered statistically significant at p < 0.05. S.E., standard error; EE score, endpoint 
error score; CPL, corrective path length; APOE, apolipoprotein E; FA, fractional anisotropy; MD, mean 
diffusivity; RD, radial diffusivity; AxD, axial diffusivity; CGC, cingulum cingulate; IFOF, inferior fronto-
occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate 
fasciculus. 
  



 

 
 

 

82 

4. DISCUSSION 

The main interest of this study was to investigate the grey and white matter neural 

anatomy underlying impaired visuomotor performance, and to explore the effects of family 

history of dementia, APOE genotype, and sex. Our key findings suggest that there is a 

relationship between the APOE e4 genotype and structural brain changes that predicts poorer 

visuomotor performance. This relationship was demonstrated in our grey matter structural 

findings, where lower thickness and volume in areas of the medial temporal lobe predicted 

visuomotor deficits, and then replicated in our diffusion data, where declines in white matter 

integrity also predicted impaired non-standard visuomotor performance. These visuomotor 

performance deficits in APOE e4 carriers were detectable using our non-standard visuomotor 

tasks in the absence of any measurable purely cognitive issues. We also found sex-differences 

in grey matter thickness and volume in areas of the posterior parietal cortex and hippocampus 

that are important for visuospatial processing, which may explain the poorer visual feedback 

reversal task performance we previously reported in males. 

 

4.1. Grey matter measures underlying visuomotor deficits in individuals with an 

increased risk for Alzheimer’s disease 

We first examined group differences in grey matter volume and thickness. Individuals 

with a family history of dementia had greater grey matter volumes in the right parahippocampal 

cortex compared to those without a family history of dementia. Conversely, APOE e4 carriers 

had lower grey matter volumes in the right parahippocampal cortex compared to individuals 

without an APOE e4 allele. Individuals with a family history of dementia also had lower grey 

matter volumes in the left retrosplenial cortex. Our main interest, however, was exploring 

whether structural differences in the inferior parietal lobule, precuneus, retrosplenial cortex, 

and areas of the medial temporal lobe may underlie visuomotor integration deficits in 
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individuals at an increased risk for AD. Our results for hippocampal subfield volumes were 

surprising. We found that poorer non-standard visuomotor performance was associated with 

greater grey matter volumes in the right presubiculum and right subiculum. This relationship 

was only significant for APOE e4 carriers and is contrary to our hypothesis that atrophy within 

the hippocampus, one of the medial temporal lobe regions involved in visuomotor control 

(Tankus and Fried 2012), may be predictive of worse visuomotor task performance. However, 

it should be noted that the automated hippocampal subfield segmentation module in FreeSurfer 

has not been validated against histological annotations within the same subjects, nor against 

manual segmentation on the same MRI scans. (Wisse et al. 2021) caution against using 1 x 1 x 

1 mm3 T1 scans for automatic segmentation of the hippocampus as the subfields are difficult 

to discern at this resolution. Studies that used automatic hippocampal segmentation have been 

shown to report contradictory and sometimes neurobiologically unexpected results (Haukvik 

et al. 2018; Wisse et al. 2021). Indeed, (Iglesias et al. 2015) themselves mention that the 

volumetric results from individual subfields automatically segmented in FreeSurfer using only 

standard resolution (1 mm) T1 data must be interpreted with caution.  

In APOE e4 carriers, a lower left parahippocampal volume and lower right entorhinal 

thickness were associated with worse non-standard visuomotor task performance. As 

mentioned previously, the hippocampal, parahippocampal, entorhinal, and retrosplenial 

cortices have been implicated in visuospatial processing and visuomotor control (Vann et al. 

2009; Tankus and Fried 2012). In addition to prominent memory declines, AD patients also 

show impairments in visuospatial processing and skilled eye-hand coordination performance 

(Ghilardi et al. 1999; Tippett and Sergio 2006; Tippett et al. 2007). Apraxia, a disorder of 

skilled movements, is seen in some AD patients and is included as one of the criteria for AD 

(Lesourd et al. 2013; Dubois et al. 2014; Smits et al. 2014). Regions of the medial temporal 

lobe, including the hippocampus (subiculum, presubiculum, and parasubiculum) and 
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parahippocampus, are interconnected with the parietal cortex via the retrosplenial cortex, which 

itself is involved in episodic memory, navigation, and translation between different frames of 

reference (Vann et al. 2009). Thus, early dysfunction in not only medial temporal regions but 

also in regions involved in visuomotor control could prove to be useful for understanding the 

underlying pathophysiology of AD and predicting AD risk.  

Some of our findings showed increased volumes in regions of medial temporal lobe in 

individuals at an increased risk for AD, both in group differences (family history versus no 

family history of dementia) as well as associated with non-standard visuomotor deficits. 

Converging evidence suggests that by the time clinical impairment is detectable in AD, 

extensive neurodegeneration has already taken place (Morris 2005). However, the relationship 

between AD pathology and brain atrophy in preclinical AD is still under debate (Chételat et al. 

2013). Grey matter atrophy has been reported in cognitively healthy individuals positive for 

amyloid pathology (Fagan et al. 2009; Mormino et al. 2009; Villeneuve et al. 2014) and tau 

pathology (Wang et al. 2016; Scott et al. 2020; Xie et al. 2020), family history of dementia 

(Honea et al. 2010; Honea et al. 2011; Mosconi et al. 2014), and the APOE e4 allele (O’Dwyer 

et al. 2012; Haller et al. 2017; Veldsman et al. 2021). Conversely, other studies have reported 

increased volumes in areas of the medial temporal lobe in preclinical AD (Chételat, 

Villemagne, Pike, et al. 2010; Gispert et al. 2015). Therefore, the changes in grey matter 

volume in preclinical AD may not necessarily be linear.  

 

4.2. Pattern of white matter integrity declines are generally consistent with the literature 

and predict visuomotor deficits in APOE e4 carriers 

Studies examining white matter diffusion characteristics have demonstrated that white 

matter may be independently affected from amyloid pathology (Rabin et al. 2019) and grey 

matter atrophy (Amlien and Fjell 2014) early in the pathological process, emphasizing the 
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importance of investigating white matter changes underlying disease progression. White matter 

microstructural reductions have been shown in cognitively healthy individuals at an increased 

risk for AD (due to family history of dementia and having an APOE e4 allele) in the absence 

of medial temporal lobe atrophy (Gold et al. 2010). In the current study, we found no 

differences in white matter diffusion measures between groups (i.e., family history status, sex, 

or APOE e4 status). While there were no group differences in white matter integrity alone, we 

did observe that in APOE e4 carriers, diffusion measures of several major white matter tracts 

were predictive of non-standard visuomotor performance. Specifically, we found that lower 

FA (in the forceps minor, right IFOF, and right ILF), higher MD (in the right cingulum 

cingulate, forceps major, forceps minor, and bilateral IFOF), higher RD (in the forceps minor, 

right ILF, and bilateral IFOF), and higher AxD (in the cingulum cingulate, bilateral IFOF, left 

SLF, and left UF) were predictive of worse performance in the most cognitively demanding 

non-standard visuomotor condition (plane-change feedback reversal). Our findings are 

consistent with the literature, where white matter alterations have previously been detected in 

cognitively healthy individuals with the APOE e4 allele, with similar patterns of reduced white 

matter microstructure (i.e., reduced FA, and increased MD, RD, AxD) in some of the same 

tracts affected in our results, including the cingulum cingulate, forceps minor, IFOF, SLF, and 

ILF (Westlye et al. 2012; Adluru et al. 2014; Cavedo et al. 2018; Operto et al. 2018).  

Our findings suggest that lower white matter integrity in several major tracts in the brain 

may underlie the non-standard visuomotor deficits we previously demonstrated in APOE e4 

carriers compared to non-carriers. In the brain, the APOE protein plays a central role in 

cholesterol transport (Mahley and Rall 2000), which is essential for axonal growth as well as 

synaptic formation and remodelling (Liu et al. 2013). APOE may affect white matter 

microstructure due to the e4 isoform having a reduced capacity of keeping cholesterol 

homeostasis in the brain, leading to disruptions of the myelin sheath (Operto et al. 2018). 
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Vulnerability to the degradation of white matter microstructure may therefore be particularly 

high or accelerated in APOE e4 carriers. The resultant myelin disruption and axonal injury in 

tracts projecting between brain regions necessary for non-standard visuomotor integration, a 

task that heavily relies on large scale frontoparietal networks, may impact effective 

communication across these areas and be reflected as visuomotor deficits. Indeed, the white 

matter tracts in which lower white matter integrity was associated with visuomotor 

performance declines are some of the same white matter tracts that comprise the frontoparietal 

network, including the SLF, IFOF, and ILF (de Schotten et al. 2011; Rodríguez-Herreros et al. 

2015; Budisavljevic et al. 2017; Waller et al. 2017; Herbet et al. 2018).  

 

4.3. Grey matter structure underlying sex-differences in non-standard visuomotor 

performance 

We previously showed that sex was a significant predictor of visuomotor performance in 

the feedback reversal condition, where males had greater endpoint error scores compared to 

females after controlling for family history and APOE status (Rogojin et al. 2019). In the 

current study, we found that males had lower left inferior parietal lobule thickness compared 

to females. While the right inferior parietal lobule in particular appears to be involved in non-

standard visuomotor transformations involving a visual feedback reversal (Gorbet and Sergio 

2016) and is a crucial node in the frontoparietal network needed for maintaining spatial 

attention on current task goals (Singh-Curry and Husain 2009), the left inferior parietal lobule 

has been shown to be important for visually-guided reaches as well. There was bilateral 

activation in the inferior parietal lobule during a reaching task, and reaching to visual targets 

compared to proprioceptive targets incurred more activity in the left inferior parietal lobule 

(Bernier and Grafton 2010). Furthermore, the feedback reversal condition used in the current 

study is a version of visuomotor adaptation, and the left inferior parietal lobule is critical for 
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successful visuomotor adaptation (Mutha et al. 2011; Crottaz-Herbette et al. 2014). It is 

important to note that the lower left inferior lobule thickness found in males may just be a 

general structural sex-difference rather than a result of age-related atrophy, as others have 

previously demonstrated greater cortical thickness in the inferior parietal lobules of adult 

females compared to males (Sowell et al. 2007). We found that having a lower left 

presubiculum volume was also associated with greater endpoint error scores in the visual 

feedback reversal condition only in males. The presubiculum of the hippocampus has extensive 

interconnections with the inferior parietal lobule (Rockland and Van Hoesen 1999; Ding et al. 

2000; Clower et al. 2001), and the hippocampus itself has been implicated in visuomotor 

coordination (Tankus and Fried 2012).  

 

4.4. Limitations and future directions 

One of the limitations of the current study was that hippocampal subfield segmentation 

was obtained from T1-weighted MRI scans, which have limited tissue contrast of hippocampal 

structures (Wisse et al. 2021). Another limitation is that this study was cross-sectional in nature. 

It would be interesting to conduct a longitudinal study to investigate if participants 

demonstrating visuomotor deficits prior to cognitive decline are more likely to develop mild 

cognitive impairment or dementia later in life. Preclinical AD has been hypothesized to begin 

decades before the onset of clinical symptoms. One proposed sequence of events leading to 

dementia suggests that disruptions in the default mode network may precede 

neurodegeneration (Sheline and Raichle 2013). Several of the core nodes of the default mode 

network (Parvizi et al. 2006; Sperling et al. 2010; Márquez and Yassa 2019) overlap with brain 

areas shown to be involved in non-standard visuomotor integration (Gorbet and Sergio 2016; 

Gorbet and Sergio 2018). Future work could therefore investigate whether there are differences 
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in default mode network connectivity between groups based on family history, genetic risk, or 

sex, and whether disruptions in functional connectivity underlie visuomotor deficits. 

 

4.5. General conclusions 

Our results suggest that a visuomotor task may have potential for detecting the early 

effects of the APOE e4 allele on white matter microstructure and medial temporal lobe grey 

matter early in dementia progression, as the white matter and grey matter declines observed 

here were associated with visuomotor difficulties only in e4 carriers. Importantly, the 

visuomotor deficits were seen prior to group differences in volumetric and diffusion measures 

due to genetic risk, and in advance of any cognitive deficits. We also found structural grey 

matter differences in the inferior parietal lobule that may underlie the sex-related differences 

we’ve previously demonstrated in non-standard visuomotor performance. 
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Chapter Three: Differences in resting state functional connectivity underlie visuomotor performance declines in older adults with a genetic risk (APOE e4) for Alzheimer’s disease 
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ABSTRACT 

Introduction: Non-standard visuomotor integration requires the interaction of large networks 

in the brain. Previous findings have shown that non-standard visuomotor performance is 

impaired in individuals with specific dementia risk factors (family history of dementia and 

presence of the APOE e4 allele) in advance of any cognitive impairments. These findings 

suggest that visuomotor impairments are associated with early dementia-related brain changes. 

The current study examined the underlying resting state functional connectivity (RSFC) 

associated with impaired non-standard visuomotor performance, as well as the impacts of 

dementia family history, sex, and APOE status. Methods: Cognitively healthy older adults (n 

= 48) were tested on four visuomotor tasks using two linked touchscreens where reach and 

gaze were increasingly spatially dissociated (i.e., involving either visual feedback reversal, 

plane-change, or plane-change feedback reversal). Participants who had a family history of 

dementia or the APOE e4 allele were considered to be at an increased risk for AD. To quantify 

RSFC within networks of interest, an echo planar imaging (EPI) sequence sensitive to blood 

oxygenation level dependent (BOLD) contrast was collected. The networks of interest were 

the default mode network (DMN), somatomotor network (SMN), dorsal attention network 

(DAN), ventral attention network (VAN), and frontoparietal control network (FPN). Results: 

Individuals with the e4 allele showed abnormalities in RSFC between posterior DMN nodes 

that predicted poorer non-standard visuomotor performance. Specifically, multiple linear 

regression analyses revealed lower RSFC between the precuneus and posterior cingulate 

cortex, a posterior functional core of the DMN, and the left inferior parietal lobule and left 

parahippocampal cortex. Presence of the APOE e4 allele also modified the relationship 

between mean DAN RSFC and visuomotor performance for two of the behavioural measures 

in the plane-change feedback reversal condition. There was a significant interaction effect of 

mean RSFC in the DAN and APOE status on endpoint error score and corrective path length, 

both indicative of worse visuomotor performance, only in APOE e4 carriers. There were 

otherwise no effects of family history, APOE e4 status, or sex on the relationship between 

RSFC and visuomotor performance for any of the other resting networks. Conclusions: The 

preliminary findings provide insight into the impact of Alzheimer’s disease pathology on 

neural networks underlying complex visuomotor transformations, and demonstrate that the 

non-standard visuomotor task paradigm discussed in this study may be used as a non-invasive, 

easily accessible assessment tool for dementia risk.  
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1. INTRODUCTION 

Alzheimer’s disease (AD) related brain changes are thought to begin several decades 

before the onset of clinical symptoms (Morris 2005). Early identification of preclinical AD can 

allow for healthcare providers to make recommendations on lifestyle changes to mitigate 

modifiable risk factors such as diabetes, physical inactivity, and social isolation (Xu et al. 2015; 

Livingston et al. 2020; Litke et al. 2021) in order to delay or slow down disease progression. 

One of the important challenges facing AD clinical management today is the early detection or 

measure of small changes in behaviour or clinical signs in at-risk individuals that could 

accurately predict their likelihood of future disease-related impairment (Dubois et al. 2016). 

Current methods for detecting biomarkers of AD are expensive or invasive, such as abnormal 

amyloid, tau, or [18F]-fluorodeoxyglucose positron emission tomography (FDG-PET), atrophy 

in the brain using magnetic resonance imaging (MRI), and lumbar puncture for cerebrospinal 

fluid analysis (Rice and Bisdas 2017; Jack et al. 2018; Shaw et al. 2018; Ou et al. 2019). Blood-

based biomarkers are a more affordable option, however they are still invasive and require 

extensive laboratory resources (Nabers et al. 2018; Milà-Alomà et al. 2019; Otto et al. 2019). 

Behavioural measures that detect dysfunction of brain networks due to AD pathology may be 

a more affordable and easily accessible alternative to current diagnostic and risk assessment 

tools.  

Converging evidence suggests that AD is a disconnection syndrome (Delbeuck et al. 

2003), showing characteristic patterns of disruption to both structural (Filippi and Agosta 2011; 

Gold et al. 2012; Shao et al. 2012; Peraza et al. 2019) and functional connectivity (Wang et al. 

2007; Brier et al. 2012; Vemuri et al. 2012; Sheline and Raichle 2013) between brain regions. 

In particular, the default mode network (DMN) has been a focus of AD biomarker research as 

regions of the default mode network largely overlap with regions showing earliest signs of AD 

pathology (Buckner et al. 2005; Palmqvist et al. 2017). Decreased functional connectivity 
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between areas of the DMN has been demonstrated in cognitively healthy individuals with 

increased amyloid deposition (Hedden et al. 2009; Sheline, Raichle, et al. 2010), a family 

history of AD (Wang, Catherine M. Roe, et al. 2012), and presence of the APOE e4 allele 

(Sheline, Morris, et al. 2010; Wang et al. 2015; Liang et al. 2017). In addition to the DMN, 

other resting state functional networks have also been shown to have altered functional 

connectivity in preclinical AD. Cognitively normal older adults with amyloid burden have 

exhibited decreased functional connectivity in the frontoparietal control network (Elman et al. 

2016; Buckley et al. 2017), dorsal attention network (Elman et al. 2016), and salience network 

(Buckley et al. 2017). Decreased functional connectivity was found in cognitively normal 

APOE e4 carriers in the prefrontal cortex, cingulate cortex, and visual areas (McKenna et al. 

2016), as well as in posterior regions of the DMN (Machulda et al. 2011). Other studies have 

reported increased functional connectivity within the salience network in older APOE e4 

carriers (Machulda et al. 2011; Liang et al. 2017). One study investigating resting functional 

connectivity with disease progression found initial hyperconnectivity in resting state networks 

in the very early stages of AD progression, followed by consistent reductions in functional 

connectivity in all networks with increasing AD severity (Brier et al. 2012). 

One way to test the functional integrity of networks is to use a task that requires the 

integration of different domains (e.g., sensory, cognitive, and motor) and requires 

communication across multiple brain regions. Visuomotor tasks involving an element of 

dissociation or “decoupling” between the visual stimulus and target of the reach may present a 

novel behavioural target for dementia risk detection. Most everyday “standard” visually-guided 

arm movements involve a direct interaction with an object, such as picking up a mug of tea, 

and are automatic because the brain’s default visuomotor mapping is thought to have the gaze 

and hand spatially aligned (Gielen et al. 1984; Helsen et al. 1998). With the advent of tool use, 

humans can also perform decoupled or “non-standard” visually-guided arm movements that 



 

 
 

 

93 

are more cognitively demanding as they must be learned or calibrated and involve the 

integration of some form of cognitive information into the movement (Wise et al. 1996). An 

example would be the increasingly common use of a rear-view camera (or the more traditional 

rear-view mirror) while backing up one’s car. To avoid an object, one needs to spin the wheel 

in a vertical plane leftward while viewing the object on the screen moving to the right; in this 

scenario the plane of limb motion is decoupled from guiding visual information, and there is a 

reversal of visual feedback. These more cognitively demanding non-standard tasks require 

sound connections between disparate brain regions within the frontoparietal network (Wise et 

al. 1997; Sabes 2000; Filimon 2010; Caminiti et al. 2017), and an inhibition of the default 

standard visuomotor control network (Gorbet et al. 2004). Impairments in performance of 

increasingly dissociated visuomotor tasks have been reported in the early stages of AD-related 

dementia (Tippett et al. 2012; de Boer et al. 2014; de Boer et al. 2015; de Boer et al. 2016), in 

patients with mild cognitive impairment (Salek et al. 2011), and in cognitively healthy 

individuals at an increased risk for dementia (Hawkins and Sergio 2014; Lu et al. 2021). 

Notably, these groups do not necessarily display large impairments in function when domains 

(sensory, cognitive, motor) are tested individually.  

Initial findings on the structural neural correlates underlying visuomotor impairments in 

APOE e4 carriers without cognitive decline showed an association between reduced structural 

integrity in several major white matter tracts (Rogojin et al., in preparation). In the present 

study, we test the hypothesis that visuomotor impairments in cognitively healthy individuals 

with specific dementia risk factors (positive family history of dementia and presence of the 

APOE e4 allele) may also be associated with reduced functional connectivity in the DMN, and 

altered functional connectivity in other resting state networks. As an exploratory component, 

we were also interested in exploring whether differences in functional connectivity of resting 

state networks may underlie previously reported sex-differences in visuomotor control 
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(Rogojin et al. 2019) as sex-differences in resting brain connectivity have previously been 

demonstrated in the default mode, frontoparietal control, and sensorimotor networks (Zhang et 

al. 2018). Investigating the relationship between measures of network connectivity and 

visuomotor control in preclinical AD will provide insight into the potential utility of a clinically 

accessible behavioural assessment of dementia risk.  

 

2. METHODS 

2.1. Participants 

Forty-eight right-handed older adults with no cognitive impairments were included in the 

current study: 24 individuals with a positive family history of dementia (n = 11 females) and 

24 individuals with no family history of dementia (n = 12 females) (see Table 1 for 

demographic information). All subjects scored at or above education-adjusted norms of 26 or 

higher on the Montreal Cognitive Assessment (MoCA), indicating no cognitive impairment. A 

positive family history of dementia was determined based on self-reported maternal or multiple 

family history (with at least one first-degree relative) of late-onset AD as a higher risk for AD 

is associated with a maternal or multiple, but not paternal, family history of dementia (Honea 

et al. 2010; Honea et al. 2011). Classification of no family history of dementia was based on 

having no family history of AD or any other type of dementia. Participants were excluded if 

their parents were deceased at a young age before dementia could be detected, or if they were 

estranged from either biological parent and did not know their medical history. Participants 

with a positive family history of dementia were age-balanced with those without a family 

history of dementia. The apolipoprotein E (APOE) e4 allele is the only gene that has been 

consistently associated with late-onset AD, representing the best-established genetic risk factor 

for progression to clinical AD (Reitz and Mayeux 2014; Dubois et al. 2016). Participants who 

were APOE e4 carriers were considered to be at an increased risk for AD. The exclusion criteria 
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included uncorrected visual impairments, upper-limb impairments or medical conditions that 

could hinder motor task performance (e.g., severe arthritis or dystonia), any neurological or 

psychiatric illnesses (e.g., Parkinson’s disease, depression, schizophrenia, alcoholism, 

epilepsy), any history of head injury (e.g., mild, severe) or stroke, and medical diagnoses that 

might impact brain connectivity (i.e., hypertension or diabetes). The study protocol was 

approved by the Human Participants Review Sub-Committee of York University’s Ethics 

Review Board. 
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Table 1. Participant demographic features.  
 

 APOE e4 
positive 

APOE e4 
negative FH+ FH- Females Males 

Demographics 

n 15 31 24 24 23 25 

Age (years) 59.8 ± 4.99 58.4 ± 5.99 58.8 ± 6.03 58.8 ± 5.29        58.7 ± 5.71 58.8 ± 5.63 

Range 51 - 68 49 - 69 51 - 69 49 - 67 50 - 68 49 - 69 

FH+ 10 (67%) 14 (45%)   11 (48%) 13 (52%) 

APOE e4 
positive    10 (67%) 5 (33%) 10 (43%) 5 (20%) 

MoCA score  27.7 ± 1.44 28 ± 1.56 27.8 ± 1.48 28 ± 1.56 28.1 ± 1.51 27.6 ± 1.5 

Range 26 - 30 26 - 30 26 - 30 26 - 30 26 - 30 26 - 30 

Years of 
education 16.2 ± 3.78 17.7 ± 3.15 17.4 ± 3.52 16.8 ± 3.19 17.5 ± 3.06 16.7 ± 3.61 

Range 11 - 23 12 - 24 11 - 23 12 - 24 12 - 24 11 - 22 

FH+, positive family history of dementia; FH-, no family history of dementia; APOE, 
apolipoprotein E; MoCA, Montreal Cognitive Assessment. 
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2.2. APOE genotyping 

A total of 2 mL of saliva were collected from each subject in microtubes from Diamed 

Lab Supplies Inc. using collection aids from Cedarlane Labs. Saliva samples were sent to DNA 

Genotek Inc. (Ottawa, ON, Canada) for APOE genotyping. DNA was extracted from samples 

according to the manufacturer’s protocols. Genotyping for APOE involved single nucleotide 

polymorphism (SNP) genotyping, and samples were tested for SNPs rs429358 and rs7412. The 

proteins that are produced by the APOE gene are either E2, E3, or E4 combinations (for 

instance, E2/E3). For the current study, subjects were categorized as either having a presence 

(APOE e4 positive) or absence (APOE e4 negative) of the APOE e4 allele.  

 

2.3. Behavioural data 

2.3.1. Behavioural data acquisition 

Our visuomotor assessment and behavioural data preprocessing have been described in 

detail in previous publications (Rogojin et al. 2019). Briefly, all subjects completed four 

visuomotor transformation tasks which involved making simple sliding finger movements 

between targets displayed on an Acer Iconia 6120 dual-touchscreen tablet. These tasks were 

divided into one standard condition (where gaze and movement were coupled) and three more 

cognitively demanding non-standard conditions (where gaze and movement were decoupled). 

Participants were instructed to slide the index finger of their right hand along the vertical or 

horizontal touchscreen (depending on the condition) in order to displace the cursor from a 

central target to one of four peripheral targets (to the top, bottom, left, or right of centre) as 

quickly and as accurately as possible. In the standard mapping condition (S), the spatial 

location of the visual target and the required hand movement were the same. The non-standard 

mapping conditions required the finger movements to be made either on a different plane 

(plane-change, PC), in the opposite direction (feedback reversal, FR), or both (PC+FR), from 
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the spatial peripheral target location (see Fig. 1a for depictions of all four visuomotor 

transformation task conditions). Eye movements were the same across all conditions (i.e., 

always to the guiding visual peripheral target on the vertical screen). The four conditions were 

presented in randomized blocks, each consisting of five pseudo-randomly presented trials to 

each of the four peripheral targets for a total of 20 trials per condition, and thus 80 trials per 

participant across the four conditions. Each participant was also given two practice trials per 

peripheral target prior to each of the four conditions to ensure task comprehension. See Fig. 1b 

for visual representations of a single trial completion, including trial timings. 
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Figure 1. a) Schematic drawing of the visuomotor task conditions. Lighter eye and hand 
symbols denote the starting position for each trial (green central target). Darker eye and hand 
symbols denote the instructed eye and hand movements for each task. Red circles denote the 
peripheral (reach) target, presented randomly in one of four locations (left, up, right, or down 
relative to the central target). The direct interaction task requires standard mapping, where 
participants slide their finger on a touch screen to move a cursor from a central target to one of 
four peripheral targets. The other three conditions involve non-standard visuomotor 
integration, where targets either have a 180° feedback reversal (feedback reversal), are spatially 
dissociated from the plane of hand motion (plane-change), or both (plane-change + feedback 
reversal). b) Sequence of events during one trial of the visuomotor task. All trials begin in the 
central (home) target. Once the participant moves the cursor (denoted by the white square) into 
the central target, the target changes from yellow to green to signify a movement preparation 
period. After 4000 ms, a red peripheral target appears in one of four directions (up, down, left, 
or right of the centre) and serves as the ‘Go’ signal. Once the peripheral target is acquired and 
held for 500 ms it disappears, signaling the end of the trial. After an inter-trial interval of 2000 
ms, the central yellow target reappears, and the participant moves back to the central target to 
initiate the next trial.  
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2.3.2. Behavioural data preprocessing 

Kinematic measures, including timing, finger position (x, y coordinates; 50 Hz sampling 

rate), and error data were recorded for each trial and converted into a MATLAB readable 

format using a custom written (C++) application. Custom analysis software (Matlab, 

Mathworks Inc.) was used to process individuals’ finger trajectories and generate movement 

profiles that were then verified by visual inspection, and manually corrected when necessary. 

All data were processed to compute timing, accuracy, and precision measures. These kinematic 

outcome measures were as follows: 1) Reaction time (RT), the time interval (in ms) between 

the central target disappearance and movement onset; 2) Full movement time (MTf), the time 

(in ms) between movement onset and offset; 3) Peak velocity (PV), the maximum velocity 

obtained during the ballistic movement, and used to calculate the 10% threshold used for 

determining movement onsets and offsets; 4) Path length (PL), the total distance (in mm, 

calculated from the x and y trajectories) travelled between movement onset and offset; 5) 

Absolute error (AE), a measure of end-point accuracy, and the average distance (in mm) from 

the individual ballistic movement endpoints (∑ x/n, ∑ y/n) to the actual target location; and 6) 

Variable error (VE), a measure of end-point precision, and the distance (in mm) between the 

individual ballistic movement endpoints (σ) from their mean movement. Corrective path length 

(CPL) represents corrective movements and was quantified by subtracting the PLb (initial 

movement offset) from the PLf (full movement offset). The procedure for combining some of 

the kinematic measures into composite scores to decrease the number of comparisons made in 

the data analysis was previously described (Rogojin et al. 2019). Briefly, all kinematic 

measures were standardized using z-scores and the composite scores were then created using 

simple averaging. A “timing score” was created as a composite score of RT, MTf, and PV, and 

an “endpoint error score” was a composite score of AE and VE. The timing and endpoint error 

scores had a high internal consistency, as indicated by Cronbach’s alpha values of 0.897 and 
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0.772, respectively. The corrective path lengths, timing scores, and endpoint error scores were 

then used for statistical analysis. 

 

2.4. Magnetic resonance imaging 

2.4.1. Image acquisition 

MRI data were acquired using a 3 Tesla (3T) Siemens Trio scanner at York University. 

Participants received a T1-weighted anatomical scan using a sagittal volumetric magnetization-

prepared rapid gradient echo (MP-RAGE) sequence. The MP-RAGE consisted of the following 

acquisition parameters: 192 sagittal slices (slice thickness of 1 mm, with no gap), field of view 

(FOV) of 256 x 256 mm, matrix size of 256 x 256 resulting in a voxel resolution of 1 x 1 x 1 

mm, echo time (TE) = 2.96 ms, repetition time (TR) = 2300 ms, flip angle = 9o. To quantify 

resting state functional connectivity (RSFC) within networks of interest, an echo planar 

imaging (EPI) sequence sensitive to blood oxygenation level dependent (BOLD) contrast was 

collected. Participants were asked to lie still with their eyes closed, letting their mind wander 

for six minutes in the scanner during the functional sequence with the following acquisition 

parameters: 35 axial slices (slice thickness of 4 mm, with no gap), field of view (FOV) of 210 

x 210 mm, matrix size of 70 x 70 resulting in a voxel resolution of 3 x 3 x 4 mm, echo time 

(TE) = 30 ms, repetition time (TR) = 2000 ms, flip angle = 90o. 

 

2.4.2. MR image preprocessing 

Preprocessing of the neuroimaging data was done using FreeSurfer 7.1 (Harvard Medical 

School, Boston, USA; http://www.surfer.nmr.mgh.harvard.edu) and Analysis of Functional 

NeuroImages (AFNI) software (version 21.3.07 'Trajan') (Cox 1996). The T1-weighted MR 

images were used as input to the main Freesurfer reconstruction pipeline (“recon-all”) to 

parcellate and segment the brain into anatomically distinct regions of the cortex and subcortical 
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nuclei, respectively. Each individual’s parcellation and segmentation was visually inspected to 

ensure that there were no obvious errors. AFNI was used for preprocessing of the resting state 

data. For every participant, the first 2 image-volumes were removed. Functional preprocessing 

steps included despiking (3dDespike), slice timing correction (3dTshift), coregistration of the 

rest run with the subject’s T1-weighted anatomical image (3dAllineate), and motion correction 

(3dVolreg). ANATICOR (Jo et al. 2010) was used for nuisance variable regression (removal 

of ventricle/white matter tissue-based signals). The ventricle and white matter masks used for 

nuisance regression by ANATICOR were created from Freesurfer’s segmentation of the T1-

weighted data and were visually-inspected for quality control. Within AFNI, these masks were 

eroded to prevent inclusion of voxels containing gray matter. Motion censoring was applied 

such that successive functional volumes containing >0.25 mm of head motion, as well as 

volumes containing >5% of voxels as outliers, were removed. At each voxel, the data was 

detrended using the default polynomial degree based on the duration of the resting state run. A 

voxel was labelled an outlier if the signal was outside of a defined number of mean absolute 

deviations (MAD) from the trend, calculated based on the number of TRs in the dataset. To 

account for older adults’ tendency to move more in the scanner (Pardoe et al. 2016; Savalia et 

al. 2017; Madan 2018), the motion censor threshold used in the current study was less 

conservative than that typically used in resting state fMRI preprocessing pipelines for younger 

participants (>0.2 mm) (Power et al. 2014). Average motion after censoring was <0.15 mm for 

all participants. The percentage of censored volumes and average censored motion did not 

differ significantly between groups (family history positive vs. no family history, males vs. 

females, APOE e4 positive vs. APOE e4 negative). In addition to nuisance variables created 

via ANATICOR, nuisance variables for the time-series of each voxel also included estimates 

of head motion in 6 directions and the temporal derivative of each of these six head motion 

estimates. Least-squares model fitted time-series of all nuisance variables were subtracted from 



 

 
 

 

103 

the voxel time-series resulting in a residual time-series that was used in subsequent analyses. 

As a data quality assessment procedure, the precuneus was used as a seed region in the 

preprocessed functional data (i.e., the residual time-series) in order to verify that the DMN 

looked reasonable in every subject. The seed region was selected within the left hemisphere 

precuneus, 2-3 slices away from the mid-sagittal plane, central to the region bordered by the 

pars marginalis of the cingulate sulcus, the subparietal sulcus, and the parieto-occipital fissure. 

Following preprocessing, one participant was excluded due to missing resting state data, and 

48 participants were used in the final analysis.  

 

2.4.3. Functional connectivity parcellation 

An individualized functional parcellation approach was used to identify subject-specific 

functional resting state network nodes in the preprocessed data (Chong et al. 2017). Functional 

parcellation of resting state networks refers to the identification of cortical areas, or 'parcels' 

that exhibit functionally similar properties (Raichle et al. 2001; Sporns et al. 2005; Kim et al. 

2010; Eickhoff et al. 2011; Smith et al. 2013; Eickhoff et al. 2015). The most common approach 

to parcellation relies on a mean functional resting state network parcellation common to a group 

of subjects (i.e., the group average network), which is then projected back onto individual 

subject data (Yeo et al. 2011; Wig et al. 2014). These population-average networks have 

provided important information on the large-scale functional organization of the brain 

(Buckner et al. 2013; Wig 2017). However, population-average networks may obscure 

individual-specific network organization and thus lead to inaccuracies at the level of individual 

subjects (Chong et al. 2017). Thus, there is a growing focus on person-specific parcellation to 

define functional parcels independently for each participant. Group prior individual 

parcellation (GPIP) was implemented to automatically perform parcellation of resting 

functional data into functional networks at the level of individual subjects (Chong et al. 2017). 
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GPIP is a novel cortical parcellation method that initializes parcellation using an atlas template. 

This initial parcellation is then refined for each subject using the subject’s functional data to 

allow individual variability across subjects in the boundaries of these parcels (Chong et al. 

2017). The use of a template atlas for parcellation initialization results in all subjects having 

corresponding functional regions (aiding group analysis), while functional parcel boundaries 

can vary from subject to subject. GPIP iterates between two steps to continuously update parcel 

labels until convergence: 1) each participant’s parcel boundaries (first obtained from the 

initialization to the Schaefer atlas) are refined relative to their resting functional data, and 2) 

the concentration (inverse covariance/partial correlation) matrices from all individuals are then 

jointly estimated using a group sparsity constraint (Chong et al. 2017). Specifically, for the 

results presented in the current study, the preprocessed and denoised resting state functional 

data were first initialized with the 200-parcel Schaefer atlas (Schaefer et al. 2018), 

corresponding to the 7 functional networks atlas (Yeo et al. 2011). 

Prior to GPIP initialization, the functional data were registered to the corresponding 

FreeSurfer anatomical images for each subject, converted from volumetric to surface space, 

and resampled to the FreeSurfer cortical surface template (fsaverage5). Spatial smoothing of 6 

mm was applied to the anatomically-aligned data in surface space. Visual inspection was used 

to verify proper coregistration of functional data with the T1-weighted anatomical images. 

Values from vertices located in the medial wall were resampled into the surface data as they 

are removed by FreeSurfer but are needed for running GPIP. The functional time-series data 

were normalized by scaling to a mean value of 0 and a standard deviation of 1. The normalized 

functional time-series data were then used in subsequent steps for GPIP analysis. GPIP 

performed its two-step iterative process 20 times for each subject resulting in increasingly 

refined functional network parcellations with optimal segmentation with respect to the cortical 

surface.  Each participant's final parcellation was plotted and inspected to verify the quality of 
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the parcellation (an example of a single subject’s final parcellation is shown in Fig. 2). To 

further assess the quality of the parcellations, homogeneity was calculated as the mean 

temporal correlation coefficient between all pairs of vertices within each GPIP parcel, where a 

large value suggests that the vertices included in a particular parcel have similar time-series 

(i.e., are homogeneous) and therefore correctly assigned to that parcel. The homogeneity value 

was calculated for the whole brain as a mean value across all parcels for each GPIP iteration to 

verify that these values increased with each iteration before plateauing prior to the final 

iterations, suggesting stable and accurate parcellations.  Further, cross-correlation matrices 

including all GPIP parcels were plotted and visually inspected to verify reasonable patterns of 

whole-brain connectivity in each participant (see section 2.4.4 below for specific details on 

matrix construction). 
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Figure 2. Example parcellation from a single subject initialized with the 200-parcel 7-network 
Schaefer atlas (Schaefer et al. 2018) with refined parcel borders that functionally correspond 
to the subject's resting state data as a result of the GPIP process.  
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2.4.4. Resting state functional connectivity matrix 

A functional connectivity matrix was created for each participant based on their 

individualized parcellation. The mean BOLD signal time-series data was extracted from each 

parcel and pairwise correlations were computed between each parcel pair. The correlation 

coefficients were then converted to z-scores using Fisher’s r-to-z transformation to normalize 

the distribution of correlation values, resulting in a 200 x 200 functional connectivity matrix 

for each subject. A growing body of research has implicated the DMN as being particularly 

vulnerable to AD pathology beginning in the preclinical stage (Hedden et al. 2009; Sheline, 

Raichle, et al. 2010; Sheline and Raichle 2013; Riedel et al. 2016; Hampton et al. 2020). 

Functional nodes of the DMN include the posterior cingulate cortex, retrosplenial cortex, 

precuneus, medial prefrontal cortex, inferior parietal lobes, temporal pole extending into the 

lateral temporal cortex, and regions of the medial temporal lobe (including the hippocampal 

and parahippocampal cortices) (Parvizi et al. 2006; Uddin et al. 2009; Andrews-Hanna et al. 

2010; Sperling et al. 2011; Márquez and Yassa 2019). Previous studies have further identified 

two functional cores of the DMN: the medial prefrontal cortex within the anterior medial 

portion of the DMN, and the precuneus and posterior cingulate cortex in the posterior medial 

portion of the DMN (Buckner et al. 2008; Fransson and Marrelec 2008; Andrews-Hanna et al. 

2010; Utevsky et al. 2014). These regions represent core hubs to which all other regions of the 

DMN are correlated (Buckner et al. 2008). As previously mentioned, functional connectivity 

in the DMN is disrupted in preclinical AD including prominently in the posterior medial 

regions (precuneus and posterior cingulate cortex) and the medial prefrontal cortex (Hedden et 

al. 2009; Damoiseaux et al. 2012; Wang, Catherine M Roe, et al. 2012; Riedel et al. 2016), as 

well as between posterior medial regions and other posterior areas of the DMN, namely the 

medial temporal lobe and inferior parietal lobule (Sheline, Raichle, et al. 2010; López-Sanz et 

al. 2017). Therefore, instead of examining the DMN as a whole, homogeneous network, it was 
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assessed based on the functional connectivity between and within the anterior and posterior 

core hubs, as well as the connectivity of these regions to other functional nodes within the 

DMN. The Schaefer parcellation was visually inspected to assign GPIP parcels of the DMN to 

the following network nodes: precuneus/posterior cingulate cortex (pCun/PCC), medial 

prefrontal cortex (mPFC), left and right lateral prefrontal cortex (llPFC, rlPFC), left and right 

inferior parietal lobe (lIPL, rIPL), left and right lateral temporal cortex (lLTC, rLTC), and left 

parahippocampal cortex (lPHC) (Fig. 3a). The IPL consisted largely of the angular and 

supramarginal gyri, and the LTC consisted of the temporal pole extending into the inferior, 

middle, and superior temporal gyri. Each participant’s mean Fisher z-transformed RSFC values 

were also extracted for several other resting state networks of interest as a measure of overall 

within-network functional connectivity. The networks of interest were the somatomotor 

network (SMN), dorsal attention network (DAN), ventral attention network (VAN), and 

frontoparietal control network (FPN) (Fig. 3b-e). 
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Figure 3. a) Parcels from GPIP parcellation of the default mode network (DMN) were visually 
inspected and assigned to the following DMN nodes: precuneus/posterior cingulate cortex 
(pCun/PCC; red), medial prefrontal cortex (mPFC; cyan), left and right lateral prefrontal cortex 
(llPFC, rlPFC; purple), left and right inferior parietal lobe (lIPL, rIPL; orange), left and right 
lateral temporal cortex (lLTC, rLTC; lime green), and left parahippocampal cortex (lPHC; dark 
blue). Resting state networks used for mean resting state functional connectivity (RSFC) 
analysis, with corresponding nodes assigned by GPIP to the b) somatomotor network (SMN; 
green), c) dorsal attention network (DAN; blue), d) ventral attention network (VAN; orange), 
and e) frontoparietal control network (FPN; purple). LH, left hemisphere; RH, right 
hemisphere. Brain figures made with “ggseg” R package (Mowinckel and Vidal-Piñeiro 2020).  
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2.5. Statistical analysis 

All statistical analyses were carried out using open-source R software v4.1.0 (R Core 

Team 2021). 

 

2.5.1. Family history of dementia, APOE status, and sex effects on functional connectivity 

Three-way ANOVAs were used to compare differences in RSFC between: 1) individuals 

with a family history of dementia and individuals without a family history of dementia, 2) 

APOE e4 carriers and non-carriers, and 3) females and males. The RSFC measures being 

compared were pairwise parcel FC values for select DMN nodes, as well as mean within-

network RSFC in the SMN, DAN, VAN, and FPN. The pairwise comparisons for the DMN 

were performed between the following nodes: pCun/PCC and mPFC; pCun/PCC and bilateral 

lPFC, bilateral IPL, bilateral LTC, and left PHC; mPFC and bilateral lPFC, bilateral IPL, 

bilateral LTC, and left PHC. Post-hoc analyses were adjusted for multiple comparisons using 

the Holm correction method, and were considered statistically significant at an alpha of p < 

0.05.  

 

2.5.2. Family history of dementia, APOE status, sex, and functional connectivity effects 

on visuomotor integration performance 

Previous behavioural findings revealed that significant predictors of worse visuomotor 

performance were 1) a family history of dementia (greater endpoint error scores in the visual 

feedback reversal condition), 2) having the APOE e4 allele (greater endpoint error scores in 

the plane-change feedback reversal condition, and greater corrective path lengths in both of the 

plane-change conditions), and 3) sex (greater endpoint error scores in the visual feedback 

reversal condition) (Rogojin et al. 2019). The current study used multiple linear regression 

analysis to assess whether these performance declines are associated with RSFC. The RSFC 
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measures being compared were pairwise parcel FC values for select DMN nodes, as well as for 

mean within-network FC for the SMN, DAN, VAN, and FPN. The pairwise comparisons for 

the DMN were performed between the following nodes: pCun/PCC and mPFC; pCun/PCC and 

bilateral lPFC, bilateral IPL, bilateral LTC, and left PHC; mPFC and bilateral lPFC, bilateral 

IPL, bilateral LTC, and left PHC. Regression models were set up with RSFC as the predictor 

variable, one of the visuomotor performance measures as the dependent variable, and based on 

the previous findings they were controlled for 1) sex and family history in the feedback reversal 

condition, and 2) APOE e4 status in the two plane-change conditions. Specifically, the 

visuomotor performance measures used in this study were endpoint error scores in the feedback 

reversal condition (controlled for sex and family history), endpoint error scores in the plane-

change feedback reversal condition (controlled for APOE status), and corrective path lengths 

in both of the plane-change conditions (controlled for APOE status). The p-values were 

adjusted for multiple comparisons using the Holm correction method. Corrections were 

considered statistically significant at p < 0.05. 

 

3. RESULTS 

3.1. No general effects of family history of dementia, APOE status, and sex on functional 

connectivity 

There were no statistically significant differences between 1) positive and negative 

dementia family history, 2) APOE e4 carriers and non-carriers, and 3) females and males found 

between pairwise parcel FC values for the DMN nodes of interest, or for mean within-network 

FC in the SMN, DAN, VAN, and FPN.  

 

3.2. Modifying effects of the APOE e4 allele on the relationship between visuomotor 

performance and connectivity between the posterior medial DMN with other DMN nodes 
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Presence of the APOE e4 allele modified the relationship between visuomotor 

performance in the plane-change feedback reversal condition and RSFC between the 

pCun/PCC and two other nodes in the left hemisphere (Table 2). There was a significant 

interaction effect of pCun/PCC to left IPL RSFC and APOE status (β = -16.303, p < 0.05) on 

endpoint error scores (Fig. 4a). The results of the regression analysis indicated that the 

predictors explained 37% of variance (R2adj = 0.3696, F3,42 = 9.796, p < 0.01). Simple slopes 

analysis revealed that a lower RSFC between the pCun/PCC and left IPL (Fig. 3a, red/orange) 

was a significant predictor of greater corrective path length (indicative of worse visuomotor 

performance) only in APOE e4 carriers (simple slope = -11.43, S.E. = 4.43, p = 0.01). Similarly, 

there was a significant interaction effect of pCun/PCC to left PHC RSFC and APOE status (β 

= -27.278, p < 0.05) on corrective path length (Fig. 4b). The results of the regression analysis 

indicated that the predictors explained 35.3% of variance (R2adj = 0.3532, F3,42 = 9.192, p < 

0.01). Simple slopes analysis revealed that a lower RSFC between the pCun/PCC and left PHC 

(Fig. 3a, red/dark blue) was a significant predictor of greater corrective path length (indicative 

of worse visuomotor performance) only in APOE e4 carriers (simple slope = -21.86, S.E. = 

8.20, p = 0.01).  

 

3.3. Modifying effects of the APOE e4 allele on the relationship between mean intra-DAN 

functional connectivity and visuomotor performance 

Presence of the APOE e4 allele modified the relationship between mean intra-DAN 

RSFC and visuomotor performance for two of the behavioural measures in the plane-change 

feedback reversal condition (Fig. 5). There was a significant interaction effect of mean RSFC 

in the DAN and APOE status (β = -25.543, p < 0.01) on endpoint error scores. The results of 

the regression analysis indicated that the predictors explained 41.5% of variance (R2adj = 

0.4148, F3,42 = 11.63, p < 0.001). Simple slopes analysis revealed that a lower mean RSFC in 
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the DAN was a significant predictor of greater endpoint error scores (indicative of worse 

visuomotor performance) only in APOE e4 carriers (simple slope = -23.41, S.E. = 6.81, p < 

0.01). Similarly, there was also a significant interaction effect of mean RSFC in the DAN and 

APOE status (β = -59.268, p < 0.05) on corrective path length. The results of the regression 

analysis indicated that the predictors explained 38% of variance (R2adj = 0.3799, F3,42 = 5.915, 

p < 0.001). Simple slopes analysis revealed that a lower mean RSFC in the DAN was a 

significant predictor of greater corrective path length (indicative of worse visuomotor 

performance) only in APOE e4 carriers (simple slope = -53.40, S.E. = 17.23, p < 0.01). The 

statistics for these multiple linear regressions are listed in Table 2. There were otherwise no 

effects of family history, APOE e4 status, or sex on the relationship between mean within-

network functional connectivity and visuomotor performance for any of the other resting 

networks.  
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Figure 4. Lower RSFC between several DMN nodes predicts worse visuomotor performance 
(reflected by higher endpoint error scores or corrective path lengths) in the plane-change 
feedback reversal condition only in APOE e4 carriers. Specifically, lower RSFC between the 
a) pCun/PCC and left IPL, and b) pCun/PCC and left PHC predicts worse non-standard 
visuomotor performance. Significant results shown from multiple regression and simple slopes 
analyses. RSFC, resting state functional connectivity; APOE, apolipoprotein E; pCun/PCC, 
precuneus/posterior cingulate cortex; IPL, inferior parietal lobule; PHC, parahippocampal 
cortex; PC+FR, plane change feedback reversal condition. 
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Figure 5. Lower intra-DAN mean RSFC predicts worse visuomotor performance in the plane-
change feedback reversal condition only in APOE e4 carriers. Worse non-standard visuomotor 
performance is reflected by a) higher endpoint error scores, and b) greater corrective path 
lengths. Significant results shown from multiple regression and simple slopes analyses. RSFC, 
resting state functional connectivity; APOE, apolipoprotein E; DAN, dorsal attention network; 
PC+FR, plane change feedback reversal condition. 
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Table 2. Multiple linear regression models used to assess whether non-standard visuomotor 
performance declines are associated with resting state functional connectivity (RSFC). 
Regression models were set up with RSFC as the predictor variable, APOE e4 status as the 
moderator variable, and visuomotor performance measures (EE score and CPL) in the plane-
change feedback reversal condition as the outcome variable. Models with significant 
interactions are shown. 
 

Outcome Network Predictor Estimate S.E. t Unadjusted p Adjusted p 

EE Score pCun/PCC –  
left IPL Intercept 3.474 1.531 2.268 0.028508    RSFC -3.283 2.979 -1.102 0.276775 0.276775 

  APOE 11.991 3.063 3.915 0.000326 0.000978 
  RSFC*APOE -16.303 5.958 -2.736 0.009068 0.018136 

R2adj = 0.3696, F3,42 = 9.796, p = 0.00005061 
APOE e4 simple slope = -11.43, S.E. = 4.43, p < 0.01 

CPL pCun/PCC –  
left PHC Intercept 9.972 1.927 5.174 6.03E-06  

  RSFC -8.219 5.397 -1.523 0.1353 0.1353 
  APOE 17.498 3.854 4.54 4.67E-05 0.0001401 
  RSFC*APOE -27.278 10.795 -2.527 0.0154 0.0308 

R2adj = 0.3532, F3,42 = 9.192, p = 0.000008531 
APOE e4 simple slope = -21.86, S.E. = 8.20, p < 0.01 

EE Score Mean DAN Intercept 6.41 1.934 3.314 0.001898  
  RSFC -10.638 4.168 -2.552 0.014422 0.014422 
  APOE 15.345 3.868 3.967 0.000278 0.000834 
  RSFC*APOE -25.543 8.336 -3.064 0.003802 0.007604 

R2adj = 0.4148, F3,42 = 11.63, p = 0.0000111 
APOE e4 simple slope = -23.41, S.E. = 6.81, p < 0.01 

CPL Mean DAN Intercept 18.08 4.895 3.694 0.000632  
  RSFC -23.771 10.547 -2.254 0.02949 0.02949 
  APOE 35.948 9.789 3.672 0.000674 0.002022 
  RSFC*APOE -59.268 21.094 -2.81 0.007498 0.014996 

R2adj = 0.3799, F3,42 = 10.19, p = 0.00003623 
APOE e4 simple slope = -53.40, S.E. = 17.23, p < 0.01 

Unadjusted and adjusted p-values reported. Values were adjusted for multiple comparisons using the Holm 
correction method and were considered statistically significant at p < 0.05. S.E., standard error; EE score, endpoint 
error score; CPL, corrective path length; RSFC, resting state functional connectivity; APOE, apolipoprotein E; 
DAN, dorsal attention network; pCun/PCC, precuneus/posterior cingulate cortex; IPL, inferior parietal lobule; 
PHC, parahippocampal cortex.  
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4. DISCUSSION 

The main goal of this study was to assess whether disrupted RSFC may underlie impaired 

visuomotor abilities in individuals with specific dementia risk factors (positive family history 

of dementia, or presence of the APOE e4 allele). A secondary goal was to investigate whether 

differences in RSFC may also explain previously demonstrated sex-differences in non-standard 

visuomotor performance. We previously found that e4-carriers performed significantly worse 

on visuomotor tasks under increasing cognitively-demanding conditions (Rogojin et al. 2019), 

and that this impaired performance was associated with lower white matter integrity in the 

brain (Rogojin et al., in preparation). Our key novel findings in the current study demonstrate 

that the e4 allele also modified the relationship between RSFC and visuomotor performance, 

where lower RSFC in the DMN and the DAN predicted poorer non-standard performance. 

Notably, these visuomotor deficits in APOE e4 carriers were detectable using our non-standard 

visuomotor tasks in advance of any measurable cognitive issues. There were no significant 

relationships between RSFC and family history of dementia or sex to explain previously 

reported differences in visuomotor task performance.  

 

4.1. Reduced resting state functional connectivity in the posterior DMN and the DAN 

predict visuomotor deficits in APOE e4 carriers 

Individuals with the e4 allele showed abnormalities in RSFC between posterior DMN 

nodes that predicted poorer non-standard visuomotor performance. Specifically, there was 

lower RSFC between the precuneus and posterior cingulate cortex, the posterior functional core 

of the DMN (Buckner et al. 2008; Fransson and Marrelec 2008; Andrews-Hanna et al. 2010; 

Utevsky et al. 2014), and the left IPL and left parahippocampal cortex. Our findings are 

consistent with the literature, where reduced functional connectivity was demonstrated in the 

DMN between the precuneus and left parahippocampal cortex specifically, among several 
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other DMN nodes, in cognitively normal individuals with amyloid pathology (Sheline, Raichle, 

et al. 2010). These findings were then replicated in APOE e4 carriers without any cognitive 

impairments and prior to the onset of amyloid pathology, where e4 carriers had lower RSFC 

of the precuneus to bilateral hippocampus and left parahippocampus compared to non-carriers 

(Sheline, Morris, et al. 2010). Several other studies have similarly found reduced RSFC within 

the posterior DMN in APOE e4 carriers compared to non-carriers, including in the precuneus 

(Fleisher et al. 2009; Patel et al. 2013; Su et al. 2017), posterior cingulate cortex (Patel et al. 

2013; Su et al. 2017), and between the pCun/PCC and hippocampus (Heise et al. 2014). Our 

findings are further supported by other studies showing decreased functional connectivity in 

the angular gyrus (a region of the IPL) in APOE e4 carriers (Wu et al. 2016). Patients with mild 

cognitive impairment who later develop AD, compared to mild cognitive impairment patients 

who remain stable in follow-up, also demonstrate significantly decreased RSFC in bilateral 

IPL (Li et al. 2016).  

Additionally, lower RSFC in the DAN was also a predictor of worse non-standard 

visuomotor performance in APOE e4 carriers. The DAN, composed bilaterally of the 

intraparietal sulcus and frontal eye fields, is involved in goal-driven “top-down” orienting of 

attention toward behaviourally relevant stimuli (Fox et al. 2006). The influence of the e4 allele 

on the DAN is not widely studied (Foo et al. 2020). One paper looking at structural MRI found 

cortical thinning in APOE e4 carriers in the frontoparietal regions that form DAN functional 

nodes (Wolk and Dickerson 2010). Most studies on the DAN and its relation to AD are from 

clinical populations with either mild cognitive impairment or dementia, demonstrating that 

“top-down” attention processing mediated by the DAN is impaired by mild cognitive 

impairment and AD with decreased RSFC observed in both populations (Li et al. 2012; Qian 

et al. 2015; Zhang et al. 2015; Mcdonough et al. 2019; Wang et al. 2022).  
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There are several brain regions that are activated during non-standard visuomotor 

movements, with the precuneus and IPL in particular appearing to be crucial for discriminating 

between standard and non-standard task conditions (Gorbet and Sergio 2016; Gorbet and 

Sergio 2018). Other studies have further demonstrated the importance of the IPL in visuomotor 

control (Bernier and Grafton 2010; Mutha et al. 2011; Crottaz-Herbette et al. 2014). Regions 

of the medial temporal lobe, including the hippocampus, parahippocampus, and entorhinal 

cortex, are involved in encoding hand position in space, and the parahippocampal cortex may 

be particularly important for sensorimotor transformations between visual inputs and hand 

kinematics (Tankus and Fried 2012). The involvement of these regions in visuomotor 

integration may therefore explain the reduced RSFC that we see between several regions of the 

DMN including the pCun/PCC, IPL, and parahippocampal cortex in e4 carriers associated with 

deficits in non-standard visuomotor movements. Further, the intraparietal sulcus of the DAN 

is located within the PPC, which is activated during visuomotor transformations (Blangero et 

al. 2009). Taken together, our findings from the DMN and DAN demonstrate a relationship 

between parietal-frontal and parietal-temporal functional connectivity and visuomotor 

performance. This is consistent with the important role of reciprocal cortical networks 

involving frontal, parietal, and temporal regions in visuomotor transformations required for 

successful execution of goal-directed movements (Gorbet et al. 2004; Gorbet and Sergio 2016; 

Caminiti et al. 2017; Gorbet and Sergio 2018). 

 

4.2. Potential mechanisms of APOE e4 effects on resting state functional connectivity 

The APOE e4 allele has been proposed to reduce protection or increase toxicity compared 

to the e3 and e2 alleles in most AD pathogenic pathways. One potential mechanism of APOE 

e4 action is via Aβ-induced neurotoxicity (Mahley and Rall 2000; Manelli et al. 2004). 

Histopathological studies demonstrated that APOE e4 carriers have a higher Aβ plaque density 
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and burden compared to non-carriers (Rebeck et al. 1993; Tiraboschi et al. 2004; Reiman et al. 

2009; Caselli et al. 2010). In cognitively normal individuals, biomarkers of Aβ accumulation 

were present at a frequency that corresponded to their APOE genotype, with the highest 

frequency found in APOE e4 carriers (Castellano et al. 2011). The APOE E4 protein appears 

to bind with less affinity to Aβ (LaDu et al. 1994), and may therefore prevent effective 

clearance of neurotoxic Aβ species compared to other APOE variants (LaDu et al. 1997). 

Indeed, Aβ complexes formed with the E2 and E3 proteins are cleared more rapidly from the 

brain compared to complexes with the E4 variant (Deane et al. 2008). Several studies have 

demonstrated decreased functional connectivity in the DMN in cognitively normal subjects 

with high amyloid burden (Hedden et al. 2009; Sperling et al. 2009; Sheline, Raichle, et al. 

2010; Mormino et al. 2011). Multiple studies have found a general spatial-temporal pattern of 

amyloid deposition in AD with earliest accumulation in the medial frontal and cingulate regions 

(Fantoni et al. 2020), which overlap with the core functional nodes of the DMN (Buckner et al. 

2008; Fransson and Marrelec 2008; Andrews-Hanna et al. 2010; Utevsky et al. 2014). A recent 

study investigating the effects of APOE e4 on Aβ spatial distribution patterns found highest 

amyloid accumulation in the medial temporal lobe (hippocampal, parahippocampal, and 

entorhinal cortices) and inferior parietal regions (Cacciaglia et al. 2022). These are some of the 

same regions between which we reported lower RSFC that predicted poorer visuomotor 

performance in e4 carriers. In addition to amyloid plaques, systemic inflammation has been 

implicated in AD pathogenesis with activation of inflammatory responses observed in the 

brains of AD patients (Bales et al. 2000). APOE may modulate the neuroinflammatory response 

in AD pathology, as the e4 allele has been associated with a greater pro-inflammatory response 

compared to the e3 allele (Guo et al. 2004). Lower RSFC in the DMN and DAN was linked to 

peripheral pro-inflammatory signalling in older adults without dementia, and was further 

magnified in APOE e4 carriers (Walker et al. 2020). Therefore, the APOE e4 allele may 
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compromise the functional integrity of resting cortical networks through both Aβ-related and 

non-Aβ related pathways early in disease progression. 

 

4.3. General conclusions 

Sensory and motor regions in the brain are affected by AD pathology, and sensorimotor 

deficits may precede the onset of cognitive symptoms of AD by several years (Albers et al. 

2015). These findings raise the possibility that sensory and motor changes may be an early non-

invasive biomarker for AD, and even a target for intervention in the treatment of AD (de Boer 

et al. 2018; Echlin et al. 2020). Our findings support the potential use of a simple behavioural 

task that requires communication across brain regions processing visual, cognitive, and motor 

information to detect sensorimotor (more specifically, visuomotor) impairments. The 

visuomotor paradigm requiring cognitive rule integration used in the current study may be 

sensitive to the presence of the APOE e4 allele, the greatest genetic risk factor for AD (Farrer 

et al. 1997; Bekris et al. 2010; Karch and Goate 2015). Such a behavioural testing approach 

could have potential for detecting sensory and motor changes that are specific to AD in the 

preclinical stage. While the generalizability of these findings is limited by the relatively small 

sample size and the study being cross-sectional in nature, they provide important insights into 

the relationship between visuomotor dysfunctions and preclinical AD. Future work should 

investigate if individuals demonstrating visuomotor impairments on a non-standard task prior 

to cognitive decline are more likely to then develop mild cognitive impairment or dementia 

later in life.  
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ABSTRACT 

Introduction: While many of the movements we make throughout our day involve just one 

upper limb, most daily movements require a certain degree of coordination between both upper 

limbs. Historically, sex differences in eye-hand coordination have been observed. As well, 

there are demonstrated sex-specific differences in hemisphere symmetry, interhemispheric 

connectivity, and motor cortex organization. While it has been suggested that these anatomical 

differences may underlie sex-related differences in performance, sex differences in the 

functional neural correlates underlying bimanual performance have not been explicitly 

investigated. In the current study we tested the hypothesis that the functional connectivity 

underlying bimanual movement control differed depending on the sex of an individual. 

Methods: Participants underwent MRI scanning to acquire anatomical and functional brain 

images. During the functional runs, participants performed unimanual and bimanual 

coordination tasks using two button boxes. The tasks included pressing the buttons in time to 

an auditory cue with either their left or their right hand individually (unimanual), or with both 

hands simultaneously (bimanual). The bimanual task was further divided into either an in-phase 

(mirror/symmetrical) or anti-phase (parallel/asymmetrical) condition. Participants were trained 

until behavioural task performance was equivalent between men and women. A generalized 

psychophysiological interaction (gPPI) analysis was implemented to examine how functional 

connectivity in each condition was modulated by sex. Results: In support of our hypothesis, 

women and men demonstrated differences in the neural correlates underlying unimanual and 

bimanual movements. In line with previous literature, functional connectivity patterns showed 

sex-related differences for right- vs left-hand movements. Sex-specific functional connectivity 

during bimanual movements was not a sum of the functional connectivity underlying right- and 

left-hand unimanual movements. Further, women generally showed greater interhemispheric 

functional connectivity across all conditions compared to men and had greater connectivity 

between task-related cortical areas, while men had greater connectivity involving the 

cerebellum. Conclusions: With equivalent performance, sex differences in brain connectivity 

were associated with both unimanual and bimanual movement control. Not only do these 

findings provide novel insight into the fundamentals of how the brain controls bimanual 

movements in both women and men, they also present potential clinical implications on how 

bimanual movement training used in rehabilitation can best be tailored to the needs of 

individuals.  
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1. INTRODUCTION 

Bimanual coordination is essential for performing many everyday movements that 

require successful spatiotemporal interactions between both arms, such as typing or picking up 

a box (Kilbreath and Heard 2005; Howard et al. 2009). Indeed, healthy adults use both hands 

together in everyday functional activities more than either hand alone (Kilbreath and Heard 

2005; Stone et al. 2013). Thus, gaining a better understanding of how the brain controls these 

movements is both important fundamentally, and could provide a basis for clinical applications. 

For instance, bimanual movement training is being increasingly used as a potential post-stroke 

rehabilitation technique (Rose and Winstein 2004; Stewart et al. 2006; Kang and Cauraugh 

2014; Wolf et al. 2014), although the results have been inconsistent (Cauraugh et al. 2010). 

Fundamental studies investigating sex differences in bimanual performance report 

contradictory findings with some showing better performance in men (Mickevičienė et al. 

2011; Shetty et al. 2014) and others a better performance in women (Albines et al. 2016; 

Khanjari and Arabameri 2021). These inconsistencies may be a result of the type of bimanual 

task used, as there appears to be a female advantage in some bimanual tasks and a male 

advantage in others (Rudisch et al. 2020). However, the neural underpinnings of these observed 

bimanual sex differences have never been examined. Thus, understanding how the neural 

correlates underlying bimanual movements differ between the sexes is not only important for 

expanding on motor control research, but may inform clinical practices as sex may be a 

potential factor in determining bimanual training success. 

Bimanual coordination is associated with activation within a widespread network of brain 

regions similar to that involved in unimanual movements, including the primary sensorimotor 

cortex (S1/M1), dorsal premotor cortex (PMd), supplementary motor area (SMA), cingulate 

motor area (CMA), posterior parietal cortex (PPC), and the cerebellum (Jancke et al. 2000; 

Tracy et al. 2001; Swinnen 2002; Debaere et al. 2004b; Lin et al. 2017). There is a further 
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increased activation in the PMd, SMA, CMA, PPC, and cerebellum during more complex anti-

phase (asymmetrical/parallel) compared to in-phase (symmetrical/mirror) bimanual tasks 

(Sadato et al. 1997; Debaere et al. 2001; Immisch et al. 2001; Nair et al. 2003; Ullén et al. 

2003; Debaere et al. 2004b; Kraft et al. 2007; Wu et al. 2010; Kiyama et al. 2014; Lin et al. 

2017). The importance of intact interhemispheric connectivity for successful bimanual 

coordination comes from imaging studies investigating the integrity of the corpus callosum.  

The corpus callosum is a major white matter tract that connects the two hemispheres and 

facilitates interhemispheric communication (Bloom and Hynd 2005), crucial for motor control 

involving bimanual coordination (Gooijers et al. 2014; Rudisch et al. 2018) and damage to 

transcallosal pathways impairs bimanual performance (Serrien et al. 2001; Larson et al. 2002; 

Caeyenberghs et al. 2011). Increased bimanual performance of a finger tapping task was 

associated with increased white matter integrity (measured as greater fractional anisotropy) in 

the corpus callosum, likely reflecting increased myelination of the corpus callosum and 

consequently more efficient neuronal signal transmission (Muetzel et al. 2008). Callosal 

regions where white matter integrity was correlated with bimanual performance gave rise to 

pathways connecting the SMA and CMA between the two hemispheres (Johansen-Berg et al. 

2007), both medial wall regions that are important for complex bimanual coordination. 

Together, these findings suggest that greater interhemispheric connectivity between brain 

regions involved in bimanual coordination is especially important for successful bimanual 

control.  

There is direct evidence of a greater amount of interhemispheric connectivity in women, 

especially in the splenium (posterior portion of the corpus callosum) (Allen et al. 1991; Dubb 

et al. 2003), while men show greater intrahemispheric connectivity (Ingalhalikar et al. 2014). 

The corpus callosum specifically has been shown to have structural differences related to sex, 

where women have a significantly larger corpus callosum compared to men after adjusting for 
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brain size (Shiino et al. 2017). Functional neuroimaging and electrophysiological studies have 

demonstrated that even when men and women show equal performance of complex unimanual 

visuomotor tasks, the underlying brain activity associated with completing the tasks differs 

between the sexes with a more bilateral pattern of visuomotor brain activity in women relative 

to men (Grön et al. 2000; Gorbet and Sergio 2007; Gorbet et al. 2010; Gorbet and Staines 

2011). Collectively, these findings predict sex-related differences in interhemispheric 

connectivity associated with bimanual movement coordination. In the current study, we 

directly tested the hypothesis that the neural correlates underlying the control of unimanual and 

bimanual movements differ in women and men. As mentioned above, sex differences in the 

neural underpinning of unimanual control have been reported in a variety of paradigms. Here, 

we were interested in comparing the sex differences in functional connectivity of unimanual 

and bimanual movements on comparable tasks. We predicted that regions known to be 

important for unimanual and bimanual control would be significantly more bilaterally 

connected in women compared to men. 

 

2. METHODS 

2.1. Participants 

Thirty right-handed participants were included in the experiment. Participants of the 

study were 15 women (mean age 25.3 ± SD 6.2 years) and 15 men (mean age 24.9 ± SD 4.7 

years). Handedness was verified using the Edinburgh inventory (Oldfield 1971). Participants 

were asked to self-report sex on a binary scale (female/male). In the current study, female/male 

and woman/man labels both refer to self-reported sex, as gender was not explored in the 

analysis. None of the participants had any known neurological issues. All subjects had normal 

or corrected-to-normal vision. The study protocol was approved by the Human Participants 
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Review Sub-Committee of York University’s Ethics Review Board, and all participants 

provided informed written consent before data collection. 

 

2.2. Apparatus and MRI acquisition 

MRI data were acquired using a 3 Tesla (3T) Siemens Magnetom Prisma Fit scanner at 

York University. Participants lay in a supine position in the scanner with a vertical screen 

behind them in the magnet bore. A mirror was attached to the MRI head coil in front of the 

participant’s eyes to allow participants to view a fixation target being presented on the screen 

behind them. Participants wore MRI compatible headphones (MR Confon audio system) to 

hear auditory cues, and eye movements were monitored using an MRI-compatible eye tracking 

system (Avotec Eye Tracking System RE-5721) solely to verify gaze fixation. Two button 

boxes with 4 buttons in a curved line (Current Designs fORP SKU#HHSC-2x4-C) were placed 

under the right and left hand in a position that allowed participants to press appropriate buttons 

using their fingers with minimal wrist and lower arm movements.  

T1-weighted anatomical images were collected using a sagittal volumetric 

magnetization-prepared rapid gradient echo (MP-RAGE) sequence. The MP-RAGE consisted 

of 192 sagittal slices (slice thickness of 1 mm, with no gap), TR = 2300 ms, TE = 2.26 ms, flip 

angle = 8o, FoV = 256 mm, and voxel dimension of 1 x 1 x 1 mm. Functional images covered 

the entire brain and cerebellum, and were acquired using an echo planar imaging (EPI) 

sequence with TR = 1200 ms, TE = 30 ms, flip angle = 66o, and FoV = 240 mm. Fifty-four, 

3.0-mm thick slices with a voxel dimension of 2.5 x 2.5 x 3.0 mm were collected with an 

interleaved acquisition sequence and zero gap between slices. 

 

2.3. Experimental paradigm 



 

 
 

 

129 

All participants were trained on the experimental tasks prior to scanning. After a 

demonstration of how to perform the tasks by the experimenter (DG), participants performed 

two blocks of each of the four task conditions (two unimanual and two bimanual) to ensure 

task comprehension. In addition, participants were provided with an illustrated description of 

the tasks several days prior to scanning. During MRI data collection, each participant 

performed five experimental runs. Each run consisted of a randomized order of four conditions, 

each presented twice, for a total of eight blocks. Each run began with 30 s of baseline data 

collection where participants fixated on a central dot. Each block was preceded by a 6 s 

instruction screen which informed participants which of the four conditions they would be 

performing in the following block. Instruction screens were followed by another 15.6 s central 

fixation trial to allow brain activity to return to baseline levels. There was then a 30 s 

experimental block where participants performed one of the four conditions, followed by a 15.6 

s inter-block central fixation. The next instruction screen was presented for the next block 

condition.  

The four conditions were two unimanual and two bimanual coordination tasks using two 

button boxes. The conditions involved pressing the buttons in time to an auditory cue presented 

at 1 s intervals with just their left hand (unimanual), pressing the buttons with just their right 

hand (unimanual), or using both hands to press buttons simultaneously (bimanual) for a total 

of 7 repetitions of the full movement pattern for each condition (Fig. 1). The auditory cue 

ensured that all participants pressed the buttons at the same rate. The bimanual coordination 

task was further divided into two conditions, in-phase (mirror/symmetrical) or anti-phase 

(parallel/asymmetrical). The symmetrical bimanual condition involved the same fingers 

moving on both hands simultaneously (i.e., index, middle, ring, pinky). The asymmetrical 

bimanual condition involved both hands moving fingers from the left side of the hand to the 

right simultaneously (i.e., left pink + right index, left ring + right middle, left middle + right 
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ring, left index +right pinky). For all four conditions, hand positions were kept constant with 

both hands resting over both button boxes regardless of condition. As both the unimanual and 

bimanual task conditions were easy following training and had an auditory cue to guide the 

rate of button presses, behavioural task performance was expected to be equivalent between 

men and women. During scanning, participants were monitored to ensure they were correctly 

completing the tasks by monitoring both eye position as well as accuracy of button presses. 

Men and women did not differ in their ability to successfully perform each condition. 
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Figure 1. Schematic representation of the four task conditions. Participants pressed buttons on 
two button boxes in time to an auditory stimulus. The two unimanual tasks involved using 
either the left hand, or right hand. The two bimanual tasks involved using both hands 
simultaneously in a symmetrical pattern (same fingers moving on both hands), or asymmetrical 
pattern (both hands moving fingers from the left side of the hand to the right simultaneously).    
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2.4. Preprocessing of MRI data 

MRI data were analysed with the CONN toolbox (version 21a; 

https://www.nitrc.org/projects/conn) in Matlab R2019a (Mathworks Inc., Natick, MA) using 

the default preprocessing pipeline and denoising procedure (Whitfield-Gabrieli and Nieto-

Castanon 2012). The pipeline included realignment of the functional data using the SPM12 

realign & unwrap procedure (Andersson et al. 2001) to coregister and resample all scans to a 

reference image (first scan of the first session). Temporal distortions between slices in the 

functional data were corrected using the SPM12 slice-timing correction procedure (Henson et 

al. 1999). Scans with a framewise displacement >0.9mm or global BOLD signal changes of >5 

SD were identified and flagged as outliers. Functional and anatomical data were then 

normalized into MNI space and segmented into grey matter, white matter, and cerebrospinal 

fluid tissue classes based on the SPM12 unified segmentation and normalization procedure 

(Ashburner and Friston 2005). Smoothing of fMRI data was performed by applying a spatial 

convolution with a Gaussian kernel of 8mm full-width half-maximum (FWHM).  

Functional data were then denoised using Ordinary Least Squares (OLS) regression to 

remove the following confounding effects for each voxel’s time-series: (a) White matter and 

cerebrospinal fluid areas that were computed by applying a one-voxel binary erosion to the 

masks of voxels with values above 50% in white matter and cerebrospinal fluid posterior 

probability maps. Within each of these two regions, 5 potential noise components were 

estimated. These included the average BOLD signal and the first four components in a Principal 

Component Analysis of the covariance within the subspace orthogonal to the average BOLD 

signal; (b) 12 head motion parameter estimates (3 translation, 3 rotation, and their associated 

first-order derivatives); (c) all identified outlier scans from the preprocessing pipeline (i.e., 

scans with a framewise displacement >0.9 mm or global BOLD signal changes >5 SD); and 
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(d) linear BOLD signal trends within each session. Last, following nuisance regression, 

functional data were temporally filtered by applying a bandpass of 0.008 - 0.09 Hz.  

 

2.5. Generalized psychophysiological interaction (gPPI) analysis to measure functional 

connectivity 

Several brain regions of interest (ROIs) were chosen for this study based on their 

importance in bimanual coordination, or that have demonstrated sex-related differences 

associated with motor control. Neuroimaging studies have identified a distributed sensorimotor 

network involved in bimanual coordination consisting of the dorsal premotor cortex (PMd), 

primary sensorimotor cortex (S1/M1), supplementary motor area (SMA), cingulate motor area 

(CMA), superior parietal lobule (SPL), inferior parietal lobule (IPL), and cerebellum (Sadato 

et al. 1997; Jancke et al. 2000; Immisch et al. 2001; Tracy et al. 2001; Swinnen 2002; Nair et 

al. 2003; Ullén et al. 2003; Debaere et al. 2004b; Kraft et al. 2007; Wu et al. 2010; Lin et al. 

2017). Within the cerebellum, cerebellar lobules IV, V, VI, and VIII, and vermis regions V, 

VI, and VIII were specifically identified as being involved in bimanual coordination (Debaere 

et al. 2004b; Debaere et al. 2004a; Boisgontier et al. 2018). Sex-differences have been reported 

in premotor regions, S1, SPL, and regions of the lateral sulcus (superior temporal gyrus (STG) 

and parietal operculum (PO)) during eye-hand coordination tasks (Gorbet and Sergio 2007). 

The CONN toolbox uses the FSL Harvard-Oxford atlas (distributed with FSL 

http://www.fmrib.ox.ac.uk/fsl/) and AAL atlas (Tzourio-Mazoyer et al. 2002) for cortical and 

cerebellar parcellation, respectively. Therefore, the following cortical regions from the FSL 

Harvard-Oxford atlas were used as seed regions for analysis: right/left precentral gyrus, 

right/left postcentral gyrus, right/left superior parietal lobule, right/left supramarginal gyrus, 

right/left angular gyrus, right/left supplementary motor cortex, right/left parietal operculum 

cortex, and right/left superior temporal gyrus. The following cerebellar regions from the AAL 
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atlas were chosen as seed regions: right/left lobule IV/V, right/left lobule VI, right/left lobule 

VIII, vermis IV/V, vermis VI, and vermis VIII. 

First-level seed-to-voxel generalized psychophysiological interaction (gPPI) analysis 

was then implemented in CONN to examine how sex modulates functional connectivity during 

bimanual coordination. A gPPI analysis computes how functional association strength between 

a seed region and all other voxels in the brain covaries with an external or experimental factor 

(in this case, task condition). In CONN, gPPI analysis involves computation of separate 

multiple regression models for each target voxel BOLD time series, and included a) all of the 

selected task effects convolved with a canonical hemodynamic response function 

(psychological term), b) seed ROI BOLD time-series (physiological term), and c) the 

interaction term specified as the product of (a) and (b) (PPI term). Second-level analyses were 

then performed to control for multiple comparisons at the level of individual clusters using 

parametric statistics based on Gaussian Random Field Theory (Worsley et al. 1996). Sex was 

used as a covariate in the second-level analysis, with a contrast of female > male set for each 

of the seed regions for all four task conditions (left unimanual, right unimanual, in-

phase/symmetrical, anti-phase/asymmetrical). Active clusters were reported only when 

surviving a voxel-level a priori p < 0.001 uncorrected height threshold and a false discovery 

rate (FDR)-corrected cluster-level p < 0.05 threshold. The uncorrected height threshold p-value 

is defined as the likelihood of a randomly selected cluster being its size or higher and the FDR-

corrected p-value is defined as the expected proportion of false discoveries among all clusters 

of this size or larger over the entire analysis volume, both under the null hypothesis.  

 

3. RESULTS 

Functional connectivity between our seed ROIs and the whole brain differed between 

men and women during our four task conditions (see Table 1). During the right-hand 
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unimanual condition (Fig. 2a), women demonstrated increased connectivity relative to men 

between the right SPL (seed) and voxels covering the right central opercular cortex/PMd, as 

well as between the left SPL (seed) and bilateral anterior CMA. Men showed greater functional 

connectivity between the anterior CMA (seed) and voxels covering the right lateral occipital 

cortex/IPL (angular gyrus), and between the right cerebellar lobule VIII (seed) and right lateral 

occipital cortex/precuneus. During the left-hand unimanual condition (Fig. 2b), women had 

increased functional connectivity between the right SMA (seed) and voxels covering bilateral 

IPL (supramarginal gyrus) and primary sensorimotor cortex (S1/M1). Vermis VI (seed) also 

had greater connectivity to the left lateral occipital cortex and left lingual gyrus/cerebellar 

lobule IV/V. In men, greater functional connectivity was demonstrated between right STG to 

the right lateral occipital cortex/precuneus, left cerebellar lobule IV/V (seed) to the left frontal 

cortex and left IPL (angular gyrus/supramarginal gyrus), between right cerebellar lobule VI 

(seed) to left PMd, and between vermis VIII (seed) to left middle temporal gyrus. In the in-

phase (symmetrical/mirror) condition (Fig. 2c), women showed greater functional connectivity 

between the right IPL (supramarginal gyrus; seed) and the left CMA. Women also had higher 

connectivity between vermis IV/V (seed) and other subcortical structures in the left hemisphere 

(including the left cerebellar Crus I and II, thalamus, and hippocampus). Men had greater 

functional connectivity between right PMd (seed) and right PMd/SMA, as well as right SMA 

(seed) and left lingual gyrus/occipital fusiform gyrus. In the anti-phase (asymmetrical/parallel) 

condition (Fig. 2d), women had greater functional connectivity between the right SMA (seed) 

and left insular cortex. 
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Figure 2. Regions of interest (seeds) and the corresponding significant clusters showing 
increased functional connectivity with that seed for the contrast female vs male. Colours of the 
seed regions match their respective target regions. Women > male indicate regions that showed 
increased functional connectivity in women and men > women indicate regions that showed 
increased functional connectivity in men in the a) right-hand unimanual, b) left-hand 
unimanual, c) in-phase (symmetrical/mirror) bimanual, and d) anti-phase 
(asymmetrical/parallel) bimanual conditions. CMA, cingulate motor area; SPL, superior 
parietal lobule; PO, parietal operculum; PreCG, precentral gyrus; LOC, lateral occipital cortex; 
AG, angular gyrus; SMG, supramarginal gyrus; SMA, supplementary motor area; S1/M1, 
primary sensorimotor cortex; SFG, superior frontal gyrus; MFG, middle frontal gyrus; MTG, 
middle temporal gyrus; STG, superior temporal gyrus.  
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Table 1. Results of the seed-based generalized psychophysiological interaction (gPPI) analysis 
for the contrast female vs male. Percentages in the Target column indicate what percentage of 
that significant cluster corresponds to regions in the Harvard-Oxford atlas.  
 

Condition Seed (hemi) Target (hemi) Cluster 
size (no. of 
voxels) 

MNI 
coordinates 
(x, y, z) 

p-FDR* Higher 
connectivity 

Right Superior parietal 
lobule (right) 

26% Central opercular cortex 
(right); 20% Inferior frontal 
gyrus, pars opercularis (right); 
20% Precentral gyrus (right) 

429 48, 6, 4 0.000026 Women 

 Superior parietal 
lobule (left) 

99% Cingulate gyrus, anterior 
division (mid) 

165 -2, 10, 36 0.011294 Women 

 Cingulate gyrus, 
anterior division 
(mid) 

50% Lateral occipital cortex, 
superior division (right); 39% 
Angular gyrus (right) 

155 42, -58, 24 0.017527 Men 

 Cerebellar lobule 
VIII (right) 

66% Lateral occipital cortex, 
superior division (right); 10% 
Precuneus (mid); 6% Cuneus 
(right) 

163 18, -78, 40 0.024667 Men 

Left Superior temporal 
gyrus, posterior 
division (right) 

55% Cerebellar lobule 6 (left); 
28% Lingual gyrus (left); 15% 
Cerebellar lobule 4/5 (left) 

101 -10, -64, -14 0.04938 Men 

 Supplementary 
motor area (right) 

31% Supramarginal gyrus, 
anterior division (right); 24% 
Parietal operculum (right); 18% 
Postcentral gyrus (right) 

193 56, -16, 22 0.009355 Women 

 70% Supramarginal gyrus, 
anterior division (left); 27% 
Postcentral gyrus (left) 

149 -62, -26, 24 0.017063 Women 

 Cerebellar lobule 
IV/V (left) 

50% Frontal pole (left); 34% 
Superior frontal gyrus (left) 

137 -6, 56, 28 0.017648 Men 

 65% Angular gyrus (left); 20% 
Supramarginal gyrus, posterior 
division (left) 

130 -56, -54, 22 0.017648 Men 

 Cerebellar lobule VI 
(right) 

57% Precentral gyrus (left); 38% 
Middle frontal gyrus (left) 

136 -38, -4, 54 0.024313 Men 

 Cerebellar vermis VI 
(mid) 

64% Lateral occipital cortex, 
superior division (left); 34% 
Occipital pole (left) 

173 -26, -90, 30 0.007001 Women 

 71% Lingual gyrus (left); 25% 
Cerebellar lobule 4/5 (left) 

150 -8, -54, -8 0.0071 Women 

 Cerebellar vermis 
VIII (mid) 

51% Middle temporal gyrus, 
posterior division (left); 35% 
Middle temporal gyrus, 
temporooccipital part (left) 

137 -58, -44, 2 0.008737 Men 

In-phase Precentral gyrus 
(right) 

60% Precentral gyrus (right); 9% 
Supplementary motor cortex 
(right) 

134 10, -18, 56 0.033101 Men 

 Supramarginal 
gyrus, posterior 
division (right) 

34% Paracingulate gyrus (left); 
30% Subcallosal cortex; 23% 
Cingulate gyrus, anterior division 
(mid); 3% Paracingulate gyrus 
(right) 

145 -6, 42, -8 0.029083 Women 

 Supplementary 
motor area (right) 

55% Lingual gyrus (left); 43% 
Occipital fusiform gyrus (left) 

155 -20, -79, -10 0.04926 Men 
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 Cerebellar vermis 
IV/V (mid) 

18% Cerebellar Crus 2 (left); 
16% Cerebellar Crus 1 (left) 

180 -2, -84, -18 0.017758 Women 

 37% Thalamus (left); 20% 
Hippocampus (left) 

126 -20, -28, -4 0.044482 Women 

Anti-phase Supplementary 
motor area (right) 

77% Insular cortex (left); 12% 
Planum polare (left) 

131 -38, -18, -86 0.031629 Women 

*False discovery rate (FDR)-corrected cluster-level p < 0.05 threshold. 
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4. DISCUSSION 

The main goal of the current study was to assess whether there were sex differences in 

the functional connectivity underlying bimanual control even in the absence of behavioural 

performance differences. The key findings of this paper were as follows: (1) functional 

connectivity sex differences exist during unimanual movements, and are distinct for right- vs 

left-hand movements; (2) sex-related functional connectivity during bimanual movement did 

not reflect the sum of sex differences in functional connectivity underlying right- and left-hand 

unimanual movements; (3) women generally showed greater interhemispheric functional 

connectivity across all conditions compared to men; and (4) functional connectivity differences 

where women had greater connectivity than men tended to involve cortical areas, while 

functional connectivity differences where men had greater connectivity than women were more 

likely to involve the cerebellum. 

 

4.1. Functional connectivity is distinct for right- vs left-hand unimanual conditions in 

women and men 

It has been well established that unimanual movements rely on a bilateral motor network 

(Chettouf et al. 2020) where right-handed movements typically involve greater activity within 

the contralateral motor areas whereas a greater engagement of the ipsilateral hemisphere has 

been shown during left-hand movements (Kawashima et al. 1993; Kim et al. 1993; Li et al. 

1996; Stephan et al. 1999). The sex differences observed in the current study in the right-hand 

condition suggest that it is connectivity within the ipsilateral hemisphere that largely differs 

between men and women. Different regions of the lateral and medial PPC, including the SPL, 

IPL (composed of the angular and supramarginal gyri), and precuneus, are important for both 

men and women in performing the right-hand condition. The PPC plays an important role in 
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multiple cognitive and motor processes including planned movements, sensorimotor 

integration, and spatial attention (Whitlock 2017).  

Women had greater functional connectivity between bilateral SPL and motor regions 

including the anterior CMA and right PMd. Similar to this increased connectivity between right 

parietal and right premotor regions we reported in women, a study looking at visually guided 

arm movements demonstrated that activity in parietal and premotor regions tended to be more 

bilateral in women with greater activation of the right (ipsilateral) hemisphere during right-

handed movements (Gorbet and Sergio 2007). They also found that the right PMd was more 

active in women than in men. The SPL in particular was previously shown to be more activated 

for simple finger sequencing in girls compared to boys (Richards et al. 2009) and more 

bilaterally activated in women compared to men during various motor tasks (Jordan et al. 2002; 

Gorbet and Sergio 2007). When tapping with the dominant hand, women showed higher 

activation in contralateral parietal cortex, ipsilateral premotor cortex, and ipsilateral anterior 

CMA (Lissek et al. 2007). Findings from these studies align with the greater connectivity 

between bilateral SPL and motor regions we reported in women when performing a right-

handed finger pressing task. Findings from the right-hand condition revealed that men had 

greater functional connectivity between anterior CMA and the right angular gyrus extending 

into the right lateral occipital cortex, as well as between the right cerebellar lobule VIII and the 

precuneus extending into the right lateral occipital cortex. Relative to a rest control, right-hand 

finger tapping produced activation in lobule VIII, with greater activation occurring ipsilaterally 

(Desmond et al. 1997). In another study that looked only at male participants, activation during 

right-hand movements was observed in the ipsilateral cerebellar hemisphere of lobule VIII 

(Habas et al. 2004). These findings coincide well with our results showing greater connectivity 

between this area and medial PPC in men performing the right-hand condition.  
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Production of right-hand unimanual movement involved sex differences in connectivity 

between brain regions that was distinct from, and not a mirror of, the functional connectivity 

differences observed for left-hand unimanual movement. Previous findings suggest that 

activity in the left hemisphere is essential for controlling more complex movements, such as 

left-hand use in right-handed individuals (Serrien and Spapé 2009). There was greater 

involvement of the left hemisphere in both men and women in the left-hand condition, and 

taken together with findings from the right-hand condition suggests that sex differences are 

more prominent in functional connectivity with the ipsilateral hemisphere to the movement. 

Women generally showed significantly greater connectivity between ipsi- and contralateral 

task-related cortical areas than men, while men mainly had greater connectivity involving the 

cerebellum and this connectivity was mainly ipsilateral. The right SMA was bilaterally 

connected to the parietal and sensorimotor regions to a greater degree in women, and has been 

shown to be a brain area with increased activation during motor and sensory tasks using the 

left hand (Chung et al. 2005). Men had greater connectivity between the contralateral STG and 

precuneus/lateral occipital cortex, and regions of the cerebellum with the ipsilateral frontal 

cortex, IPL (angular and supramarginal gyri), and MTG. The connectivity between these 

regions is very similar to patterns of activation previously reported in men during tapping 

sequences with the non-dominant hand, where there was higher activation in ipsilateral IPL, 

STG, MTG, and regions of the frontal gyrus (Lissek et al. 2007).  

Both men and women showed greater involvement of the cerebellum in left-handed 

movements, with more cerebellar regions showing distinct functional connectivity in men 

compared to women suggesting that the cerebellum is especially important for left-handed 

movements in men. The cerebellar motor regions span the hemispheres of lobules IV-VIII 

(Habas et al. 2009; Krienen and Buckner 2009; Stoodley and Schmahmann 2009; Stoodley and 

Schmahmann 2010), corresponding to hand representation in these lobules (Grodd et al. 2001; 
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Wiestler et al. 2011). Activation in these regions has been reported during different finger 

movement tasks including tapping and flexion/extension (Rijntjes et al. 1999; Ramnani et al. 

2001; Blouin et al. 2004). Sex differences have also been reported in the cerebellum, where 

cerebellar lobule and vermis VIII have a larger relative volume in men compared to women 

(Steele and Chakravarty 2018) and may explain the greater involvement of this motor 

cerebellar lobule in the two unimanual tasks in men.  

 

4.2. Sex differences in the functional connectivity underlying bimanual control  

The two bimanual conditions were not a combination of results from the two unimanual 

conditions, suggesting that different neural activity underlies unimanual and bimanual tasks in 

men and women. This coincides with other studies suggesting that while there is overlap in 

areas activated during bimanual and unimanual tasks, bimanual movements show distinct 

patterns of activation and are not simply a summation of independent movements (Jancke et 

al. 2000; Cardoso de Oliveira et al. 2001; Swinnen 2002; Walsh et al. 2008; Lin et al. 2017). 

In the current study, the regions showing differences in functional connectivity tended to be in 

the opposite hemisphere to the seed region rather than within the same hemisphere as the seed. 

This in part supported our hypothesis as women showed greater interhemispheric functional 

connectivity in both bimanual conditions, although we report that men did also have greater 

interhemispheric connectivity during the in-phase task. Sex differences in functional 

connectivity existed between distinct regions depending on the bimanual mode used.  

In the in-phase task, women had increased functional connectivity between the right 

supramarginal gyrus and left anterior CMA. Women also showed greater connectivity between 

vermis IV/V and left cerebellar Crus I/II, thalamus, and hippocampus in the in-phase condition. 

To perform bimanual movement, online monitoring of finger positions is necessary (Sadato et 

al. 1997) and suggests that activation of brain regions involved in spatial attention and spatial 
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working memory may therefore be important for successful bimanual control. The cerebellum 

has been shown to be important in the visual guidance of movement, as well as for feedback 

loops and online correction and control of movement (Bastian 2006; Manto et al. 2012; Patel 

and Zee 2015). Women have larger cerebellar Crus II volumes compared to men (Steele and 

Chakravarty 2018), which along with Crus I is a cerebellar region implicated in spatial 

processing (Stoodley and Schmahmann 2009). There is increased activation of cerebellar 

lobules IV/VI during successful bimanual control (Debaere et al. 2004b; Boisgontier et al. 

2018), with lobules V/VIII and vermis V/VI/VIII increasingly activated in more complex 

bimanual tasks (Tracy et al. 2001; Blouin et al. 2004; Debaere et al. 2004a). This may explain 

the increased connectivity between vermis IV/V and Crus II that we saw in women.  

The SMA participates in the execution of sequential unimanual and bimanual movements 

(Shibasaki et al. 1993; Gerloff et al. 1997; Sadato et al. 1997), demonstrating further increased 

activity during more complex bimanual movements such as in anti-phase compared to in-phase 

tasks (Sadato et al. 1997; Debaere et al. 2001; Immisch et al. 2001; Ullén et al. 2003; Debaere 

et al. 2004b; Wu et al. 2010). Men had greater functional connectivity between the right SMA 

and left lingual gyrus/occipital fusiform gyrus in the in-phase condition, as well as greater 

within-seed region functional connectivity in the right PMd with the significant target cluster 

further overlapping with the right SMA. Interestingly, the right SMA had greater 

interhemispheric connectivity with the left insular cortex in the anti-phase task in women. Our 

data are therefore concurrent with previous findings suggesting that the right SMA is 

particularly important for bimanual movements in both men and women, and further 

demonstrates that it has different interhemispheric connectivity patterns with the rest of the 

brain depending on the type of bimanual task used.  

Thus, women showed overall greater bilateral connectivity not only in the left-hand 

condition, but in the two bimanual conditions as well. Although there is still some debate as to 
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whether sex contributes to cerebral lateralization, sex has been found to be associated with 

functional asymmetry with stronger laterality in men than in women (Liu et al. 2009). In 

cerebral regions, males have shown greater within-hemispheric connectivity, while females 

had predominantly between-hemispheric connectivity (Ingalhalikar et al. 2014). This 

relationship was reversed in the cerebellum, with greater interhemispheric cerebellar 

connectivity in men. These findings were supported by graph theory measures demonstrating 

that male brains generally had higher clustering coefficients and higher local efficiency in 

nodes within the cerebral cortex, while these measures were higher for female participants only 

in the cerebellum (Zhang et al. 2016). The findings from these studies support the notion that 

within females, connections are more widespread between the two hemispheres and the 

network is less modular thus facilitating functional integration, whereas men prevail in 

functional segregation. 

In conclusion, the observed sex differences in functional connectivity included 

differences with respect to intra- vs interhemispheric connectivity, differences in supra- vs 

infratentorial connectivity, and differences in lateralization of areas in one sex compared to the 

other. These between-sex differences in cerebral and cerebellar activation patterns during 

unimanual and bimanual movements existed even when performance is equivalent, suggesting 

that patterns of brain activity differ in women and men even when performing equivalent 

movements. Gaining knowledge of how neural activity may differ between men and women 

during bimanual movement is important not only for our fundamental understanding of how 

the brain works, but also from a clinical perspective. Stroke is the leading cause of long-term 

motor impairments, with approximately 80% of unilateral stroke patients initially experiencing 

hemiparesis (a weakness of one side of the body) in their contralesional upper extremities 

(Virani et al. 2021). Bimanual movement training has been tested for many years as a promising 

rehabilitation technique for hemiparesis (Rose and Winstein 2004; Wolf et al. 2014). The goal 
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of this approach is to encourage corresponding intact brain regions in the undamaged brain 

hemisphere to stimulate damaged areas via interhemispheric connections. However, many 

studies have produced inconsistent results (Cauraugh et al. 2010) and, to our knowledge, no 

studies have examined sex as a potential factor in bimanual training success. Understanding 

how the sex of an individual contributes to the neural control of different bimanual movements 

could inform clinical practice regarding how approaches can best be tailored to the needs of 

individuals, by individualizing the types of tasks used in bimanual movement training. 

 

4.3. Limitations and future directions 

The results presented in this study should be considered preliminary, as the data set used 

was relatively small due to the financial costs associated with MRI not allowing for additional 

subjects to be recruited. Despite these constraints on the number of participants that could be 

included, we have tried to eliminate as many differences between the two experimental groups 

as possible. Mean ages of men and women did not differ significantly, subjects’ eye movements 

were tracked, and behavioural performance between groups did not differ. While it is difficult 

to eliminate all non-sex-related differences between groups, we argue that the findings 

presented here are largely attributable to sex-specific group differences. As mentioned in the 

introductory section of this study, sex-related discrepancies in bimanual coordination 

performance that have been reported in the literature may be due to differences in the bimanual 

tasks used (Rudisch et al. 2020). While we acknowledge that we have used two very simple 

paradigms to investigate the neural underpinnings of bimanual control, we argue that this is an 

advantage as it allows for clear interpretation of the results and we believe that the findings in 

this study represent an important starting point. Although gender and its impact on functional 

connectivity underlying motor control was beyond the scope of the current study, we hope to 

investigate this relationship in the future. We have also collected diffusion-weighted scans for 
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all subjects in the study that could potentially be used to expand on previous reports of greater 

interhemispheric structural connectivity in women (Allen et al. 1991; Dubb et al. 2003) by 

exploring potential sex-related differences in structural connectivity underlying bimanual 

movement control.  
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5.1. Summary and conclusions 

The basic skills of unimanual and bimanual eye-hand coordination are carried out by 

widespread but interconnected areas of the brain (Debaere et al. 2001). While many everyday 

unimanual movements involve a direct (“standard”) interaction with the object that is being 

viewed (Gielen et al. 1984; Wise et al. 1996; Helsen et al. 1998), humans have also evolved an 

ability to indirectly interact with objects via tools (“non-standard”) (Johnson et al. 1996; Wise 

et al. 1996). When using tools, the direction of the gaze and the object being manipulated can 

be in different spatial planes (such as using a trackpad on a laptop) or involve a feedback 

reversal (such as scrolling up on a computer in order to move the page down). These types of 

reaches are not innate and must be learned and calibrated over time (Neggers et al. 2000; Bo et 

al. 2006; Sergio et al. 2009). While deterioration of non-standard performance has been 

reported in individuals at an increased risk for dementia (Hawkins and Sergio 2014; Rogojin 

et al. 2019), how the underlying neural correlates are altered by dementia risk in both men and 

women has not yet been fully characterized. In addition to unimanual movements, most daily 

movements actually involve bimanual control requiring coordination between both upper limbs 

(Kilbreath and Heard 2005; Vega-González and Granat 2005). Although neuroimaging studies 

have investigated the neural activity underlying unimanual and bimanual movements (Grön et 

al. 2000; Jancke et al. 2000; Sadato et al. 2000; Tracy et al. 2001; Jordan et al. 2002; Swinnen 

2002; Weiss et al. 2003; Debaere et al. 2004b; Seurinck et al. 2004; Lin et al. 2017), there is a 

lack of literature on the sex-related differences in functional connectivity underlying these 

movements. Thus, each of the three studies in this dissertation provided additional insight into 

the structural and functional cortical networks responsible for different types of complex eye-

hand coordination tasks across different populations.  

The first two studies (chapter 2 and chapter 3) provide fundamental knowledge 

concerning the mechanisms of unimanual visuomotor control in aging in women and men, and 
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applied knowledge around the consequences of increased dementia risk on activities of daily 

living. Few laboratories study the neural control of rule-based skilled movement as it applies 

to functional daily activity. The overarching aim of the first two studies was to examine 

changes brought on by AD in brain networks responsible for transforming visual and cognitive 

information into goal-directed movements. An exploratory component of these studies was to 

investigate the neural correlates of previously reported sex differences in non-standard 

unimanual movements. To address these goals, we recruited older adults who were either at an 

increased risk for dementia (based on having a positive family history of dementia, or presence 

of the APOE e4 allele) or low risk for dementia (no family history of dementia and no APOE 

e4 allele). Female and male participants performed coupled (standard) and decoupled (non-

standard) reaching movements on a dual-screen laptop.  

The objective in chapter 2 was to examine the impact of early Alzheimer’s disease 

pathology on the structural integrity of brain networks underlying complex visuomotor 

transformations in unimanual reaching movements. The findings demonstrated that there was 

a relationship between the APOE e4 genotype and structural brain changes that predict poorer 

non-standard visuomotor performance. Specifically, the grey matter structural findings showed 

that lower thickness and volume in areas of the medial temporal lobe predicted visuomotor 

deficits. This finding was replicated in the diffusion-weighted imaging data, where declines in 

white matter integrity also predicted impaired non-standard visuomotor performance. Sex 

differences were found in structural grey matter in areas of the posterior parietal cortex that are 

important for visuospatial processing (Singh-Curry and Husain 2009; Singh-Curry and Husain 

2009; Mutha et al. 2011; Crottaz-Herbette et al. 2014; Gorbet and Sergio 2016), providing 

insight into the previously reported behavioural performance sex differences in the visual 

feedback reversal task.  
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The objective in chapter 3 was to examine the impact of early Alzheimer’s disease 

pathology on the functional integrity of resting state brain networks underlying complex 

visuomotor transformations in unimanual reaching movements. Similarly to the structural 

findings, there was a relationship between the APOE e4 genotype and resting state functional 

connectivity that predicted declines in non-standard visuomotor performance. Specifically, in 

the default mode network there was lower functional connectivity between the 

precuneus/posterior cingulate cortex and two other nodes, the left inferior parietal lobule and 

left parahippocampal cortex. These regions have all been previously described as integral to 

performance of visuomotor tasks (Tankus and Fried 2012; Gorbet and Sergio 2016; Gorbet and 

Sergio 2018). There was also decreased functional connectivity in the dorsal attention network, 

which is involved in goal-driven orienting of attention toward relevant stimuli (Fox et al. 2006). 

The key findings from these two studies suggest that a visuomotor task may have potential for 

detecting the early effects of genetic risk on structural and functional integrity in dementia 

progression in advance of any measurable cognitive deficits. 

The third study was more fundamental in nature, and chapter 4 primarily sought to 

address the gap in the literature looking at sex differences in the functional connectivity 

underlying bimanual control. Participants were trained on and performed comparable 

unimanual and bimanual coordination tasks using two button boxes while undergoing a 

functional MRI scan. Task performance was equivalent between men and women, and included 

pressing buttons in time to an auditory cue using either just their left or their right hand 

(unimanual), or using both hands simultaneously in a simpler in-phase (mirror/symmetrical) or 

more complex anti-phase (parallel/asymmetrical) bimanual task. Functional connectivity sex 

differences were distinct for right- vs left-hand movements, the sum of which did not reflect 

sex differences in functional connectivity underlying bimanual movements. The findings 

demonstrated sex differences in functional connectivity with respect to intra- vs 
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interhemispheric connectivity, supra- vs infratentorial connectivity, and lateralization of brain 

regions. 

Taken collectively, these three projects provide novel insight into the cortical networks 

involved in unimanual and bimanual movement control, and how they differ based on various 

factors including sex and dementia risk. Importantly, the results reported in this dissertation 

have the potential to translate into clinical practice, discussed in more detail below, by 

highlighting the importance of eye-hand coordination in evaluating everyday functional 

abilities.  

 

5.2. Limitations and future directions 

Due to the high costs inherent in neuroimaging studies the three studies in this 

dissertation have a small sample size per participant group, and were also cross-sectional in 

nature. As in most experiments, the results presented in the current dissertation have raised a 

few more questions. Due to their cross-sectional nature, it was not possible to test whether 

poorer non-standard visuomotor integration performance on non-standard tasks reported in 

chapter 2 and chapter 3 is predictive of future conversion from dementia risk to dementia. 

Longitudinal studies monitoring a larger sample of both men and women over the span of 

several years are required to fully elucidate the use of a simple visuomotor task in predicting 

future cognitive and functional decline. The preclinical studies in the current dissertation 

focused on risk for probable AD based on family history and the AD-related APOE e4 risk 

allele. Future research may also consider the potential use of non-standard visuomotor tasks in 

distinguishing between different types of dementia, or even different types of damage to the 

brain such as from concussion (Hurtubise et al. 2016; Hurtubise et al. 2020). Given a large 

enough sample size from different clinical populations, it may be possible to determine 

different kinematic profiles based on different kinds of neurological conditions. 
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The paradigm used for the first two projects was initially studied in healthy young adult 

populations, looking at both behavioural performance measures and the underlying neural 

correlates of task performance. The findings from these more fundamental studies were then 

extended to use in clinical (mild cognitive impairment and dementia) and preclinical 

populations. Similarly, the fundamental characterization of the sex differences in the functional 

connectivity underlying bimanual movements in chapter 4 has potential clinical importance. 

An increasing amount of evidence supports the idea that sex-related differences in brain 

structure are clinically relevant. The prevalence, rate of recovery, and efficacy of interventions 

have been shown to differ between women and men for a number of neurological conditions 

including, but not limited to, dementia, stroke, Parkinson’s disease, and multiple sclerosis 

(Wooten et al. 2004; Cahill 2006; Clayton 2016; Laws et al. 2018). Therefore, a better 

understanding of sex-specific differences in the brain are critical for the development of 

targeted and effective treatment strategies for neurological conditions.  

In summary, this dissertation provided novel information about the neural correlates 

underlying one of our most fundamental human behaviours, eye-hand coordination involving 

one or both hands, in different populations (younger and older adults) and how these are 

affected by sex and genetic risk for dementia. 
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