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“The left side of the head will thus, as a rule, receive more abundant flow of blood than 

will the right; and to this it is that I would attribute the greater development of the left 

hemisphere.” 

        (Ogle, 1971, p. 298) 
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Abstract 

In spite of the symmetric embryological origins of many paired anatomical structures, the 

human body is inherently asymmetric. Adult studies reveal leftward asymmetries in the 

structure and haemodynamics of supra-aortic extracranial and intracranial vessels. At the 

level of the carotid arteries, these asymmetries are meaningfully related to hand preference. 

The existence of an arterial correlate of handedness in adults poses a key question. Do lateral 

biases in blood supply to the brain arise as a consequence of language acquisition and the 

emergence of manual dexterity, or do they predate these lateralised functions? In essence, is 

the ground plan of adult arterial asymmetries discernible in neonates? 

To our knowledge, this is the first time that neonatal cerebrovasculature has been imaged 

non-invasively at a sufficient level of resolution to accurately measure vessel diameter and 

corresponding blood flow. A new transcranial Doppler ultrasonography dual-view scanning 

protocol, with concurrent B-flow and Pulsed-wave imaging, was used to acquire multivariate 

data on neonatal middle cerebral arterial structure and function. Detailed diametric 

measurements were taken of the trunk origin and terminus using RadiAnt DICOM Viewer 

(64-bit) imaging software. Haemodynamic parameters of the Doppler waveform were 

recorded, including peak systolic and end-diastolic velocity, resistive index, pulsatility index, 

and blood flow volume.  

This dissertation documents significant asymmetries in the middle cerebral artery origin 

and distal trunk of healthy term neonates (n = 97). A systematic leftward arterial dominance 

was found in vessel calibre and cortically directed blood flow. The arterial asymmetry was 

also meaningfully related to the supine head orientation bias, an endogenously driven 

behaviour that reliably predicts future hand preference. By and large the arterio-postural 

relationship is characterised by larger arterial diameters and higher blood flow volumes in the 

left hemisphere of right-postured neonates. Deviations from this typical arterio-postural 
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association begin to unfold increasing lateral heterogeneity in head turning behaviour. In left 

turning newborns, the coherence of the arterio-postural relationship is dependent on the 

magnitude of arterial asymmetry across the midline of the brain, and maintenance of these 

larger arterial diameters from the proximal to distal regions of the right trunk. 

Commensurately asymmetric haemodynamic vulnerabilities were identified. Endothelial 

wall shear stress was asymmetric across the midline and varied according to geometric and 

behavioural lateralisation. Shearing asymmetries systematically disadvantaged left 

hemispheric endothelium with lower left-than-right peak systolic and end-diastolic 

endothelial shearing forces in neonates with larger left-sided arteries and with right-sided 

head postures. Unfavourable shearing forces, which are a by-product of the arterial 

asymmetries described here, might contribute to a greater risk of cerebrovascular pathology 

in the left hemisphere in neonates and adults.  

We conclude that arterial structure and blood supply in the brain are laterally asymmetric 

in newborns, predating the advent of neurobehavioral expressions of cerebral lateralisation, 

such as language and manual dexterity. The empirical support for an arterial correlate for 

lateralised cerebral function has key implications for the understanding of the origins of 

human cerebral organisation from evolutionary and ontogenetic perspectives. 

 

Keywords: middle cerebral artery; arterial diameter, blood flow volume, asymmetry; 

neonatal; shear stress; healthy term neonates; transcranial Doppler ultrasonography; head 

posture.  
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Prologue 

“It would appear then that, as a rule, in right-handed men the left carotid artery is larger 

than its fellow; and such scanty facts as can be given favours the idea that in left-handed men 

this condition is reversed. But here the objection, so often already alluded to, may be 

advanced with great force—that the increased size of the artery is the consequence of the 

increased use of the hemisphere to which it goes, and not its antecedent.” 

        (Ogle, 1971, p. 297) 

 

In the middle to late 1800s, a number of early theorists postulated that handedness was a 

product of asymmetric visceral placement and situs inversus (Buchanan, 1862; Struthers, 

1863); arm length and bone weight (Jones, 1915; Smith, 1908, 1925); and blood flow to the 

extremities (Buchanan, 1862; Magendi, 1822). The “subclavian artery” theory proposed that 

handedness resulted from higher perfusion to the right arm through a larger right subclavian 

artery (Hyrtl, 1860; Magendi, 1822). Despite evidence of this perfusion asymmetry, the 

theory was discredited since the upper limbs were symmetrical in volume and nerve fibre 

density (Bell, 1833; Bichat, 1805). 

Soon after the discovery that language production and manual dexterity are the special 

preserve of the left hemisphere (Broca, 1861, 1865; Dax, 1865), the “subclavian artery” 

theory was refocused to incorporate putative arterial flow asymmetries at the cerebral level 

(de Fleury, 1873; Ogle, 1871). Ogle (1871) proposed that the left cerebral hemisphere was 

structurally superior to the right because it was preferentially nourished with blood. The basis 

of this theory lies in the inescapable and, to some, surprising asymmetry of arterial branching 

from the aortic arch (Alsaif & Ramadan, 2010). The extra bifurcation in the arterial tree 

supplying the non-dominant right cerebral hemisphere was thought to disrupt the efficiency 

of flow to the right, because additional branching results in flow disturbances, decreased 
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vessel diameter, and increased vessel curvature (de Fleury, 1873; Ogle, 1871). Lueddeckens 

(1900) and Lombroso (1903) were also advocates of this hypothesis, prompting the latter to 

enunciate a highly pejorative view of left-handedness, specifically “criminals are more often 

left-handed than honest men, and lunatics are more sensitively left-sided” (Lombroso, 1903, 

p. 443). 

Ogle’s (1871) early work supported his supposition. In 12 out of autopsied 17 right-

handed males, either the common or the internal carotid artery was larger on the left. 

Conversely, in one of three left-handers, the right common and internal carotid arteries were 

both nearly twice the size of the corresponding vessels on the left. Left-handers also showed 

an asymmetry in the middle cerebral vessels, favouring the right hemisphere. 

Broca (1877) himself was not convinced. He argued that the asymmetric origin of the two 

carotids exerts “a certain influence [une certaine influence]” on the distribution of work 

between the two hemispheres, but “not a decisive influence [non pas une influence decisive]” 

(Broca, 1877, p. 526). But in reality, so convinced was he that hypothesised intracranial 

vascular asymmetries would be determined from the aortic arch upwards, that he dismissed 

the blood-supply theory on the grounds that an inversion of the conventional aortic branching 

pattern (through situs inversus totalis) is not found in most left-handers (Broca, 1877). 

The blood-supply theory became even less credible with the discovery of the anterior 

communicating artery. It was alleged that the vessel equalised blood flow and pressure to the 

two cerebral hemispheres rendering extracranial vascular asymmetries mute (Beeley, 1919; 

Critchton-Browne, 1907; Huber, 1910; Kellogg, 1898). Brief efforts to replicate carotid 

diametric asymmetries were also considered unsuccessful and the theory was rejected 

(Crichton-Browne, 1907; Cunningham, 1902). Thereafter, the question of blood flow 

asymmetries as determinants of handedness and hemispheric lateralisation became an 

unattractive subject for scientific exploration and sank into obscurity.  
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Retrospectively, however, it seems the resounding rejection of the short-lived blood-

supply theory was premature. We now understand that the communicating arteries only 

function to maintain sufficient cerebral perfusion in instances of arterial occlusion, the flow is 

only limited to vessel activation, and agenesis of the artery alters mean volume outflow rates 

in the cerebral arteries by less than 1 % (Alastruey, Parker, Peiró, Byrd, & Sherwin, 2007).  

For studies that sought to refute a hypothesis, Crichton-Browne’s (1907) and 

Cunningham’s (1902) post-mortem arterial methodologies were surprisingly flimsy. Small 

samples (n = 24; n = 20, respectively) were utilised and participant handedness was not 

assessed. The studies also relied on a single geometric measure or inferred carotid lumen 

diameter from casts of the foramen lacerum of the cranium. 

In short: the question of a vascular correlate of our most obvious behavioural asymmetry 

was left unresolved. 

 

“The problem, however, is one which has occupied men at intervals for more than 2000 

years, and would on this ground, if on no other, merit some attention.”  

(Ogle, 1871, p.301) 
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Chapter 1 

General Introduction 

Overview 

At a behavioural level, expressed in terms of hand preference or neonatal head turning 

asymmetry, laterality is a deceptively simple phenomenon. Despite the long-standing interest 

of cerebral lateralisation to the neurosciences its origins continue to be enigmatic (Michel, 

Babik, Nelson, Campbell, & Marcinowski, 2018; Prieur, Lemasson, Barbu, & Blois-Heulin, 

2018) and its neurobiological underpinnings complex. Manual dexterity, language, and some 

aspects of spatial cognition are distributed across the cerebral hemispheres in a reliably 

asymmetrical pattern. This pattern is partially reflected in minor morphological differences 

between the two cerebral hemispheres (Carmon & Gombos, 1970; Jansen et al., 2006), but 

the advent of ever improving functional imaging modalities reveal deviations from this 

expectation. A fundamental methodological premise of functional neuroimaging modalities is 

the existence of a short-term time-locked relationship between parenchymal demand and 

blood flow (Ingvar & Lassen, 1976). The candidate has previously shown that cerebral 

arteries involved in neocortical supply are structurally asymmetric with a systematic bias to 

the left, and that this vascular asymmetry is closely related to handedness (Jansen van 

Vuuren, Saling, Ameen, Naidoo & Solms, 2016). While a cause and effect question remains, 

this finding represents another instance of an enduring relationship between lateralised brain 

morphology, demand characteristics, and structurofunctional arterial asymmetries. As a step 

towards untangling the extent to which each of these factors contribute to the genesis and 

maintenance of behavioural and cerebral lateralisation, the overarching theme of this thesis is 

whether or not the cerebrovascular asymmetry found in adults is present in healthy newborns, 

and if present, whether or not vascular lateralisation is related to a behavioural forerunner of 

handedness, namely, the rightward bias in neonatal head turning. 
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Asymmetries in Cerebral Morphology and Function   

The study of the mature intact brain and associated structures provides researchers with 

end state markers that the developing organism must reach. Since the morphological and 

physiological correlates of behaviour are more easily defined and recorded in the adult than 

in the infant, adult studies provide a rational starting point for the investigation of the 

developmental process (Paterson, Heim, Friedman, Choudhury, & Benasich, 2006). 

Asymmetries in resource intensity: adult brain. The two cerebral hemispheres are 

functionally and structurally asymmetric. Gross morphological asymmetries include the right 

frontal and left occipital petalia (Chiu & Damasio, 1980; Good et al., 2001; LeMay, 1976), 

and leftward asymmetry of the planum temporale, parietal opercula, pars opercularis of the 

inferior frontal gyrus (Geschwind & Levitsky, 1968; Geschwind & Galaburda, 1985; Good et 

al., 2001; Ocklenburg, Friedrich, Güntürkün, & Genç, 2016; Pfeiffer, Lachmann, Schreyer, & 

Volleth, 1993; Steinmetz, 1996; Uylings, Jacobsen, Zilles, & Amunts, 2006), Heschl’s gyrus, 

banks of the superior and inferior frontal sulci, anterior cingulate sulcus, caudate head (Good 

et al., 2001), putamen (Kang, Herron, Ettlinger, & Woods, 2015; Kooistra, & Heilman, 1988; 

Ocklenburg et al., 2016; Savic, 2014), and posterior lobe of the cerebellum (Fan et al., 2010; 

Ocklenburg et al., 2016).  

Broca’s area, as a functional entity, is located in the left hemisphere, with a structural bias 

towards the left. While there has been some re-definition of its microstructure, its 

cytoarchitectonic and receptorarchitectonic features are asymmetrical (Amunts et al, 2010; 

Zilles & Amunts, 2018). Broca’s territory on the left is significantly larger in volume, with a 

greater neuronal density, greater density of cholinergic muscarinic M2 receptors, and more 

extensive higher-order dendritic branching than its homologous counterpart on the right 

(Amunts et al., 1999; 2010; Annett, 1970; Foundas, Faulhaber, Kulynych, Browning, & 

Weinberger, 1996; Scheibel et al., 1985; Uylings et al., 2006; Zilles & Amunts, 2018). The 
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somata of layer III pyramidal neurons in the left BA45 is also typically larger (Hayes & 

Lewis, 1995; 1996) with longer dendrites (Hayes & Lewis, 1996).  

The volume of the planum temporale also shows a marked leftward asymmetry that is 

related to the degree of right-handedness (Habib, Robichon, Levrier, Khalil, & Salamon, 

1995). Steinmetz’s (1996) analysis of 154 magnetic resonance images shows that the extent 

of this asymmetry is greater in individuals with a right-hand preference than those who are 

left-handed. In some instances, the left planum temporale is up to ten times the size of its 

homologous counterpart, making this perhaps the most prominent morphologic asymmetry in 

the cerebrum (Steinmetz, 1996). 

In right- and left-handers, anatomical studies report a deeper central sulcus, and thereby 

larger precentral gyrus (Amunts et al., 1996; Amunts, Jancke, Mohlberg, Steinmetz, & Zilles, 

2000), and a larger hand homunculus representation in the primary motor cortex 

(Dassonville, Zhu, Uurbil, Kim, & Ashe, 1997; Volkmann, Schnitzler, Witte, & Freund, 

1998) of the hemisphere contralateral to the dominant hand. This volumetric bias is 

accompanied by concordant microstructural asymmetries of neurophil volume (Brodmann’s 

area 4), which indicate more extensive dendritic and axonal surfaces, and more numerous 

intracortical associative connections (Amunts et al., 1996).  

In terms of white matter anatomy, leftward asymmetries have been reported in intra-

hemispheric connections, such as the arcuate fasciculus (Catani et al., 2007). Reconstruction 

of white matter fibres from high-resolution magnetic resonance images show prominent 

leftward asymmetries in structural cortical connectivity (i.e., more regions demonstrate a 

greater number of white matter trajectories linking cortical regions of interest in the left 

hemisphere; Bonilha, Nesland, Rorden, & Fridriksson, 2014). A greater strength of 

connectivity is reported within and between the medial temporal, anterior and posterior 

perisylvian, and occipito-temporal regions of the left cerebral hemisphere (Bonilha et al., 
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2014). Since all participants in the study were right-handed, Bonilha and colleagues (2014) 

postulate that these regional lateral asymmetries might be meaningfully related to their 

functional specialisation.  

Although vascular density and glucose uptake is markedly higher in grey compared to 

white matter (Hirsch, Reichold, Schneider, Székely, & Weber, 2012; Obrist, Thompson, 

Wang, Wilkinson, 1975; Risberg, Wilson, Wills, Halsev, 1975), neuronal cell density 

correlates positively with the concentration of microvascular structures and corresponding 

blood flow (Hirsch et al., 2012; Tsai et al., 2009; Weber, Keller, Reichold, & Logothetis, 

2008). It follows naturally then, that the above morphologic asymmetries would reflect a 

microvascular asymmetry to support the transport of energy substrates and oxygen by the 

bloodstream to the tissue (Hirsch et al., 2012).  

The notion of a more resource intensive left cerebral hemisphere might feasibly apply to 

the normal adult brain, given that all cerebral functions have been established. Evidence can 

be found across a large body of neurobiological research. Overall, the proportion of tissue 

with fast perfusion and clearance is significantly higher in the left than the right hemisphere, 

as demonstrated by the Xenon-133 inhalation method for regional cerebral blood flow 

measurements (Shaw et al., 1979; Gur et al., 1980; McHenry et al., 1979; Hochberg & 

LeMay, 1975). This fast perfusion tissue represents grey matter which has a perfusion rate of 

approximately four times and a clearance rate of approximately seven times that of white 

matter (Obrist et al., 1975; Risberg et al., 1975).  

The default mode network is an interconnected set of bilateral brain structures that 

typically shows strong functional connectivity during resting states and decreased activation 

during cognitive manipulation. A significant leftward resting bias in mean and regional 

cerebral blood flow levels at rest has been reported (Agcaoglu, Miller, Mayer, Hugdahl, & 

Calhoun, 2015; Chiron et al., 1997; Gur et al., 1982; Raichle, 2015; Spreng, Mar, & Kim, 
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2009; Swanson et al., 2011; Willis et al., 2002). This effect is also seen during sensory 

deprivation (Mazziotta & Phelps, 1984). More specifically, leftward biases in resting regional 

cerebral blood flow exist in the sensorimotor cortex, Broca’s area, prefrontal regions, and 

posterior associative regions of the brain (Berman & Weinberger, 1990; Chiron et al., 1997; 

Mazziotta & Phelps, 1984; Willis et al., 2002). Higher left-than-right cerebral metabolic rates 

are also described in the frontal and parieto-occipital cortex (Pantano et al., 1984). These 

structures serve the most lateralised cerebral functions and their asymmetry is reflected in the 

haemodynamics of the middle cerebral artery at rest, with higher maximum systolic blood 

flow velocities in the left hemisphere of right-handers, and higher linear blood flow velocities 

in the right hemisphere of left-handers (Leutin, Pystina, & Yarosh, 2004).   

In the absence of motor activation, patterns of brain activity at rest reflect stable functional 

topography. The degree to which resting-state activation patterns in the somatomotor cortex 

are lateralised significantly predicts the strength of lateralised activation in response to 

contralateral hand finger tapping (De Luca, Smith, De Stefano, Federico, & Matthews, 2005). 

In right-handers, the recruitment of dorsal premotor and parietal cortices is also greater on the 

left than the right during complex left or right hand movements (Haaland, Elsinger, Mayer, 

Durgerian, & Rao, 2004), and greater left-than-right prefrontal cortical activity has been 

documented in response to a variety of cognitive conditions (Berman & Weinberger, 1990). 

With respect to language, it is of course well established that activation is greater in the 

left cerebral hemisphere (Droste, Harders, & Rastogi, 1989; Knecht et al., 1998, 2000; 

Pulvermüller, Hauk, Nikulin, & Ilmoniemi, 2005; Rihs et al., 1995). Importantly, this also 

applies to less overt language functions, such as listening for meaning, which recruits 

widespread left frontal activity (Lillywhite et al., 2010). While almost all right-handers have 

significantly higher and more stable flow in the left-hemisphere during and immediately post 

language tasks, only 50 % of left-handers have more stable flow on the right (Vadikolias et 
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al., 2007). In conjunction with being less stable, blood flow velocities contralateral to the 

dominant hemisphere for language decrease below baseline levels during and immediately 

after language tasks (Vadikolias et al., 2007). These findings are in keeping with the notion, 

put forward over three decades ago, of a more resource intensive left hemisphere (Kamath, 

1981). 

Asymmetries in resource intensity: foetal and neonatal brain. The developing brain 

shows marked asymmetries by the second trimester of pregnancy. There are mixed reports of 

hemispheric differences in overall size of the cerebral hemispheres in neonates (de Schonen 

& Deruelle, 1991; Gilmore et al., 2007; Hering-Hanit et al., 2001; Matsuzawa et al., 2001; 

Utsunomiya et al., 1999). Nevertheless, regional structural and functional cerebral 

asymmetries have been reported (Li et al., 2013). These continue to evolve during childhood 

and adolescence (Chiron et al., 1997; Paus et al., 1999; Sowell et al., 2002). In the foetal 

brain, prominent asymmetries in cortical structure are found in the perisylvian distribution 

and extrasylvian temporal lobe (Catani et al., 2007; Chi, Dooling, & Gilles, 1977a, 1977b; 

Dehaene-Lambertz et al., 2006; Fontes, 1944; Foundas et al., 1994; Geschwind & Levitsky, 

1968; Sowell et al., 2002; Van Essen, 2005; Wada et al., 1975). Earlier development of 

Broca's area and the planum temporale in the left than the right hemisphere has also been 

reported (Dubois et al., 2008, 2010; Hill et al., 2010). These asymmetries are related to 

speech perception and production (Chi et al., 1977a, 1977b; Dehaene-Lambertz et al., 2006; 

Dubois et al., 2008; Geschwind & Levitsky, 1968; Geschwind & Galaburda, 1985; Witelson 

& Pallie, 1973), and show left-lateralised haemodynamic response delays along the superior 

temporal regions of the brain, similar to those seen in adults (Field et al., 2002; Dehaene-

Lambertz, 2000; Dehaene-Lambertz et al., 2002, 2004, 2006, 2010; Peña et al., 2003; Perani 

et al., 2011). 
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Leftward asymmetries found in the newborn brain also include larger grey and white 

matter volumes (Gilmore et al., 2007), greater cell densities, more extensive dendritic 

branching and sulcation (Gur et al., 1980, 1982, 1995; Scheibel et al., 1985), a larger and 

more compact arcuate fasciculus (Buchel et al., 2004; Dubois et al., 2009), a wider left 

occipital pole (Gur et al., 1980, 1982, 1995; Inglessis, 1925; Lyttelton et al., 2009; Toga & 

Thompson, 2003; Van Essen et al., 2011), earlier myelination (Sean et al., 2011), and more 

variable gyral patterning (Charles et al., 1994; Gur et al., 1980; Galaburda, Le May, Kemper, 

& Geschwind, 1978) which is indicative of greater complexity of microstructural 

organization, connectivity, and, as a consequence, functional specification in the left 

hemisphere (Boni et al., 2007; Sun & Walsh, 2006).  

The neonatal right hemisphere, on the other hand, has a deeper and larger superior 

temporal sulcus (Kasprian et al., 2011; Van Essen, 2005; Van Essen et al., 2011), larger 

frontal lobe (Gur et al., 1980, 1982, 1995; Lyttelton et al., 2009; Toga & Thompson, 2003; 

Van Essen et al., 2011), earlier appearance of perisylvian sulci (including the superior 

temporal sulcus), and earlier dendritic branching (Chi et al., 1977b; Dubois et al., 2008; Hill 

et al., 2010; Simonds & Scheibel, 1989). 

It is likely that resource-demand asymmetry also exists in neonates, in anticipation of the 

emergence of lateralised cognitive and behavioural functions.  In the sections that follow, the 

question of arterial and haemodynamic asymmetries will be considered. 

 

Arterial Development and Haemodynamic Mechanism 

It is well understood that each major vessel in the human body has a characteristic flow 

pattern, as detected by Doppler ultrasonography, which reflects both the anatomic position of 

the vessel and the physiologic need of the organ it supplies (Nelson & Pretorius, 1998). 

Cerebral vasculature and parenchyma share equal roles in the neurovascular mechanism and 
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these two components evolve in harmonious co-operation (Andreone, Lacoste, & Gu, 2015; 

Hamel, 2006; Lecrux & Hamel, 2011). Any change in brain structure is reflected in an 

equivalent alteration in its blood supply in order to satisfy increased functional demand 

(Abbie, 1933). Haemodynamic conditions and parenchymal demand therefore predominantly 

determine the form and size of the cerebrovascular system (Abbie, 1933; Bernasconi & 

Cassinari, 1956; Rossitti & Löfgren, 1993; van der Zwan, et al., 1992; van Overbeeke et al., 

1991). Because of the strong coupling that exists between functional connectivity, blood 

supply, and metabolic demand (Liang et al., 2013; Vaishnavi et al., 2010), the presence of 

significant behavioural, structural, and functional cerebral asymmetries early in life 

(described above) evokes the hypothesis of longstanding flow asymmetries in the middle 

cerebral arteries and other relevant vessels. 

Arterial geometry is also genetically programmed and controlled. Vascular development 

continues throughout life, with ongoing angiogenesis and remodelling (Lasjaunias, 

Berenstein, & ter Brugge, 2001a). Vascular remodelling is an active and adaptive process of 

structural alteration that is dependent on dynamic interactions between locally generated 

growth factors, vasoactive substances, and long-term changes in blood flow (Gibbons & 

Dzau, 1994; Rossitti & Löfgren, 1993). This process leads to reshaping of luminal diameter 

in an effort to maintain an optimal blood flow-vessel diameter relation and constant shear 

stress (Gibbons et al., 1993). The size of the lumen of the vessel is therefore dependent in part 

on the basal rate and pressure of the blood current over time (Lasjaunias et al., 2001a; 

Thoma, 1893). The long-standing cross-sectional area of the vessel is stable when the blood-

current acquires a definite rate, increases when this rate is exceeded chronically, and 

decreases when the blood-stream is slowed (Mall, 1906).  

Asymmetries in the parenchyma of homologous cerebral structures, in neural activation 

patterns at rest, and during mental and motor activity influence blood flow volume 
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characteristics of the relevant cerebrovasculature (Vingerhoets, & Stroobant, 1999). Buxton 

and Frank (1997) argue that a blood flow increase of approximately 19 % is required to 

sustain a 5 % increase in localised cerebral oxygen metabolic demand. 

 

Arterial Dominance in Adults  

Extracranial arterial asymmetries. Subsequent to a premature abandonment of Ogle’s 

(1861) adapted blood-supply theory (see Prologue), discovery of extracranial and intracranial 

arterial asymmetries was largely incidental. A number of post mortem, angiographic, and 

sonographic studies note a larger diameter, with higher flow velocities and volumes in the left 

vertebral artery than in the right (Abd-el Bary, Dujnovny, & Ausman, 1995; Bogren, 

Buonocore, & Gu, 1994; Mitchell, 2004; Scialfa, Ruggerio, Salamon, & Mochotey, 1975; 

Seidel, Eicke, Tettenborn, & Krummenauer, 1999; Thiel, Wallace, Donat, & Yong-Hing, 

1994; Yuan, Yip, Liu, Hwang, & Chen, 1994). Akin to a leftward arterial dominance 

identified in the external carotid arteries (58 % left-dominant; Jansen van Vuuren et al., 

2016), vertebral artery asymmetries are not associated with handedness (approximately 54 % 

left-dominant; Cagnie, Petrovic, Voet, Barbaix, & Cambie, 2006; Jeng & Yip, 2004). The 

vertebral asymmetry is also inconsequential for cerebral lateralisation because the flow 

becomes confluent in the basilar artery before posterior cerebral structures are supplied. 

Potentially relevant literature, devoid of handedness data (but relying on the assumption 

that most participants were right-handed) is difficult to interpret in the present context 

(Limbu, Gurung, Malla, Rajbhandari, & Regmi, 2006; Scheel, Ruge, & Schöning, 2000). 

Nevertheless, a leftward carotid dominance in terms of arterial diameter (Ogle, 1871; Müller 

et al., 1991), as well as blood flow velocity (Bogren et al., 1994; Donis et al., 1988; 

Enzmann, Ross, Marks, & Pelc, 1991; Holdsworth et al., 1999; Luo et al., 2011; Marks, Pelc, 
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Ross, & Enzmann, 1992; Schöning, Walter & Scheel, 1994; Zbornikova & Lassvik, 1986) 

has been demonstrated. 

An ophthalmodynamometry study involving 110 healthy participants revealed that systolic 

(and to a lesser degree, diastolic) ophthalmic artery pressures are higher on the right side in 

right-handers, higher on the left in left-handers, and symmetrical in most ambidextrous 

individuals (Carmon & Gombos, 1970). Pressure variations in the ophthalmic artery have 

long been regarded as a marker of pressures in the internal carotids (Friendenwald, 1934). 

Increased pressure identified in the ophthalmic arteries of right-handers might be explained 

by significantly smaller diameters of the right internal carotid artery as well as its terminal 

branches, in comparison to the left (Carmon & Gombos, 1970). This finding is therefore 

suggestive of a leftward carotid dominance in right-handers.  

Magnetic resonance velocity mapping of five left-handed and five right-handed 

individuals showed higher flow rates in the left than in the right internal carotid artery in all 

right-handers, and the opposite was found in all left-handers (p = .007; Bogren et al.,1994). 

No significant left-right asymmetries were found in the common and external carotid arteries 

of this small sample study.  

Recently, a large (n = 195; n = 228) purposive adult study confirmed systematic left-right 

arterial asymmetries unique to the common and internal carotid arteries in terms of arterial 

length, diameter, resistance, mean blood flow velocity, and volume flow rate (76.07 % left-

dominant and 23.93 % right-dominant; Jansen van Vuuren, et al., 2016). In right-handers the 

vessels were left-dominant, and in left-handers they were right-dominant (Jansen van Vuuren, 

et al., 2016). The influence of hand preference on these arterial asymmetries increased with 

proximity to cerebral structures and was shown to be independent of anomalous patterns of 

aortic branching. 
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Intracranial arterial asymmetries. In keeping with the extracranial arterial asymmetries, 

a left sided arterial dominance has been shown in many intracranial vessels. The middle 

cerebral artery is the most complex cerebral artery with an extensive flow territory and high 

number of cortical branches (Gibo, Carver, Rhoton, Lenkey, & Mitchell, 1981; Grand, 1980; 

Kahilogullari, Ugur, Comert, Tekdemir, & Kanpolat, 2012; Klingelhofer et al., 1997; 

Luczywek et al., 2003; Marinković, Kovacević, & Marinković, 1985; Michotey, Moscow & 

Salamon, 1974; Rihs et al., 1995; Stroobant & Vingerhoets, 2000; Ugur et al., 2006). These 

vessels are critical to laterality research as they perfuse cerebral structures that serve the most 

lateralised functions (Klingelhofer et al., 1997; Luczywek et al., 2003; Rihs et al., 1995; 

Stroobant & Vingerhoets, 2000). Functional transcranial Doppler ultrasonography of the 

middle cerebral arteries in adults reliably determines hemispheric dominance by direct 

comparison with intra-arterial administration of amobarbital by means of a transfemoral 

catheter placed into the cerebral arteries (Wada test; Knecht et al., 1998).  

Left arterial biases have been identified in the middle and anterior cerebral arteries 

(Mazziotta & Phelps, 1984; Müller et al., 1991; Willis et al., 2002) as well as in the circle of 

Willis in adults (Orlandini, Ruggiero, Orlandini, & Gulisano, 1985). The left middle cerebral 

artery of right-handers is typically larger in calibre with significantly higher left-than-right 

peak systolic blood flow velocities, and the converse is seen in left-handers (Leutin et al., 

2004). 

In a study of 92 healthy volunteers (handedness unknown) Zhao and colleagues (2007) 

partitioned the cerebral arterial network into 12 different regions. Haemodynamic assessment 

by quantitative magnetic resonance angiography on 15 paired vessels showed left arterial 

dominance in the common carotid (389 ml/min left; 381 ml/min right), vertebral (96 ml/min 

left; 83 ml/min right), internal (264 ml/min left; 252 ml/min right); middle cerebral (150 

ml/min left; 145 ml/min right); anterior cerebral (85 ml/min left; 80 ml/min right), posterior 
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cerebral (66 ml/min left; 63 ml/min right), and posterior communicating (17 ml/min left; 15 

ml/min right) arteries (Zhao et al., 2007). 

Further support for greater volumes of blood exchange in the left hemisphere can be 

drawn, although somewhat indirectly, from the reactive magnitude of cerebral drainage veins.  

Dominant left-sided veins of Labbé (co-located with language-related regions) are reported in 

individuals with left-speech dominance, and the converse is found in individuals with right-

speech dominance (Di Chiro, 1972; Hochberg & LeMay, 1975; Kawamata, Matsumoto, 

Goto, & Kohda, 1996; Silva, Vilarinho, Carvalho, & Vaz, 2014).  

 

Arterial Dominance in the Developing Neonate 

 Research on carotid cross-sectional asymmetries in neonates is limited, as most paediatric 

studies measure only one of the carotids (usually right) or present a combined left-right 

parameter. Bode and Wais (1988) report side-to-side variation in flow velocities of 2 % to 8 

%, but the direction of this variability is not specified in their work. Some investigators argue 

that no significant side-to-side differences in neonatal carotid waveforms (Gray, Griffin, 

Drumm, Fitzgerald & Duignan, 1983) and diameters (Uematsu, et al., 1983) exist, on the 

basis of an essentially post hoc exploration of data not originally collected to test hypotheses 

relating to vascular asymmetries. 

Only one study, to our knowledge, has specifically aimed to investigate the presence of 

haemodynamic cerebral arterial asymmetries, and their left-right distribution, in healthy term 

neonates at rest (Coker, Beltran, Myers, & Hmura, 1988). This was done in an attempt to 

understand the significant left-sided predilection for middle cerebral artery infarction in 

neonates. Bilateral Pulsed-gaited Doppler measurements of mean blood flow velocity in 20 

healthy term newborns showed no lateral differences (Coker et al., 1988). This study is 

underpowered to detect subtle side-to-side asymmetries, and its focus on velocity limited the 
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extent to which blood flow could be inferred (see below for the methodological implications 

of this approach). 

Several studies have investigated the developmental outcomes of cerebroarterial velocity 

asymmetries in healthy term (Wu et al., 2013) and preterm neonates (Arditi, Feldman, 

Hammerman, & Eidelman, 2007). While these studies were not specifically designed to 

investigate the natural left-right distribution at a population level, they do point to some 

developmental implications of lower peak systolic velocities on the left. Specifically, children 

with lower velocities on the left exhibit slower cognitive skill acquisition (Arditi et al., 2007) 

and poorer motor outcomes (Wu et al., 2013). 

The direct assessment of cerebrovascular asymmetries in infants at rest is less common 

than in the adult population due to the need for expensive and invasive procedures requiring 

contrast and/or sedation, difficulty obtaining parental consent, as well as high sample dropout 

rates (Groen, Whitehouse, Badcock, & Bishop, 2012). Accurate side-to-side comparisons are 

also complex because the differences are small (Børch & Greisen, 1998), they may be 

difficult to detect within the signal-to-noise ratio of the technologies that are used (Oktar et 

al., 2006), the statistical power of larger samples are required (Lin et al., 2013), and non-

invasive accurate bed-side measures of cerebral arterial diameter have classically not been 

possible (Evans, 1992). 

Normative reports of neonatal middle cerebral artery flow are primarily concerned with 

identifying neonatal vascular pathology in clinical settings and secondarily comment on the 

presence or absence of asymmetry (Aranha, Lederman, & Segre, 2009; Assis & Machado, 

2004; Bokiniec, Kornacka, & Czajkowski, 2006; Hayashi, Ichiyama, Uchida, Tashiro, & 

Tanaka, 1992; Pezzati et al., 2002; Kehrer, Krageloh-Mann, Goelz, & Schöning, 2003). Many 

middle cerebral arterial flow studies in neonates do not directly assess side-to-side arterial 

asymmetries and either assess flow unilaterally (Sinha, Cane, & Kempley, 2006; 
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Martinussen, Brubakk, Linker, Vik, & Yao, 1994; Mari & Deter, 1992; Mari et al., 1989; 

Yoshida, Yasuhara, & Kobayashi, 1991; Mullaart et al., 1997; Rurak et al., 2011), combine 

bilateral measures (Fukuda, Kato, Kuwabara, Kato, Futamura, & Togari, 2005; Kehrer, 

Goelz, Krägeloh-Mann, & Schönin, 2002; Raju, Go, Ryva, & Schmidt, 1987; Schöning & 

Hartig, 1996), or fail to report which side was used (Ebbing, Rasmussen & Kiserud, 2007). 

Bilateral assessments also typically average flow values across the sample and therefore fail 

to determine patterns of dominance. 

Methodological limitations also exist in these studies, such as a (1) using large proportions 

of preterm infants in the sample populations; (2) using clinical samples (including preterm 

infants with intracranial haemorrhage); (3) inferring flow differences based only on resistance 

or velocity measures; (4) performing Doppler examinations in the first few hours of life when 

there is transitional circulation and changing haemodynamics; and (5) not incorporating a 

structural assessment with haemodynamic measures. 

There is a high clinical drive to investigate the cerebrovasculature in the preterm or foetal 

population. In comparison to the term neonatal literature, preterm studies of neurovasculature 

are more common but still rest within a clinical context (Assis & Machado, 2004; Ebbing, et 

al., 2007; Evans, Kluckow, Simmons, & Osborn, 2002; Kehrer et al., 2002, 2003; Mari, & 

Deter, 1992; Mari et al., 1989; Mullaart et al., 1997; Raju et al., 1987; Rurak et al., 2011; 

Seffah, & Swarray-Deen, 2016; Pezzati et al., 2002; Sinha et al., 2003; Yoshida et al., 1991). 

However, generalisation of preterm findings to term neonates is problematic given the 

substantial differences in cerebral maturation, structural cerebrovasculature, local 

haemodynamics, and functional lateralisation between these populations (see below for the 

clarification regarding the implication of the above-mentioned methodological limitations). 

Limitations in the neonatal vascular literature. Preterm.  Premature newborns are often 

studied in vascular research, given the convenience of sampling. However, differences in 
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maturation, cerebrovasculature, and functional laterality between preterm and term infants 

make the preterm population inappropriate subjects for vascular and laterality studies.  

The cerebral vessels of prematurely born infants are characterised by pressure passive 

regulation which alters arterial haemodynamics (d'Orey et al., 1999; Roche-Labarbe et al., 

2010). Resistance indices are higher (Pezzati et al., 2002), pulsatility indices are lower 

(Robel-Tillig, Mockel, & Vogtmann, 1999; Kehrer et al., 2003, 2004), tortuosity is less 

pronounced (Malamateniou et al., 2006), and there is a higher prevalence of variations in 

arterial structure (van Kooij, Hendrikse, Benders, de Vries, Groenendaal, 2010). Preterm 

infants are at a higher risk for hypoxic-ischaemic injuries, as well as intracerebral 

haemorrhage, stroke, and periventricular leukomalacia (Kiechl-Kohlendorfer, Ralser, Pupp 

Peglow, Reiter, & Trawöger, 2009; Raz et al., 1994; Roche-Labarbe et al., 2010).  

At term equivalent age, preterm infants demonstrate delays in cortical folding (Ajayi-Obe, 

Saeed, Cowan, Rutherford, & Edwards, 2000), decreased cortical (Inder et al., 1999) and 

deep grey matter volumes (Boardman et al., 2003; Inder, Warfield, Wang, Huppi, & Volpe, 

2005), as well as diffuse white matter abnormalities (Huppi et al., 1998; Maalouf et al., 1999; 

Counsell et al., 2003).  

Preterm birth is also associated with an early disturbance in the typical development of 

cerebral asymmetry related to later hand preference and hemispheric specialisation. At term 

equivalent age, preterm infants show a significant lack of lateralisation to regions subserving 

receptive and expressive language, altered discrimination of speech sounds, long term deficits 

in language processing and auditory memory (Kwon et al., 2015; Luu et al., 2009; Taylor, 

Minich, Bangert, Filipek, & Hack, 2004; Therien, Worwa, & Mattia, 2004). It is not 

surprising then, that many studies directly or indirectly report an increased frequency of left-

handedness or lack of right-hand dominance in children who were born preterm as opposed to 

their full term counterparts (Böhm, Smedler, & Forssberg, 2004; Domellöf, Johansson, & 
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Rönnqvist, 2011; Kesler et al., 2006, 2008; Marlow, Hennessy, Bracewell, & Wolke, 2007; 

Marlow, Roberts, & Cooke, 1989; Myers et al., 2010; Powls, Botting, Cooke, & Marlow, 

1996; Ross, Lipper, & Auld, 1987, 1992; Sagnol, Debillon, & Debû, 2007, Saigal, 

Rosenbaum, Szatmari, & Hoult, 1992; Soria-Pastor et al., 2009; Zuazo, Garaizar, & Prats, 

1999). Poor neurodevelopmental outcomes in lateralised cognitive domains are also more 

prevalent in this population. This includes motor disability and neurocognitive impairment 

related to speech and language disorders (Briscoe, Gathercole, & Marlow, 1998, 2001; Davis 

et al., 2001; Fawke, 2007; Huddy, Johnson, & Hope, 2001; Marlow, Wolke, Bracewell, & 

Samara, 2005; Murphy, Sellers, MacKenzie, Yudkin, & Johnson, 1995; Luoma, Herrgard, 

Martikainen, & Ahonen, 1998; Saigal, Hoult, Streiner, Stoskopf, & Rosenbaum, 2000; 

Taylor, Minich, Klein, & Hack, 2000; Williams, Lee, & Anderson, 2010). 

Newborns in the first hours of extrauterine life. Postnatal changes in intracranial blood 

flow velocity of term infants transiently decrease within four to six hours of birth and then 

gradually increase (Hayashi et al., 1992). Acute haemodynamic instability continues until at 

least the first 12 hours after birth (Hayashi et al., 1992; Kempley, Vyas, Bower, Nicolaides, 

& Gamsu, 1996; Noori et al., 2012). This represents the normal adaptive response of the 

cerebral circulation to postnatal life (Hayashi et al., 1992; Kempley et al., 1996; Meerman, 

Vanbel, Vanzwieten, Oepkes, & Denouden, 1990) and reflects, in part, an increase in cerebral 

metabolism (Noori et al., 2012). Cerebral blood flow measures taken during this time cannot 

be considered a reliable indication of permanent flow asymmetries (Ilves et al., 2008).  

Vascular imaging. Arterial cross-sectional area exerts a key influence on the 

haemodynamics of the vessel (Ku, 1997; Lusis, 2000; Mall, 1906; Mitchell, 2003, 2004). 

Although the cerebral arterial network obeys the principle of minimum work and aims to 

maintain an optimum blood flow-vessel diameter relation (Rossitti & Löfgren, 1993), large 
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variations of flow rates can be present in vessels with similar calibres (Kloosterman, Hierck, 

Westerweel, & Poelma, 2014).  

Ultrasonography of neonatal cerebral arteries in routine clinical practice largely proceeds 

on the assumption of trans-midline symmetry. While cranial Doppler ultrasound is a safe and 

practical method for examining the parenchyma, vasculature, and haemodynamics of the 

newborn brain (Couture & Veyrac, 2001), the resolution of existing methodologies has not 

been extended to reliably detect the existence of structurofunctional asymmetries (Lin et al., 

2013; Evans, 1992; Oktar et al., 2006).  

In previously used Doppler technologies, “bleeding”, blooming artefact, and the influence 

of gain settings are recognised sources of error particularly related to diametric measurement 

(Oktar et al., 2006). This is problematic since conclusions about blood flow volume flow 

cannot be drawn from velocity measurements alone (Dahl, Russell, Nyberg-Hansen, & 

Rootwelt, 1992; Greisen et al., 1984), primarily because volume flow in a vessel is related to 

flow velocity as well as the vessel diameter. 

This exemplifies the methodological reality that localised blood flow velocity or diametric 

measures in isolation are not appropriate for side-to-side arterial comparisons. The unknown 

arterial cross-sectional area in most paediatric cerebrovascular assessments precludes 

comparison from one infant to another as well as from one hemisphere to another since 

arterial calibre varies dynamically in the immature individual (Drayron & Skidmore, 1987). 

 B-flow imaging is a more recent and relatively unexplored non-Doppler ultrasonographic 

imaging technology based on B-mode signal autocorrelation which effectively bypasses these 

difficulties (D’Abate & de Bruin, 2018; Oktar et al., 2006). The technology provides real-

time imaging of blood flow during grey-scale sonography by amplifying weak flow reflectors 

(red blood cells) and suppressing the signals from the surrounding stationary tissue (Groth, 

Ernst, Deindl, & Herrmann, 2017; Wang, Chou, Chiou, Chiou, & Chang, 2005). Only one 
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study to our knowledge has assessed the feasibility of its use in imaging the basal cerebral 

vessels of newborns (n = 34; Groth et al., 2017). The authors report superior vessel 

delineation compared with standard vascular ultrasound methods, but vessel diameter was not 

empirically assessed (Groth et al., 2017). A new dual-view imaging protocol developed in 

this dissertation, using concurrent Pulsed-wave and B-flow Doppler transcranial 

ultrasonography addresses the shortcomings in the literature. To our knowledge, this is the 

first time the cerebrovasculature will be imaged in the developing neonate at a sufficient level 

of resolution, to allow for accurate structurofunctional analyses of paired cerebral arteries. 

 

Behavioural Lateralisation in the Neonate 

A central aim of this dissertation is to investigate a possible association between arterial 

asymmetries and a neonatal expression of behavioural lateralisation. This would potentially 

align the current newborn investigation with previous adult research (Jansen van Vuuren et 

al., 2016) which has demonstrated an association between arterial asymmetry and the most 

prominent manifest expression of behavioural lateralisation, namely handedness. The 

neonatal head orientation bias was selected because it has been extensively studied, is shown 

to be rightward biased in proportions commensurate with right-handedness, and is also 

regarded as a precursor to hand preference (Saling, 1979, 1983). 

Patterns of behavioural lateralisation reach their peak expression in humans. Preference 

for right hand use occurs in 85 to 95 % of the adult population (Annett, 2002; Corballis, 

2002). This phenomenon has been well investigated in childhood to adulthood predominantly 

in the form of manual preferences. Variations in manual preferences are, however, better 

described as a graded characteristic ranging from extreme right-handed to extreme left-

handed, with ambidextrousness in between (Rigal, 1992; Brain, 1945; Gilles et al., 1960, 

Annett, 1970). To talk about behavioural asymmetry in discrete terms of “left” and “right” is 
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operationally and linguistically limiting as it does not appreciate the continuity of the 

phenomenon.  

Overt expressions of behavioural lateralisation in neonates are limited because manual 

function has yet to mature (Young, Corter, Segalowitz, & Thehub, 1983). Lateral biases do, 

however, exist long before language acquisition, as demonstrated by foetal limb movement 

and thumb sucking asymmetries (Hepper, McCartney, & Shannon, 1998; Hepper, Wells, & 

Lynch, 2005; McCartney & Hepper, 1999; Kurjak, Vecek, Hafner, Bozek, Funduk-Kurjak, & 

Ujevic, 2002). Postnatally, rightward biases have been reported in the response to sensory 

stimulation (Hammer & Turkewitz, 1974; Siqueland, 1964; Turkewitz, Gordon & Birch, 

1965a; Harris & MacFarlane, 1974; Ingram, 1975; Turkewitz, Moreau, & Birch, 1979; 

Wickelgren, 1967), and in reflexive grasping and reaching behaviours (Caplan & Kinsbourne, 

1976; Michel, Ovrut & Harkins, 1985; Michel, Tyler, Ferre & Sheu, 2006).  

Postural asymmetry in full-term newborns is seen as early as the first hour after birth 

(Hopkins, Lems, Janssen, & Butterworth, 1987). Most supine newborns spontaneously prefer 

a right-sided head position while supine (Casear, 1979; Coryell & Michel, 1978; Gesell & 

Ames, 1950; Michel & Goodwin, 1979; Saling, 1979, 1983; Turkewitz & Creighton, 1974). 

This lateral bias is stable on an intraindividual level, is considered the most consistently 

observed neonatal functional asymmetry, and has been well documented under both 

observational (e.g., Turkewitz, Gordon & Birch, 1965b) and experimental (e.g., Coryell & 

Michel, 1978) conditions. A right-sided preference has been shown in 65 to 92 % of neonates 

(Kurtzberg et al., 1979; Liederman, 1983; Michel, 1981; Saling, 1979; Turkewitz & 

Creighton, 1974). The preference is present even when physical (e.g., flattening of the skull) 

or general postural asymmetries that may induce lateralised biases in head position are not 

removed (Rönnqvist & Hopkins, 1998).  
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The direction of this lateralised posture is associated with indices of manual specialisation 

later in development (Goodwin & Michel, 1981; Saling 1979, 1983; Gesell & Ames, 1947). 

Head orientation preference significantly predicts the initial hand used (p = .007) and 

reaching frequency preference at 16 (p < .05) and 22 weeks (p = .01; Michel, 1981), hand 

preference for reaching at 12 weeks (R = .61; Coryell & Michel, 1978), and 19 weeks (p < 

.001; Goodwin & Michel, 1981), and childhood handedness in general (73.7 % correct 

classification; Gesell & Ames, 1947; Gesell & Halverson, 1942). Preterm infants, known to 

have a higher incidence of left-handedness (O’Callaghan et al., 1981), show no clear right 

head-turn preferences (Gardner, Lewkowicz, & Turkewitz, 1977; Turkewitz, 1977) or 

asymmetric rooting (Lewkowicz, Gardner, & Turkewitz, 1979).  

There is general agreement in the literature that the rightward bias in neonatal head 

posture is centrally driven and reflects a neurological ascendancy of the left hemisphere over 

the right (Kinsbourne, 1980; Liederman, 1977; Liederman & Kinsbourne, 1980a; Saling, 

1982). This central asymmetry is marked in the first few weeks of postnatal development 

because in this period neural factors rather than environmental factors dominate newborn 

behaviour (Liederman, 1983). There is disagreement as to whether the initial assumption or 

maintenance of the head posture constitutes the most valid measure of lateralised head 

position preference (Goodwin & Michel, 1981; Harris & Fitzgerald, 1983; Hopkins et al., 

1990; Risser, Strauss, & Parry, 1985) with some arguing that the two measures reflect the 

functioning of different neural mechanisms (Turkewitz, 1980).  

Nevertheless the lateralisation of the posture is, by and large, not considered to be 

influenced by the type of delivery (vaginal or caesarean), intrauterine foetal position, 

postnatal asymmetrical experiences, prandial condition, parental handedness, or by the 

maternal cradling bias (Dagenbach, Harris & Fitzgerald, 1988; Hopkins et al., 1990; 

Liederman, 1977; Liederman & Kinsbourne, 1980; Prechtl, Fargel, Weinmann, Bakker, 1979; 
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Provins, 1992; Rönnqvist & Hopkins, 1998; Saling, 1978, 1982; Turkewitz & Creighton, 

1974).  

 There is some evidence that lateralised head posture is mediated by the behavioural state 

or arousal of the newborn (ranging from state one, quiet sleep, to state five, aroused and 

crying; Rönnqvist & Hopkins, 1998, 2000; Saling,1982, see Prechtl, 1982). However, the 

direction, extent, and significance of this influence remains unclear (Cornwell, Fitzgerald, & 

Harris, 1985; Goodwin & Michel, 1981; Michel & Goodwin, 1979; Saling, 1982; Turkewitz 

& Creighton, 1974). A combined state of quiet and active wakefulness (state three) is 

proposed as the optimal state for assessment (Rönnqvist & Hopkins, 1998). The variability in 

reported incidence of a rightward posture as well as its interaction with external factors can in 

part be attributed to stark differences in the assessment of head posture (see Chapter 3).  

 

Clinical Implications of Systematic Arterial Dominance 

A subsidiary aim of the thesis is to explore, for the first time, asymmetries in middle 

cerebral arterial endothelial shearing forces of healthy infants, since this is a potential 

contributing force for asymmetric clinical vulnerabilities in the neonatal and adult brain. 

A predilection for left cerebral hemisphere infarctions has been reported in adults 

(Bogousslavsky & Regli, 1987; Foerch et al., 2005; Hedna et al., 2013; Heinsius, 

Bogousslavsky, & Van Melle, 1998; Hindfelt, & Nilsson, 1977; Naess, Andreassen, 

Thomassen & Myhr, 2006; Neau et al., 1998; Rodríguez Hernández et al., 2003; Weinstein, 

2001), particularly in the middle cerebral arterial territory (Hedna et al., 2013; Naess et al., 

2006). While this bias has been attributed to selective recognition of the clinically obvious 

sequalae of left hemispheric events (Selwaness et al., 2014), a lateralised vulnerability for 

cerebrovascular disease in the left carotid arteries that might explain this effect has also been 

identified (Denarie et al., 2000; Jeong, Lee, & Rosenson, 2014; Jogestrand, de Faire, 1995; 
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Lemme, Jogestrand, de Faire, 1995; Rodríguez Hernández et al., 2003; Selwaness et al., 

2014; Simon, Gariepy, Chironi, Megnien, & Levenson, 2002; Oxenham & Sharpe, 2003; 

Önbaş, Dane, Kantarci, Koplay, Alper, & Okur, 2007). 

The territory of the middle cerebral artery is the most common site for stroke in infancy to 

childhood (Ciccone, Cappella & Borgna-Pignatti, 2011; Tsze & Valente, 2011) as well as 

preterm and term newborns (Govaert, Defoort, & Wigglesworth, 1993; Volpe, 1995). 

Approximately 70 to 80 % of neonatal ischaemic strokes occur in the middle cerebral arterial 

field and are left-sided in 53 to 75 % of cases (Kirton et al., 2011; Lee et al., 2005; Miller, 

2000). This left hemisphere predilection has been reported for periventricular haemorrhage 

(Guzzetta, Shackford, Volpe, Perlman, & Volpe, 1986; Govaert, 1993; Volpe, 1995), 

neonatal stroke (Coker et al., 1988; Perlman, Rollins, & Evans, 1994), and stroke-related 

cerebral palsy (Uvebrant, 1988). 

Traditional risk factors such as hypertension, diabetes, and hypercholesterolemia in adults, 

and prothrombotic and cardiac disorders in neonates, cannot explain the above-mentioned 

unilateral predilection since they influence the vascular system bilaterally (Menshawi, Mohr, 

& Gutierrez, 2015; Tsze & Valente, 2011). Menshawi and colleagues (2015) postulate that 

the leftward predominance might be explained by the geometric and haemodynamic 

characteristics of supra-aortic vessels (Menshawi et al., 2015). Speed of the pressure wave 

propagation and the resulting arterial endothelial wall shear stress both play key roles in the 

development of vascular disease (Baldassarre, Amato, Bondioli, Sirtori, Tremoli, 2000; 

Clowes, Reidy, & Clowes, 1983; Glagov, Zarins, & Giddens, 1988; O’Leary et al., 1999; 

Moore, 1983). The latter is directly influenced by vessel diameter and is considered the most 

important haemodynamic contributing force to the development of acute vascular syndromes 

(Chatzizisis, Coskun, Jonas, & Edelman, 2007). Although left-lateralised lesions are not 

inevitable, arterial asymmetries that create a greater unilateral susceptibility to the 
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atherosclerotic effects of traditional vascular risk factors (Menshawi et al., 2015) might 

provide the framework for a greater left-than right incidence of cerebrovascular pathology 

(Coker et al., 1988; Menshawi et al., 2015).  

It is not the aim of this thesis to directly relate the potential asymmetry of shearing stress 

to the distribution of stroke in neonates. That is beyond the scope of this work. This is a study 

of healthy infants and will therefore investigate endothelial shear stress which represents a 

source of asymmetric vulnerability.   

 

Scope, Aims and Hypotheses 

The adult extracranial and intracranial vascular system is systematically asymmetric and 

meaningfully related to cerebral lateralisation (Jansen van Vuuren et al., 2016). Whether or 

not the ground plan for this asymmetry is detectable in neonates prior to the emergence of 

habitual manual preferences and the development of referential and syntactic aspects of 

language has yet to be determined. The work to be described here aims to characterise local 

haemodynamics and geometry of the middle cerebral arterial trunk in healthy term neonates. 

The middle cerebral artery is a major and accessible arterial conduit to the neocortical 

territory, perfusing cerebral structures that serve classically lateralised cognitive functions. 

Since hand preferences are either occult or are yet to emerge in newborns, a prototherian 

manifestation of behavioural lateralisation was chosen as a potential correlate of lateralised 

trends in brain vasculature. Neonates adopt a lateralised head posture at rest in a supine 

position, the direction of which is an individual characteristic, and is systematically right-

biased at a population level. A further aim of this work is to describe the adoption and 

maintenance of head posture, with a view to provide a fine-grained account of the behaviour 

and some of its endogenous determinants. 
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Hypotheses 

1. A systematic leftward arterial bias is present in the middle cerebral arterial trunk of 

healthy term neonates. 

2. The initiation and maintenance of the neonatal head-orientation bias are partial 

components of the same mechanism and are relatively free from systematic influences 

such as fluctuations in state. 

3. Structurofunctional asymmetries of the middle cerebral arterial trunk are meaningfully 

related to the neonatal head orientation bias. The middle cerebral arterial trunk is left-

dominant in neonates with a right-sided head posture, and right-dominant in neonates with 

a left-sided posture. 

4. Intimal wall shear stress and shear rates are inherently asymmetric in most healthy term 

neonates and biased towards the left hemisphere.   

Overview of Chapters 

This thesis includes four empirical chapters. Chapters 2 to 5 will be set out as follows: 

Chapter 2 presents an investigation of the haemodynamic and geometric characteristics of the 

middle cerebral arterial trunk in healthy term neonates. A dual-view imaging protocol, using 

concurrent Pulsed-wave and B-flow Doppler transcranial ultrasonography was developed to 

address the question at both anatomical and physiological levels. This allowed for accurate 

diametric assessment and real-time measures of arterial peak systolic and end-diastolic 

velocities, average flow velocities, resistance and pulsatility indices, and the calculation of 

blood flow volume within the trunk origin and terminus. 

Chapter 3 extends earlier research on neonatal head turning and its lateral distribution 

using a second by second multicomponential assessment of initial and sustained head posture. 

The extent to which the postural asymmetry is endogenously driven, and the potential 

influence of state fluctuations on expressions of postural asymmetry will be investigated. The 
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ultimate goal of the chapter is to extract an evidentially-based index of head posture 

lateralisation for use in subsequent posture-arterial analyses to be presented in Chapter 4. 

Chapter 4 presents an investigation of vascular correlates of neonatal behavioural 

lateralisation by studying the relationship between structural and blood flow characteristics of 

the trunk of the middle cerebral artery and supine neonatal head turning biases (for 

convenience this will be referred to as an arterio-postural relationship).  

Chapter 5 describes the clinical implications of the lateralised neonatal middle cerebral 

arterial dominance. Bilateral intimal shearing forces of the trunk origin and terminus were 

calculated to investigate whether left-right asymmetries in arterial calibre implicate unilateral 

vulnerabilities for vascular pathology.   
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Chapter 2 

Cerebral Arterial Asymmetries in the Neonate  

Despite the symmetric embryological origins of many paired anatomical structures, the 

developing human body is inherently asymmetric (López-Garcia & Ros, 2007). The arterial 

system is no exception to this asymmetry, the most striking example of which is found in the 

well-known aortic-branching pattern of the head and neck arteries−where the right common 

carotid artery arises off the brachiocephalic trunk (which it shares with the right subclavian 

artery) and the left common carotid artery arises directly off of the aorta (Davies & Guest, 

2003).  

Findings of trans-midline symmetry between paired cerebral arteries were not uncommon 

in past studies and in retrospect might have been the result of methodological shortcomings, 

and these will be discussed in some detail in the following paragraphs. Greater precision in 

arterial imaging to progress our understanding of the vascular system is now possible (Zurada 

& Gielecki, 2007). These significant strides are predominantly applied to the investigation of 

vascular pathology in at-risk populations. The aim of the research reported here was to utilise 

new generation technology to perform geometric and haemodynamic investigations of 

homologous cerebral arterial sites in healthy term-born neonates, with the ultimate goal of 

throwing light on a vascular contribution to the emergence of cerebral lateralisation.  

In adults, predominantly left-sided arterial dominance in structure or haemodynamics have 

been shown in the vertebral arteries (Abd-el Bary et al., 1995; Bogren et al., 1994; Mitchell, 

2004; Scialfa et al., 1975; Seidel et al., 1999; Thiel et al., 1994; Yuan et al., 1994; Zhao et al., 

2007), common and internal carotid arteries (Bogren et al., 1994; Donis et al., 1988; 

Enzmann, Ross, Marks, & Pelc, 1994; Holdsworth et al., 1999; Müller et al., 1991; Luo et al., 

2011; Marks, Pelc, Ross, & Enzmann, 1992; Ogle, 1871; Schöning, Walter, & Scheel, 1994; 

Zbornikova & Lassvik, 1986), middle and anterior cerebral arteries (Leutin et al., 2004; 
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MacDonald & Frayne, 2015; Mazziotta & Phelps, 1984; Müller, Brunhölzl, Radü, & Buser, 

1991; Willis et al., 2002; Zhao et al., 2007) and the circle of Willis (Orlandini et al., 1985; 

Zhao et al., 2007). Left-right asymmetries in the venous drainage of the brain have also been 

noted (Di Chiro, 1972; Hochberg & LeMay, 1975; Lichtenstein et al., 2001; Simonds & 

Truwit, 1994).  

A recent comprehensive investigation of extra-cranial arterial asymmetries in the adult 

population (n = 195; n = 228) demonstrated a systematic left-sided arterial dominance that 

was unique to the vasculature important for cerebral blood flow (76.07 % left-dominant and 

23.93 % right-dominant; Jansen van Vuuren et al., 2016). Here the common and internal 

carotid arteries were asymmetric in terms of arterial length, diameter, resistance, mean blood 

flow velocity, and volume flow rate. Asymmetries also increased with proximity to cerebral 

structures and were shown to be independent of anomalous patterns of aortic branching. Left 

arterial dominance in extracranial vessels inconsequential for a lateralised supply of cerebral 

perfusion show a weaker pattern of asymmetry such as in the external carotid arteries (58 % 

left-dominant; Jansen van Vuuren et al., 2016) and vertebral arteries which unite in the 

midline to form the basilar artery (approximately 54 % left-dominant; Cagnie et al., 2006; 

Jeng & Yip, 2004). Ambidextrous participants were too small in number for meaningful 

geometric CTA and haemodynamic study, and their data were excluded from the analyses 

described here. Their means, however, were reported 

The middle cerebral artery is the most complex basal cerebral artery with an extensive 

flow territory (Gibo, Carver, Rhoton, Lenkey, & Mitchell, 1981; Grand, 1980; Kahilogullari 

et al., 2012; Klingelhofer et al., 1997; Luczywek et al., 2003; Marinković et al., 1985; 

Michotey et al., 1974; Rihs et al., 1995; Stroobant & Vingerhoets, 2000; Ugur et al., 2006). 

Only one study, to our knowledge, has specifically aimed to investigate the presence of 

haemodynamic cerebral arterial asymmetries, and their left-right distribution, in healthy term 
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neonates at rest (Coker et al., 1988). Bilateral Pulsed-gaited Doppler measurements of mean 

blood flow velocity in 20 healthy term newborns showed no lateral differences. This study is 

underpowered to detect subtle side-to-side asymmetries, and its focus on velocity limited the 

extent to which blood flow could be inferred (see below for the methodological implications 

of this approach). 

Several studies point to suboptimal developmental implications of lower middle cerebral 

arterial peak systolic velocities in the left than right hemisphere. Specifically, children with 

lower velocities on the left exhibit slower cognitive skill acquisition (Arditi et al., 2007) and 

poorer motor outcomes (Wu et al., 2013). 

 Direct assessment of lateralised cerebral flow differences in healthy infants at rest is less 

common than in the adult population due to the need for expensive and invasive procedures 

requiring contrast and/or sedation, difficulty of obtaining parental consent, as well as high 

sample dropout rates (Groen et al., 2012). Accurate side-to-side comparisons are also 

complex because the differences are small (Børch & Greisen, 1998), they may be difficult to 

detect within the signal-to-noise ratio of the technologies that are used, the statistical power 

of larger samples are required (Lin et al., 2013), and non-invasive accurate bed-side measures 

of cerebral arterial diameter have classically not been possible (Evans, 1992).  

Other normative reports of neonatal middle cerebral artery flow are primarily concerned 

with identifying vascular pathology in clinical settings and secondarily comment on the 

presence or absence of asymmetry (Aranha et al., 2009; Bokiniec, Kornacka, & Czajkowski, 

2006; Hayashi et al., 1992; Pezzati et al., 2002; Kehrer et al., 2003). Many flow studies do 

not directly assess side-to-side arterial asymmetries but assess flow unilaterally (Sinha, Cane, 

& Kempley, 2006; Martinussen, Brubakk, Linker, Vik, & Yao, 1994), combine bilateral 

measures (Fukuda, Kato, Kuwabara, Kato, Futamura, & Togari, 2005; Kehrer, Goelz, 

Krägeloh-Mann, & Schönin, 2002; Raju et al., 1987; Yoshida et al., 1991), or fail to report 
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which side was used (Ebbing et al., 2007). Studies that record bilateral measures also 

typically average the flow values across the sample, failing to identify individual patterns of 

dominance.  

Methodological limitations also exist in these studies, such as (1) using large proportions 

of preterm infants in the sample; (2) using clinical samples (including preterm infants with 

intracranial haemorrhage); (3) inferring flow differences based only on resistance or velocity 

measures; (4) performing Doppler examinations in the first few hours of life when there are 

transitional circulation and changing haemodynamics (Hayashi et al., 1992; Kempley et al., 

1996); and (5) not incorporating a structural assessment with haemodynamic measures. 

There is a high clinical drive to investigate the cerebrovasculature in the preterm or foetal 

population. In comparison to the term neonatal literature, preterm studies of neurovasculature 

are more common but still rest within a clinical context (Assis & Machado, 2004; Ebbing, et 

al., 2007; Evans et al., 2002; Kehrer et al., 2002, 2003; Mari, & Deter, 1992; Mari et al., 

1989; Mullaart et al., 1997; Pezzati et al., 2002; Raju et al., 1987; Rurak et al., 2011; Seffah, 

& Swarray-Deen, 2016; Sinha et al., 2006; Yoshida et al., 1991).  

Internal carotid flow velocities show significant left-right flow asymmetries with 

decreased velocity to the left side five days after birth (Mullaart et al., 1995). Swarup and 

colleagues (2005) describe lower and more variable peak systolic and end-diastolic blood 

flow velocities in the left compared to the right middle cerebral artery in the first day of life. 

It was speculated that this difference could be attributed to the associated ductus arteriosus 

patency (Swarup et al., 2005; Yanowitz, Brozanski, & Yao, 1999). Some authors, however, 

have argued that this patency is responsible for lowering end-diastolic middle cerebral 

velocity in low birth weight infants, leaving peak systolic velocity intact (Swarup et al., 

2005).  
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Generalisation of preterm findings to term neonates is problematic as the cerebral vessels 

of prematurely born infants have pressure passive regulation which alters haemodynamics 

(Roche-Labarbe et al., 2010) and flow velocities (d'Orey et al., 1999). Resistance indices 

(Pezzati et al., 2002) are also higher, pulsatility indices are lower (Robel-Tillig et al., 1999; 

Kehrer et al., 2003, 2004), tortuosity is less pronounced (Malamateniou et al., 2006), and 

there is a higher prevalence of variations in arterial structure (van Kooij et al., 2010). This 

population is also at higher risk for cerebrovascular injury (Kiechl-Kohlendorfer et al., 2009; 

Raz et al., 1994; Roche-Labarbe et al., 2010).  

Foetal autopsy studies stand out in the literature for their relatively large samples. Two 

report left-right middle cerebral symmetry but there are limitations in each of the studies that 

call into question the validity of these findings (Seydel, 1964; Gielecki, Zurada, Kozlowska, 

Nowak, Loukas, 2009). Seydel (1964) reports an overall symmetry between paired internal 

carotid and middle cerebral arteries as measured by a micrometre in 92 of 98 foetal 

specimens. However, the study is limited in that (1) the preparation of specimens resulted in 

arterial distension increasing their in situ diameters by up to 20 %, (2) all cerebral segments 

were expressed as a relative index to the diameter of the left carotid artery, (3) the majority of 

the sample consisted of premature and stillborn neonates (average 25 weeks) limiting the 

generalisability to healthy term neonates, (4) radiographs of samples were used to screen for 

“obvious abnormalities” of the cerebral arteries and for aneurysms but no account was made 

for other pathology, and (5) the claim that there were no left-right asymmetries was not 

subjected to statistical scrutiny. More recently, Gielecki and colleagues (2009) also report no 

left-right differences in middle cerebral artery diameter and length in 152 formalin-fixed 

human foetuses. The clinical sample was separated into seven groups according to foetal 

gestation (groups of four-week intervals ranging from 12 to 40 weeks). As a result, each 

group used for later comparisons had small sample sizes (M = 20.28; Median = 13). 
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Furthermore, arterial variants were not excluded from the study, no explicit left-right 

statistical analyses were reported for group comparisons and comparisons were not 

performed on a case-by-case basis. 

In previously used Doppler technologies, “bleeding”, blooming artefact, and the influence 

of gain settings is a recognised source of error, particularly related to diametric measurement 

(Oktar et al., 2006). This is problematic since conclusions about regional cerebral blood flow 

cannot be drawn from velocity measurements (Dahl et al., 1992), primarily because volume 

flow (Q) in a vessel is related to velocity (V) as well as the vessel radius (R) according to the 

equation Q = VπR2. B-flow imaging is a recently introduced non-Doppler technology which 

effectively bypasses these difficulties (Oktar et al., 2006).  

The study to be reported here specifically aimed to investigate cerebral arterial 

asymmetries in a sample of healthy neonates using a new generation imaging modality which 

gives a multicomponential view of structural and functional arterial characteristics, as 

opposed to the predominantly univariate approach adopted in previous studies. 

We postulate that the middle cerebral and lenticulostriate arteries are asymmetric. It is 

hypothesised that there is a systematic leftward arterial dominance in the direction of larger 

calibre, higher peak blood flow velocity, and resulting volume flow rate. It is further 

hypothesised that the prevalence of these asymmetries will mirror that found in the 

extracranial segment of the internal carotid arteries in an adult population (Jansen van Vuuren 

et al., 2016). 
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Method 

Experimental Procedures 

Participants 

Transcranial Doppler ultrasonography was performed on 106 healthy term neonates. 

Newborns with a gestational age greater than 37 weeks were recruited consecutively between 

March and November 2017 from the postnatal wards of the Royal Women’s Hospital and 

Frances Perry House in Melbourne, Australia (Appendix 1). A non-randomised participant 

sampling approach accompanied by comprehensive exclusion criteria for eligibility (see 

below) was adopted. Out of 536 eligible parents and neonates approached, 117 provided 

consent to participate (recruitment success of 20.83 %), and 106 were scanned. Six 

participants were subsequently excluded from the final analysis because the presence of 

aberrant middle cerebral arterial branching patterns precluded left-right comparisons of 

arterial geometry and haemodynamics. An additional three participants were excluded for 

poor image quality because of excessive neonatal movement, excessive hair, or small cranial 

windows. The final sample consisted of 97 healthy term neonates. 

Neonatal exclusion criteria. Infants with significant perinatal complications were 

excluded (for example postnatal resuscitation and/or admission to the neonatal intensive and 

special care nursery). Neonates with any intracranial pathology including infections were 

excluded as well as those with metabolic or genetic disorders and cardiovascular disorders 

(Avery, Fletcher, & MacDonald, 1994). Cases of prenatal substance exposure known to place 

an infant at risk of Neonatal Abstinence Syndrome, such as opioids, were also excluded. All 

infants enrolled in the study were healthy without dysmorphic features during the neonatal 

predischarge check.  

Maternal exclusion criteria. Women younger than 18 years and older than 45 years were 

excluded from the study so as adhere to hospital guidelines regarding informed consent and 
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to decrease the risk of perinatal complications. Further exclusion criteria included diagnoses 

of autoimmune disorders, pre-gestational diabetes mellitus, gestational diabetes, cardiac 

disease, drug and substance use, instances of suspected or detected foetal abnormality prior to 

delivery, chronic or persistent hypertension (> 140/90), infections (including active genital 

herpes, syphilis, HIV +), pre-eclampsia, as well as diagnoses of neurological and mental 

health conditions. Non-English-speaking parents were excluded from the study to ensure 

effective communication and understanding between the parent and investigators. 

All scanning took place at the Royal Women’s Hospital, Melbourne, Australia. Ethical 

approval was granted by Royal Women’s Hospital Human Research Ethics Committee and 

written informed consent was obtained from one or both parents (Appendix 2). All participant 

families received a summary report of the study findings. There were no overt risks or 

immediate benefits to participation.  

 

Procedure 

Transcranial Doppler ultrasound assessment. Transcranial Doppler ultrasonography 

assessment is a non-invasive, reliable, inexpensive technique for examining the neonatal 

cerebral parenchyma and cerebrovasculature (Couture & Veyrac, 2001; Groen et al., 2012). 

Ultrasound assessment took place at a postnatal age of 1 to 7 days. Scans did not reflect acute 

haemodynamic changes known to occur in the first 12 hours of life (Hayashi et al., 1992; 

Kempley et al., 1996). Scanning was carried out by the current candidate who received 

extensive ultrasound training by an experienced sinologist of 20 years, with a Diploma in 

Diagnostic Ultrasound and is a member of the committee for the Certificate of Clinician 

Performed Ultrasound and the Board of Standards of Practice for the Australian Ultrasound 

Society, over a period of six months prior to data collection. 
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Standard medical procedure was followed prior to the analysis. All infants underwent 10 

minutes of supine rest on a clean cot in a standardised sound proofed ultrasound room which 

ensured that the testing environment was without auditory or visual distractions. The room 

had constant illumination and comfortable room temperature.  

Neonates were swaddled and fed prior to the scanning session. Parents were positioned at 

the head of the cot, behind the investigator so as not to distract the infant. Infant behavioural 

state was recorded (Appendix 3; Prechtl, 1974; Wolf, 1966) and scanning took place during 

state 1 (eyes closed, no movements), state 2 (eyes closed, transitory movements) or state 3 

(eyes open, no movements). If the neonate began to cry, the neonate was soothed before 

resuming the procedure. 

Transcranial Doppler cerebrovascular imaging was performed using the portable LOGIQ 

E9 XDClear 2.0 (GE Healthcare, Wauwatosa, Wisconsin, USA) ultrasound unit with a 

Windows Embedded Standard 7 x 64 SP1 operating system. A C3-10-D convex probe (2-

11MHz) with an insonation angle close to 0˚ was used. Further settings included a small 

sample volume of 2 mm with a velocity wall filter of 80 -100 Hz to eliminate noise (i.e., 

vessel wall movement).  

Using a trans-temporal approach, the middle cerebral artery trunk was located by placing 

the transducer on the left temporal bone, below the zygomatic arch. Screening for previously 

undetected pathology and identification of the middle cerebral artery was performed with 

two-dimensional B mode Grey-Scale and Colour Flow imaging through the temporal 

window. B-Flow imaging was activated, and the probe was moved so at to optimise the 

visualisation of the origin of the middle cerebral artery trunk (MCAO; approximately 2 mm 

from internal carotid artery terminus). At this distance the vessel has a uniform diameter and 

required minimal angle correction. In any necessary instance, an angle of correction was 

performed if the angle of incidence was greater than 15° to ensure the transducer remained 
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parallel to the vector of blood flow and accurate measures were obtained. Dual-view imaging 

was then initiated to replicate the image into two identical left and right images. The left 

image was selected, Pulsed-wave Doppler was activated, and several haemodynamic 

measurements were recorded at the arterial site. The B-flow and Pulsed-wave frequencies 

used were 6.0 MHz and 4.2 MHz respectively. Three distinct Pulsed-wave spectral tracings 

containing three consecutive cardiac cycles were recorded. Peak systolic velocity (PSV), end-

diastolic velocity (EDV), time averaged maximum velocity (TAMAX), time averaged mean 

velocity (TAMEAN), and heart rate measures were obtained. An on-site arterial diameter was 

taken in the corresponding right B-Flow image in the exact location haemodynamic measures 

were sourced.  

The distal portion of the middle cerebral artery trunk (MCADT; distal to the origins of the 

lenticulostriate arteries) approximately 2 mm from the middle cerebral artery 

bifurcation/trifurcation was located and haemodynamic and diameter measures were repeated 

on the left and right side in a randomised order.  

The procedure was then repeated on the contralateral Mo and MDT sites. The sequence of 

data collection from the left and right middle cerebral arteries was randomised. 

The lenticulostriate arteries (LSA) of the left and right cerebral hemisphere were 

approached by placing the same C3-10 transducer in the mid-sagittal plane of the anterior 

fontanelle. The transducer was fanned into one cerebral hemisphere. Screening and 

identification of the lenticulostriate arteries were performed with two-dimensional B mode 

Grey-Scale and Colour Flow imaging. B-Flow imaging was activated and two lenticulostriate 

arteries in each cerebral hemisphere were chosen for further scanning based on the clarity of 

the image and orientation of the vessel (i.e., the two arteries on each side that were most 

oriented in the vertical plane). The probe was moved so as to optimise the visualisation of 

one of the selected vessels. B-Flow and Pulsed-wave Doppler were utilised in dual-view 
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imaging to record structural and haemodynamic measures of the lenticulostriate artery. The 

procedure was then repeated for the second unilateral and two contralateral lenticulostriate 

arteries in a randomised order. 

All images were stored on an optical disc for off-line analysis using SYNAPSE (PACS) 

64-bit imaging software (453561459621). All haemodynamic measures were averaged across 

three homogenous consecutive cardiac cycles for each arterial site. Further investigation of 

arterial diameter was performed offline with RadiAnt DICOM viewer (64-bit) imaging 

software (version 4.2.1). The mean lumen diameter of each arterial site was determined by 

averaging three independent measurements taken at the same location as on-line analyses. 

Lenticulostriate arterial parameters were averaged across the two selected vessels for each 

cerebral hemisphere. Parameters were also averaged across the ipsilateral origin and distal 

trunk of middle cerebral artery (MCAMEAN). Assessment of inter-rater reliability of diameter 

measurements was performed by SR, an experienced sonographer, on 10 % of participants 

randomly selected from the sample throughout the data collection period. Cronbach’s alpha 

showed a high internal consistency of .963. 

At each site, haemodynamic indices were calculated with the following formulae: 

Mean velocity (VMEAN): 

𝑉𝑀𝐸𝐴𝑁 =
𝑃𝑆𝑉 + 𝐸𝐷𝑉

2
 

Resistive Index (RI) computed according to the method of Pourcelot (1982):  

𝑅𝐼 =
𝑃𝑆𝑉 − 𝐸𝐷𝑉

𝑃𝑆𝑉
 

Pulsatility Index (PI) computed according to the method of Gosling and King (1988):  

𝑃𝐼 =
𝑃𝑆𝑉 − 𝐸𝐷𝑉

𝑉𝑀𝐸𝐴𝑁
 

Volume flow (Q):  
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𝑄 = 𝑃𝑆𝑉 × (𝐷2 (
𝜋

4
)) 

Peak systolic velocity was used as a variable in the calculation of volume flow because it 

is sensitive to left-right differences in the neonate (Wu et al., 2013), is mediated by arterial 

structure (Jahromi, Cinà, Liu, & Clase, 2005; Kamouchi, Kishikawa, Okada, Inoue, Ibayashi, 

& Iida, 2005) and reflects cerebral blood flow (Hansen et al., 1983; Julkunen, Uotila, 

Eriksson, Janas, Luukkaala, & Tammela, 2012), the definition of which is the primary aim of 

this work. Average measures (such as TAMEAN) inevitably conflate peak systolic velocity 

with end-diastolic velocity. While this might be useful in clinical applications, end-diastolic 

velocities show less left-right differentiation (Jahromi et al., 2005; Kamouchi et al., 2005; Wu 

et al., 2013). 

Arterial diameter was used as a grouping variable for the sample. Interhemispheric 

diameter dominance was expressed in the form of a left-right laterality index (LI) and was 

calculated with the formula: 

𝐿𝐼 = (𝐿 − 𝑅)/(𝐿 + 𝑅) 

where R equals the right arterial measure and L the left arterial measure. A positive value 

indicated left arterial dominance, whereas a negative value indicated right arterial dominance. 

A score of 0 represented the absence of a structural dominance. A LI was calculated for each 

arterial site, as well as the cerebral artery average between the middle cerebral origin and 

distal trunk (MCAMEAN), for each newborn. 

 

Statistical Analysis 

Data were analysed using IBM SPSS Statistics (version 23) software. Haemodynamic 

measures of the middle cerebral and lenticulostriate arteries were analysed using a mixed-

design ANOVA. Neonates with no structural dominance were removed from the analysis. For 

each analysis, the within-subjects factor was the respective arterial parameter (of the left and 
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right paired arteries) and the between-subjects factor was the structural/diameter dominance 

(left-dominant; right-dominant). One-tailed paired t-tests compared lateral differences in 

geometric groups in instances of significant interactions. One-tailed independent t-tests also 

compared sex differences in participant demographics and haemodynamic parameters at each 

site of measurement. Tests of normality and homoscedasticity (namely Levene’s test of 

equality of variance and Box’s test of equality of covariance matrices) were run on each 

dataset. If the assumption of normality was not upheld, a non-parametric Wilcoxon signed-

rank test was run instead. Chi-square Goodness of Fit analyses tested proportions of structural 

dominance in the sample. 

The degree of lenticulostriate arterial asymmetry as a function of middle cerebral artery 

dominance was evaluated by a simple linear regression analysis. The following variables 

were entered into the analysis: MCAO LI and MCADT LI. Relationships between diameter 

dominance at each site were analysed with bivariate correlation matrices (Pearson’s and 

Spearman’s). All assumptions of the analysis were upheld.  

For brevity results for TAMAX and TAMEAN are omitted as they show some collinearity 

with PSV (r > .90) and VMEAN (r > .90) respectively and might not be as precise as PSV in 

defining lateral difference (see above). 

Internal consistency was calculated using Cronbach's alpha in 10 % of cases. Cohen‘s 

(1992) rule of thumb for effect size interpretations was used for between-group comparisons: 

d = .10 (small effect), d = .30 (medium effect), and d = .50 (large effect). Significance was 

determined with a 95 % confidence level at p < .05. 
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Results 

The geometric and haemodynamic properties of the middle cerebral artery origin and 

termination of its trunk, as well as the lenticulostriate arteries were recorded in 97 healthy 

full-term neonates. The final sample included 61 males and 36 females born via normal 

vaginal delivery or caesarean section (Table 1). Each neonate spent on average 68 hours in 

hospital. Birth weights ranged from 2200g and 4930g, and gestation at birth was 36 to 41 

weeks (M = 39.0 wk; SD = 1.5 wk). Postnatal age at the time of scanning was 12 to 174 hours 

(M = 47.9 hrs; SD = 28.5 hrs; Median = 41 hrs; Range = 162 hrs). Median Apgar scores were 

9 at one minute (IQR = 1.0; Range = 6) and 9 at five minutes (IQR = 0.0; Range = 3).  

There were no significant sex differences for neonatal birth weight (male M = 3525.1 g; 

SD = 570.0 g; female M = 3340.2 g; SD = 538.3 g, p = .617), or postnatal scanning age (male 

M = 45.7 hrs; SD = 25.4 hrs; female M = 51.8 hrs; SD = 33.2 hrs, p = .066). There was a 

significant difference in gestational age between males and females (male M = 39.1 wk; SD = 

1.6 wk; female M = 38.7 wk; SD = 1.2 wk, p = .012). 

As an example of the dual-view B-mode and Pulsed-wave Doppler ultrasound imaging 

used, Figure 1 illustrates the diameter and haemodynamic variability of the left and right 

middle cerebral and lenticulostriate arteries.  
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Figure 1. Dual-view B-flow and Pulsed-wave imaging of the middle cerebral origin (A) trunk 

terminus (B) and lenticulostriate arteries (C). Imaging of the middle cerebral artery in this 

example is of a newborn with a left arterial dominance in vessel calibre. 
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 Demographic information for neonates according to their averaged middle cerebral 

geometric asymmetry (left-dominant, right-dominant, no dominance) is presented in Table 1. 

 

Table 1  

Neonatal characteristics as a function of geometric asymmetry 

 

 

Sex Differences 

No significant sex differences were found in blood flow volume, peak systolic velocity, 

resistance or pulsatility indices. Significant sex differences were found in some structural and 

velocity measures. Arterial diameter in the left middle cerebral distal trunk was larger in 

males (M = 2.09 mm; SD = 0.37 mm) than in females (M = 1.96 mm; SD = 0.27 mm, p = 

.021). Similarly, right lenticulostriate arterial diameter was also larger in males (M = 1.10 

mm; SD = 0.18 mm) than in females (M = 1.06 mm; SD = 0.14 mm, p = .037).  

Females had higher right middle cerebral artery end-diastolic velocity (female M = 20.07 

cm/s; SD = 7.46 cm/s; male M = 18.07 cm/s; SD = 4.56 cm/s, p = .007) and average velocity 

 Left-dominant Right-dominant No dominance Total 

 M (SD) M (SD) M (SD) M (SD) 

Na 57 34 6 97 

Sex (%)     

      Male 61.4 64.7 66.7 62.9 

      Female 39.6 35.3 33.3 37.1 

Gestational age at birth 

(wk) 
39.1 (1.5) 38.8 (1.5) 39.0 (1.7) 39.0 (1.5) 

Age at scan (hrs) 48.4 (32.2) 48.9 (23.9) 38.0 (11.2) 47.9 (28.5) 

Birth weight (g) 3418.5 (539.9) 3525.2 (621.1) 3428.0 (470.3) 3456.5 (562.8) 

AS1min b 9 (1.0) 9 (0.8) 9 (1.0) 9 (1.0) 

AS5min b 9 (0.0) 9 (0.0) 9 (0.0) 9 (0.0) 

Heart rate (bt/min) 113.6 (14.6) 111.8 (13.8) 114.6 (17.1) 113.9 (13.9) 
Note. AS1min = Apgar score at 1 minute; AS5min = Apgar score at 5 minutes.  
a Number according to geometric dominance averaged across middle cerebral origin and distal trunk. 
b Median and interquartile ranges reported. 
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(female M = 32.26 cm/s; SD = 9.52 cm/s; male M = 29.60 cm/s; SD = 6.40 cm/s, p = .038), as 

well as higher right lenticulostriate end-diastolic velocities (M = 6.82 cm/s; SD = 1.67 cm/s) 

than in males (M = 6.21 cm/s; SD = 1.22 cm/s, p = .032). 

 

Structural Differences 

Left-right asymmetries in arterial diameter were found at each arterial site p < .001, (Table 

2). Of the 97 participating neonates, a left geometric dominance was exhibited in 52 (54 %) at 

the middle cerebral origin, and in 60 (62 %) at the middle cerebral distal trunk. Lateralised 

biases in structural dominance increased with closer proximity to the cortex and were 

systematically larger in the left cerebral hemisphere at the distal trunk, χ2(1) = 7.839, p = 

.005. No systematic structural dominance was found in neonates at the level of the 

lenticulostriate arteries (51 right-dominant; 42 left-dominant; χ2(1) = 0.871, p = .351). When 

averaged across the arteries, with no consideration of individual dominance, just detectable 

leftward structural differences occur at the middle cerebral distal trunk, t (96) = 1.989, p = 

.050, d = 0.239. A small proportion of participants showed no left-right differences in arterial 

diameter in the middle cerebral origin (8 %), distal trunk (4 %), and lenticulostriate arteries (3 

%). 

Analyses described in this paper have not been undertaken in previous work. Rather, left-

right comparisons have previously been made based on average values across the entire 

sample and with measurements taken at a single site, namely the origin of the middle cerebral 

artery. The findings reported in the Averaged column of Table 2 shows that this approach 

hides the individual lateral dominance of the current sample. 
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Table 2 

Intra-individual left-right differences as a function of inter-individual differences in the 

direction of arterial asymmetry 

  Left-dominant Right-dominant No dominance Averageda 

Artery Side M (SD) M (SD) M (SD) M (SD) 

MCAO (mm) n 52 37 8 97 

 L 2.32 (0.35) 1.95 (0.25) 2.01 (0.17) 2.13 (0.35) 

 R 1.91 (0.23) 2.39 (0.43) 2.01 (0.17) 2.11 (0.39) 

 p .000* .000* - .412 

MCADT (mm) n 60 33 4 97 

 L 2.14 (0.35) 1.87 (0.27) 2.03 (0.20) 2.04 (0.34) 

 R 1.81 (0.22) 2.22 (0.34) 2.03 (0.20) 1.96 (0.33) 

 p .000* .000* - .050* 

MCAMEAN (mm) n 57 34 6 97 

L 2.22 (0.33) 1.92 (0.26) 1.91 (0.10) 2.09 (0.33) 

 R 1.87 (0.20) 2.33 (0.35) 1.91 (0.10) 2.03 (0.34) 

 p .000* .000* - .158 

LSA (mm) n 43 51 3 97 

 L 1.16 (0.15) 1.04 (0.13) 0.99 (0.20) 1.09 (1.53) 

 R 1.00 (0.16) 1.17 (0.13) 0.99 (0.20) 1.09 (1.65) 

 p .000* .000* - .928 
Note. *p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; MCAMEAN = Middle 

cerebral artery averaged across origin and distal trunk measures; LSA = Lenticulostriate artery. 
a Averaged across individual differences in arterial asymmetry. 

 

Simple linear regression. Structural asymmetry at the proximal segment of the middle 

cerebral artery was associated with those ascertained at the distal segment (r = 0.741, p < 

.001). Structural asymmetry of the lenticulostriate arteries was unrelated to the dominance of 

the middle cerebral origin and distal trunk (r = .170, p = .250). Taken together middle 

cerebral diameters account for 29 % of the variance in lenticulostriate arteries (Table 3). The 

absence of a systematic association between lenticulostriate and middle cerebral arteries 

raises the possibility that structural asymmetries in the trunk and its lenticulostriate branches 

are shaped by different forces. 
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Table 3 

Lenticulostriate structural asymmetry as a function of structural asymmetries of the middle 

cerebral origin and distal trunk 

Coefficientsa 

Model 

Unstandardised 

Coefficients 

Standardised 

Coefficients 

t p 

95.0 % Confidence 

Interval for B 

B SE B β 

Lower 

Bound 

Upper 

Bound 

1 (Constant) -4.641E-5 .009 - -.005 .996 -.017 .017 

MCAO LI .165 .109 .229 1.513 .134 -.052 .381 

MCADT LI -.083 .131 -.096 -.636 .526 -.343 .176 

Note. p < .05; MCAO LI = Middle cerebral artery origin laterality index; MCADT LI = Middle cerebral artery distal trunk 

laterality index. 
a Dependent Variable: Diameter lenticulostriate artery laterality index. 

 

 Middle Cerebral Arterial Origin and Bifurcation 

Considerable geometric and haemodynamic asymmetries exist in the origin and distal 

trunk of the middle cerebral artery (Tables 4 and 5; Figure 2 and 3). In participants with a 

leftward dominance in arterial calibre, peak blood flow velocities were higher on the left side 

at both sites of the trunk. A leftward bias in average flow velocity was found at the origin and 

higher blood flow volumes were also found in the larger left origin and distal trunk of this 

group. No lateral differences were found for end-diastolic velocity at either site. 

Across both middle cerebral arterial sites, no lateral differences in peak systolic, end-

diastolic, or average blood flow velocity were found in neonates with larger arteries on the 

right side (Tables 3 and 4; Figure 2). Converse to neonates with a leftward dominance in 

geometry, right-dominant neonates had a right-sided asymmetry in blood flow volume at the 

origin and distal trunk.  

The influence of neonatal arterial geometry on the haemodynamics of these two sites 

varied in that the effect of a structural dominance was more pervasive at the origin across 

most blood flow velocity and flow volume measures (Tables 4 and 5; Figure 2). More 



48 

CEREBRAL ARTERIAL ASYMMETRIES  

specifically, interactions were found for peak systolic velocity, average velocity, and blood 

flow volume. Structural dominance of the distal middle cerebral trunk did not significantly 

influence arterial velocity (peak systolic, end-diastolic, and mean velocities), but a significant 

influence of geometry was seen in blood flow volume.  

Resistance to blood flow caused by the microvascular bed distal to the site of 

measurement did not significantly interact with arterial geometry (Table 5). However, a main 

effect for arterial resistance was found at the middle cerebral distal trunk, where the 

resistance distal to the middle cerebral artery trunk terminus was higher across both cerebral 

hemispheres in neonates with a rightward geometric dominance, p = .031. This main effect 

was also reflected in pulsatility indices. 

No lateral differences in arterial resistance were noted at the middle cerebral artery origin. 

A lateral difference in arterial resistance was evident at the distal trunk where neonates with a 

leftward structural dominance had higher resistance and pulsatility indices in the left cerebral 

hemisphere than the right (Table 4). No left-right differences were found in those with a 

rightward arterial dominance. 
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Table 4 

Comparisons of haemodynamic parameters between left and right middle cerebral arteries 

according to geometric dominance 

  Left Hemisphere Right Hemisphere     

Artery Dominance Parameter M SD M SD t df p d 

MCAO Left PSV (cm/s) 54.00 10.23 51.24 11.28 2.307 51 .013* 0.331 

  EDV (cm/s) 18.91 4.42 18.25 5.45 1.140 51 .130 0.154 

  VMEAN (cm/s) 30.58 5.77 29.25 6.92 1.866 51 .033* 0.257 

  RI 0.65 0.07 0.64 0.07 0.250 51 .402 0.163 

  PI 0.96 0.14 0.96 0.15 0.195 51 .423 0.000 

  Q (ml/min) 232.52 83.44 149.98 41.15 7.509 51 .000* 1.048 

 Right PSV (cm/s) 56.04 14.85 57.67 14.62 -.945 36 .176 0.155 

  EDV (cm/s) 18.63 6.97 19.53 6.28 -1.253 36 .109 0.230 

  VMEAN (cm/s) 31.10 9.17 32.24 8.73 -1.167 36 .125 0.191 

  RI 0.67 0.07 0.66 0.06 0.857 36 .199 0.187 

  PI 1.01 0.15 0.99 0.13 0.937 36 .178 0.173 

  Q (ml/min) 167.15 52.67 266.11 123.28 -5.630 36 .000* 0.926 

MCADT Left PSV (cm/s) 53.26 12.72 51.03 14.23 1.947 59 .028* 0.251 

  EDV (cm/s) 18.28 5.53 18.14 6.45 0.245 59 .407 0.032 

  VMEAN (cm/s) 29.94 7.52 29.10 8.65 1.173 59 .123 0.152 

  RI 0.66 0.06 0.65 0.07 1.773 59 .041* 0.193 

  PI 0.99 0.14 0.96 0.15 1.726 59 .045* 0.260 

  Q (ml/min) 193.68 71.06 130.20 37.92 8.093 59 .000* 1.045 

 Right PSV (cm/s) 53.90 12.42 54.73 11.86 -.628 32 .267 0.109 

  EDV (cm/s) 17.06 5.52 17.56 4.98 -.735 32 .233 0.127 

  VMEAN (cm/s) 29.58 7.71 29.95 6.70 -.422 32 .338 0.073 

  RI 0.68 0.06 0.68 0.06 0.629 32 .267 0.000 

  PI 1.03 0.15 1.03 0.15 0.588 32 .267 0.000 

  Q (ml/min) 148.46 50.63 217.59 88.24 -6.771 32 .000* 1.178 

Note. *p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; PSV = Peak systolic 

velocity; EDV = End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow 

volume. 
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Table 5 

Effects of geometric dominance on haemodynamic parameters of the middle cerebral artery 

  Middle cerebral origin Middle cerebral distal trunk 

 Source df F p ηp2 df F p ηp2 

PSV PSV 1 0.266 .607 .003 1 0.584 .447 .006 

 Geometric dominance 1 2.902 .092 .032 1 0.663 .418 .007 

 PSV* Geometric dominance 1 4.621 .034* .050 1 2.795 .098 .030 

EDV EDV 1 0.055 .815 .001 1 0.154 .696 .002 

 Geometric dominance 1 0.184 .669 .002 1 0.613 .436 .007 

 EDV *Geometric dominance 1 2.877 .093 .032 1 0.484 .488 .005 

VMEAN VMEAN 1 0.028 .868 .000 1 0.162 .689 .002 

 Geometric dominance 1 1.345 .249 .015 1 0.023 .879 .000 

 VMEAN *Geometric dominance 1 4.382 .039* .048 1 1.079 .302 .012 

RI RI 1 0.580 .448 .007 1 2.441 .122 .026 

 Geometric dominance 1 2.390 .126 .027 1 4.779 .031* .050 

 RI *Geometric dominance 1 0.175 .667 .002 1 0.331 .566 .004 

PI PI 1 0.658 .419 .008 1 2.242 .138 .024 

 Geometric dominance 1 2.312 .132 .026 1 4.818 .031* .050 

 PI*Geometric dominance 1 0.304 .583 .003 1 0.273 .603 .003 

Q  Q  1 0.693 .408 .008 1 0.188 .665 .002 

 Geometric dominance 1 3.294 .073 .036 1 3.131 .080 .033 

 Q*Geometric dominance 1 84.636 .000* .493 1 103.905 .000* .533 

Note. *p < .05; PSV = Peak systolic velocity; EDV = End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = 

Pulsatility index; Q = Blood flow volume. 
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Figure 2. Interaction effects of middle cerebral artery origin PSV (A), EDV (B), VMEAN (C), RI (D), PI (E), blood flow volume (F) and 

geometric dominance. LMCA = Left middle cerebral artery; RMCA = Right middle cerebral artery; PSV = Peak systolic velocity; EDV = End-

diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow volume. Error bars show the 95 % 

confidence interval. 
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Figure 3. Interaction effects of middle cerebral artery distal trunk PSV (A), EDV (B), VMEAN (C), RI (D), PI (E), blood flow volume (F) and 

geometric dominance. LMCA = Left middle cerebral artery; RMCA = Right middle cerebral artery; PSV = Peak systolic velocity; EDV = End-

diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow volume. Error bars show the 95 % 

confidence interval. 
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Lenticulostriate Arteries 

The distribution of structural asymmetries in the lenticulostriate arteries differed to those 

found in the middle cerebral asymmetries in that no systematic patterns of asymmetry were 

identifiable in the sample. Haemodynamic asymmetries as a function of these lateral 

structural differences showed no significant left-right differences in peak systolic, end-

diastolic, and mean velocities (Tables 6 and 7; Figure 4). Subcortical geometric asymmetries 

differentially influenced blood flow volume. Neonates with a rightward geometric dominance 

had higher flow volumes on the right, and those with a leftward geometric dominance had 

higher flow volumes on the left.  

No differences were found in the resistance of the microvascular bed of the sampled 

lenticulostriate arteries. 

 

Table 6 

Comparisons of haemodynamic parameters between left and right lenticulostriate arteries 

according to geometric dominance 

 

Left 

Hemisphere 

Right 

Hemisphere    

 

Dominance Parameter M SD M SD t df p d 

Left PSV (cm/s) 11.27 2.70 11.32 2.28 -.144 41 .443 0.023 

EDV (cm/s) 6.39 1.59 6.34 1.34 0.139 41 .445 0.037 

VMEAN (cm/s) 8.02 1.94 8.01 1.61 0.011 41 .495 0.006 

RI 0.43 0.05 0.44 0.05 -1.256 41 .108 0.220 

PI 0.55 0.08 0.56 0.08 -1.276 41 .105 0.184 

Q (ml/min) 12.08 3.94 9.22 3.54 5.578 41 .000* 0.864 

Right PSV (cm/s) 11.23 2.79 11.44 2.53 -0.598 50 .276 0.084 

EDV (cm/s) 6.40 1.64 6.51 1.53 -0.522 50 .302 0.077 

VMEAN (cm/s) 8.01 1.99 8.15 1.87 -0.563 50 .288 0.078 

RI 0.43 0.05 0.43 0.05 -0.364 50 .359 0.033 

PI 0.55 0.08 0.55 0.08 -0.383 50 .352 0.041 

Q (ml/min) 9.66 3.74 12.42 4.08 -6.181 50 .000* 0.866 

Note. *p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; PSV = Peak systolic velocity; EDV = 

End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow volume. 
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Table 7 

Effects of geometric dominance on haemodynamic parameters of the lenticulostriate arteries 

  Lenticulostriate artery 

 Source df F p ηp2 

PSV PSV 1 0.275 .602 .003 

 Geometric dominance 1 0.005 .942 .000 

 PSV * Geometric dominance 1 0.107 .744 .001 

EDV EDV 1 0.068 .794 .001 

 Geometric dominance 1 0.080 .778 .001 

 EDV * Geometric dominance 1 0.212 .647 .002 

VMEAN VMEAN 1 0.149 .700 .002 

 Geometric dominance 1 0.036 .850 .000 

 VMEAN * Geometric dominance 1 0.162 .688 .002 

RI RI 1 1.267 .263 .014 

 Geometric dominance 1 0.443 .508 .005 

 RI * Geometric dominance 1 0.374 .542 .004 

PI PI 1 1.309 256 .014 

 Geometric dominance 1 0.406 .525 .004 

 PI * Geometric dominance 1 0.358 .551 .004 

Q  Q  1 0.017 .897 .000 

 Geometric dominance 1 0.289 .592 .003 

 Q * Geometric dominance 1 68.858 .000* .431 

Note. *p < .05; PSV = Peak systolic velocity; EDV = End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = 

Pulsatility index; Q = Blood flow volume. 
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Figure 4. Interaction effects of lenticulostriate artery PSV (A), EDV (B), VMEAN (C), RI 

(D), PI (E), blood flow volume (F) and geometric dominance. LLSA = Left lenticulostriate 

artery; RLSA = Right lenticulostriate artery; PSV = Peak systolic velocity; EDV = End-

diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = 

Blood flow volume. Error bars show the 95 % confidence level. 
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Discussion 

In adults left-right asymmetries are normal attributes of cerebral perfusion, akin to well 

established asymmetries in brain morphology (Amaducci, Sorbi, & Gainotti, 1981; 

Galaburda, Le May, Kemper, & Geschwind, 1978; Geschwind, & Levitsky, 1968; Gur et al., 

1980, 1982; MacDonald & Frayne, 2015; Mazziotta, Phelps, Carson, & Kuhl, 1981, 1982, 

1982; Rihs et al., 1995; Schlaug, Jancke, Huang, & Steinmetz, 1995; Whitaker, & Selnes, 

1976). The mechanism underlying the development of arterial asymmetries in adulthood is 

unknown and investigation into the presence of these asymmetries in neonates has been 

sparse. The purpose of this study was to determine if the ground plan of adult arterial 

asymmetries in discernible in neonates. 

To our knowledge this is the first intentional investigation of structurofunctional neonatal 

cerebral arterial asymmetries in healthy term neonates at rest. Differences in diameter were 

found at each arterial site and the corresponding haemodynamics were biased in a direction 

that favoured the larger arterial calibre. Leftward haemodynamic biases were found in 

neonates with larger arteries in the left cerebral hemisphere (left-dominant), while rightward 

haemodynamic biases were found in neonates with larger arteries in the right cerebral 

hemisphere (right-dominant). Very few neonates showed no lateral difference in arterial 

structure (< 8 %). Failure of previous work to detect these asymmetries most likely lies in 

technical limitations as well as in analytic approaches.  

The pattern of asymmetry in the middle cerebral Doppler waveform differed between left- 

and right-dominant groups. Left-dominant neonates are typified by impressive differences in 

peak systolic velocities that disappear with end systole. The peak systolic effect was absent 

bilaterally in neonates with larger arteries on the right side.  

Diametric asymmetries at the origin of the middle cerebral artery account for only 50 % of 

variance in the termination of the trunk. The pattern of structural asymmetry therefore 
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appears to increase with closer proximity to the cortex. This raises the question of linear 

structurofunctional gradients in the degree of asymmetry across the trunk, differences in 

accessibility of the two sites, cementing the problem of taking measurements at a single site 

as is the case in previous studies. Laterality effects in neonates that are in keeping with adult 

arterial dominance (Jansen van Vuuren, 2014; Jansen van Vuuren et al., 2016) are expressed 

in supply routes to the lateral surface of the brain. Middle cerebral artery asymmetries at the 

distal trunk exhibit prominent systematic structural and functional left-sided dominance. In 

adults, approximately 63 % are left-dominant and 34 % right-dominant in terms of diameter; 

and approximately 61 % left-dominant and 38 % right-dominant in blood flow volume 

(Jansen van Vuuren, 2014). 

Although pulsatility and resistance indices are frequently used in clinical studies, the 

interpretation of these variables is dependent on a number of factors such as vascular 

resistance, arterial compliance, and the driving force of the arterial pulse wave (Bude, & 

Rubin, 1999; Michel, & Zernikow, 1998). Structural dominance did not play a role in 

lateralised resistance and pulsatility differences. Arterial pulsatility was not laterally biased in 

right-dominant neonates, but in left-dominant neonates arterial pulsatility was left biased in 

the distal trunk of the middle cerebral artery. If one were to apply a traditional interpretation 

(de Riva et al., 2012) to these findings, the degree of resistance in the cortical microvascular 

bed distal to the trunk would be predicted to be higher in the left hemisphere of most 

neonates. Higher indices in the left middle cerebral artery would, in turn, indicate decreased 

end-diastolic velocity, rendering the left hemisphere more prone to disorders such as stroke or 

venous infarcts (Ecury-Goossen, Raets, Camfferman, Vos, & van Rosmalen, 2016). Left-

biased resistance and pulsatility asymmetries have been documented previously in neonates 

(Ecury-Goossen et al., 2016) and right-handed adults (Jansen van Vuuren, 2014).  
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Approximately 70 to 83 % of neonatal ischaemic strokes occur in the middle cerebral 

artery territory and are left-sided in 53 to 75 % of cases (Coker et al., 1988; Kirton et al., 

2011; Lee et al., 2005; Miller, 2000; Perlman et al., 1994). This hemispheric predilection is 

replicated in adults (Hedna et al., 2013; Foerch et al., 2005; Naess, Andreassen, Thomassen 

& Myhr, 2006; Rodríguez Hernández et al., 2003). The pathogenesis of this phenomenon has 

been elusive, but clarification might be gained from the wall sheer stress asymmetries 

reported in Chapter 4 of this dissertation. 

Asymmetries in the sampled lenticulostriate arteries show no dominance (56 % right-

dominant and 42 % left-dominant in diameter; 48 % right-dominant and 46 % left-dominant 

in blood flow volume). Lenticulostriate artery sampling in the study was sparse largely 

because these vessels are difficult to image, and they are of a small calibre. The fact that 

lenticulostriate arteries were imageable to the point of supporting reliable measurement 

attests to the resolution of the innovations that were introduced to accomplish this. To our 

knowledge, this is the first time lenticulostriate arteries have been imaged in the developing 

neonate at a sufficient level of resolution, with B-flow imaging technology, to allow for 

accurate diametric and corresponding flow analyses. The feasibility of scanning larger 

numbers of lenticulostriate arteries was beyond the scope of this study. This is due in part to 

the high variability of their branching patterns off of the middle cerebral trunk. The general 

fanned orientation of these branches in multiple planes is also challenging in that the 

accuracy to which side branches can be scanned via the vertically oriented anterior fontanelle 

diminishes with deviations from the vertical plane.  

In the small number that were imaged, lenticulostriate asymmetries were different in 

magnitude and direction from those seen in cortically directed vasculature. This finding could 

suggest that the genesis of arterial asymmetries in the lenticulostriate arteries may be under 

the influence of a different set of factors.  
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Diameter and flow parameters might be variable in lenticulostriate arteries across the 

middle cerebral trunk making the above asymmetry rather difficult to interpret. Nevertheless, 

of the arteries sampled in this study, the lenticulostriate arteries appear to behave differently 

to the middle cerebral arteries. When the asymmetry is present in these subcortical vessels, its 

direction is unrelated to middle cerebral asymmetry. It is also not possible to know exactly 

which subcortical structures these vessels supplied. Further exploration into lenticulostriate 

arterial asymmetry warrants investigation. 

If a dissociation of this type is replicated in the future, it might suggest a difference in the 

demand characteristic between the cortical and subcortical structures they supply. Lateral 

organisation of the middle cerebral artery might suggest a predominantly leftward bias in the 

metabolic demand of the lateral surface of the frontal, parietal and temporal lobes of the 

brain. This is in keeping with the notion of a more resource intensive left cerebral hemisphere 

(Kamath, 1981; Jansen van Vuuren et al., 2016) and greater left versus right asymmetry in 

neonatal cortical grey and its subjacent white matter (Dubois et al., 2009; Gilmore et al., 

2007; Liu et al., 2010; Ratnarajah et al., 2013). From a functional point of view, neonatal 

middle cerebral arterial dominance predates the emergence of classically lateralised human 

behaviours, such as language production and manual preference, and might exist in 

anticipation of their development (Jansen van Vuuren et al., 2016). Commensurate 

compensatory changes in the arterial system might occur to satisfy increasingly asymmetric 

parenchymal demand (Abbie, 1933; Bernasconi & Cassinari, 1956; Rossitti & Löfgren, 1993; 

van der Zwan, et al., 1992; van Overbeeke et al., 1991). In keeping with this speculative 

notion, genetic deviations from a systematic leftward arterial bias in the human population 

may be responsible for the pattern of asymmetries we find in rightward biased neonates, as 

we have previously postulated (Jansen van Vuuren et al., 2016). These ideas are explored 

further in the General Discussion of this dissertation (Chapter 6).  
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For the lenticulostriate arteries, the demand would reflect the metabolic requirements of 

deep grey matter including basal ganglia and thalamus. These structures are critical for the 

modulation of a wide range of motor, cognitive and behavioural functions (Helie, 

Chakravarthy, & Moustafa, 2013). Inconsistent patterns regarding the direction of 

morphologic and neurotransmitter asymmetry in the basal ganglia have been reported in the 

neonatal and adult literature (Gilmore et al., 2007; Ratnarajah et al., 2009; Choe et al., 2013; 

Ifthikharuddin et al., 2000; Watkins et al., 2001; Looi et al., 2008; Madsen et al., 2010; 

Yamashita et al., 2011; Gunning-Dixon et al., 1998; Sowell & Jernigan, 1998). Speculatively, 

lenticulostriate arterial dominance may differ across the middle cerebral artery trunk. The 

direction of individual vessel dominance may therefore depend on the metabolic biases of the 

specific structures they perfuse.  

As a methodological end note, the scanning protocol developed in this study that 

incorporates a holistic structural and haemodynamic analysis of arterial sites by combining 

Pulsed-wave and B-flow imaging opens an entirely new avenue of cerebrovascular imaging 

in healthy and vulnerable populations for researchers and clinicians alike. Ultimately, routine 

investigations of the neonatal brain should proceed on the expectation that asymmetries in the 

middle cerebral arteries are a normal attribute of lateral cortical supply. 

Further investigation into the relationship between cerebrovascular asymmetries and their 

relationship with lateralised neonatal behaviour and lateralised cerebrovascular pathology is 

pursued in the Chapters to follow. 

  



60 

CEREBRAL ARTERIAL ASYMMETRIES  

Chapter 3 

Preferential Head Posture in Healthy Term Neonates 

Patterns of behavioural lateralisation reach their peak expression in humans. Preference for 

right hand use occurs in 85 to 95 % of the adult population (Annett, 2002; Corballis, 2002). 

This phenomenon has been well investigated in childhood to adulthood predominantly in the 

form of manual preferences. Overt expressions of behavioural lateralisation in neonates are 

limited because manual function has yet to mature (Young et al., 1983). This paper follows 

an already established line of investigation of neonatal behavioural asymmetries in terms of 

lateral head turning preferences. Head turning and maintained postures in neonates are 

preferentially oriented to the right (Saling, 1979, 1983; Turkewitz, 1977; Turkewitz & 

Creighton, 1974) and are considered to be a precursor of handedness (Michel, 1981, 1985; 

Saling 1979). There are, however, a number of unanswered questions relating to the 

phenomenon. In particular, it is not clear how different aspects of head tuning and posture 

relate to one another, and to what extent lateral preferences are independent of fluctuations in 

state. Here we present a more detailed description of neonatal turning and the adoption of 

sustained head postures than has previously been undertaken. 

The existence of a systematically lateralised neonatal behaviour challenges early views 

that the infant brain is perfectly symmetrical in function and that lateral biases only gradually 

develop with the emergence of language (Hécaen, 1964; Hopkins et al., 1990; Lenneberg, 

1967; Orton, 1928). Behavioural asymmetries in the foetus are already expressed in limb 

movement and thumb sucking (Hepper et al., 1998; Hepper et al., 2005; Kurjak et al., 2002; 

McCartney & Hepper, 1999). Postnatally, rightward behavioural biases have been reported in 

the response to sensory stimulation (Hammer & Turkewitz, 1974; Siqueland, 1964; 

Turkewitz et al., 1965a; Harris & MacFarlane, 1974; Ingram, 1975; Turkewitz et al., 1979; 
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Wickelgren, 1967), and in reflexive grasping and reaching behaviours (Caplan & Kinsbourne, 

1976; Michel et al., 1985; Michel et al., 2006).  

Postural asymmetry in full-term newborns is seen as early as the first hour after birth 

(Hopkins et al., 1987). The prevalence of a right-sided preference occurs in 65 to 92 % of 

neonates (Casear, 1979; Coryell & Michel, 1978; Gesell & Ames, 1947, 1950; Grattan et al., 

1992; Hopkins et al., 1987; Kurtzberg et al., 1979; Liederman, 1983, 1987; Michel, 1981; 

Michel & Goodwin, 1979; Rönnqvist & Hopkins, 1998, 2000; Saling, 1979, 1983; 

Turkewitz, 1977; Turkewitz & Creighton, 1974). This posture is stable on an intra-individual 

level and is associated with indices of manual specialisation and handedness in later 

development (Gesell & Ames, 1947; Goodwin & Michel, 1981; Michel & Harkins, 1986; 

Michel, 1981, 1985; Saling 1979). The direction of neonatal head orientation preference 

predicts the initial hand used (Michel, 1981), reaching frequency preference in the infant 

(Coryell & Michel, 1978; Michel, 1981), and childhood handedness in general (see Chapter 1 

on page 23; Gesell & Ames, 1947; Gesell & Halverson, 1942).  

Preterm infants show no clear right head-turn preferences (Gardner et al., 1977; 

Turkewitz, 1977) or asymmetric rooting (Lewkowicz, Gardner, & Turkewitz, 1979) and are 

known to have a marginally higher incidence of left-handedness (Burnett et al., 2018; 

Domellöf et al., 2011; Eames, 1957; Marlow et al.,1989; O’Callaghan et al., 1981, 1993; 

Pascoe et al., 2015; Powls et al., 1996), and a higher incidence of neurological and vascular 

pathology (Kiechl-Kohlendorfer et al., 2009; Raz et al., 1994; Roche-Labarbe et al., 2010). 

Although methodological inconsistences can be identified in this field of study, the 

propensity for most full-term newborns to turn their head to the right is considered the most 

consistently observed neonatal functional asymmetry and has been well documented under 

both observational (for example Turkewitz et al., 1965b) and experimental (e.g., Coryell & 

Michel, 1978) conditions.  
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Researchers have proposed that antecedent conditions such as intrauterine foetal and birth 

positions (Chapple &  Davidson, 1941; Gardner, Lewkowicz, & Turkewitz, 1977; Gesell & 

Ames, 1950; Goodwin & Michel, 1981; Michel & Goodwin, 1979), skull size and shape 

(Geerdink, Hopkins, & Hoeksma, 1994; Konishi, Mikawa, & Suzuki, 1986), and the 

postnatal environment (Leiderman & Kinsbourne, 1980b; Vles, van Zutphen, Hasaart, 

Dassen, & Lodder, 1991) exert an influence on lateral head preferences. There is general 

agreement in the literature, however, that lateralised neonatal head orientation is independent 

of the type of delivery (vaginal or caesarean), intrauterine foetal position, postnatal 

asymmetrical experiences, prandial condition, parental handedness, or by the maternal 

cradling bias (Dagenbach et al., 1988; Hopkins et al., 1990; Liederman, 1977; Liederman & 

Kinsbourne, 1980; Prechtl et al., 1979; Provins, 1992; Rönnqvist & Hopkins, 1998; Saling, 

1978, 1982; Turkewitz & Creighton, 1974; Turkewitz, 1977). Asymmetric head postures are 

also present in neonates with unconventional skull shapes (e.g., flattening of the skull) and 

when general body positions, that may influence head postures, are not removed 

(Bauermeister, 1977; Rönnqvist & Hopkins, 1998).  

It is important to consider behavioural state or arousal in any investigation of neonatal 

motor function as it qualitatively informs the intensity and degree of newborn central nervous 

system activity (Rönnqvist, 1995). Lateralised head posture is thought to be mediated by the 

behavioural state or arousal of the newborn (ranging from state 1, quiet sleep without REM 

activity, to state 5, aroused and crying; Rönnqvist & Hopkins, 1998, 2000; Saling,1982, see 

Prechtl & O’Brien, 1982). While some researchers report that irritability or crying causes the 

head to stay much closer to the midline position (Cornwell et al., 1985) others report longer 

durations of extreme postures (Saling, 1982). A combined state of quiet and active 

wakefulness (state 3) has been identified as the optimal state of assessment (Rönnqvist & 
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Hopkins, 1998) however some researchers challenge its influence on posture (Goodwin & 

Michel, 1981; Michel & Goodwin, 1979; Turkewitz & Creighton, 1974). 

The variability in reported incidence of a rightward posture as well as its interaction with 

external factors may in part be attributed to stark differences in the assessment of the 

behaviour. Methodological inconsistencies in these studies include the use of (1) different 

testing approaches (observational (Gardner, Lewkowicz & Turkewitz, 1977; Turkewitz et al., 

1965b) versus experimental (Cornwell et al., 1985; Coryell & Michel, 1978; Michel, 

1981))(2) different testing environments (bedside (Saling, 1979) versus standardised room 

(Liederman, 1981) versus at-home parental assessments (Barnes, Cornwell, Fitzgerald, & 

Harris, 1985)); (3) custom-built platforms (Rönnqvist, & Hopkins, 1998, 2000; Rönnqvist, 

Hopkins, van Emmerik, & de Groot, 1998; Ferrari et al., 2007) versus cot platforms (Saling, 

1979, 1983; Turkewitz & Creighton, 1974) (4) different trial durations (Konishi et al., 1986); 

(5) use or lack of controls for room, lighting, peri-oral and sound stimuli (Barnes et al., 1985; 

Rönnqvist, & Hopkins, 1998, 2000; Saling, 1983; Turkewitz & Creighton, 1974) (6) various 

pre-trial starting positions (Cornwell et al., 1985; Michel, 1981; Liederman, 1981); (7) head 

and body restraints (Rönnqvist et al., 1998) versus complete removal of clothing (Saling, 

1983); (8) various thresholds of midline deviation to acknowledge the adoption of a head 

posture (Goodwin & Michel, 1981; Rönnqvist et al., 2000; Saling, 1982, 1983; Vles et al., 

1991); (9) external quantitative landmarks (Liederman, 1981; Rönnqvist et al., 1998; 

Rönnqvist, & Hopkins, 2000) versus neonatal anatomy to determine posture extent (Goodwin 

& Michel, 1981; Vles et al., 1991); (10) a variety of scoring and scaling measures (Michel, 

1981; Rönnqvist, & Hopkins, 1998; Saling, 1982; Turkewitz & Creighton, 1974; Vles et al., 

1991) (11) samples with various gestations and postnatal ages (Barnes et al., 1985; Ferrari et 

al., 2007; Lewkowicz et al., 1979; Turkewitz & Creighton, 1974); and (12) the use of 



64 

CEREBRAL ARTERIAL ASYMMETRIES  

univariate (Konishi et al., 1986; Vles et al., 1991) or multivariate (Rönnqvist, & Hopkins, 

1998, 2000) indices of the behaviour.  

Conceiving lateralised head orientation as a posture requires one to move away from the 

early reflexive/stimulus-response (Piaget, 1953; White, 1969; White & Held, 1966; Gesell & 

Ames, 1950; Liederman & Kinsbourne, 1980a) and environmental (Michel, 1983) models of 

the phenomenon. A core distinction is made in the literature between two components of 

postural control, namely the kinetic assumption of head position (direction of head turning 

from the midline position) and the subsequent maintenance of a static head posture 

(Turkewitz, 1977; Turkewitz & Birch, 1971). There is disagreement as to whether 

assumption and maintenance are expressions of a common underlying tendency (Goodwin & 

Michel, 1981; Harris & Fitzgerald, 1983; Hopkins et al., 1990; Risser et al., 1985), or 

dependent on different neural mechanisms (Turkewitz, 1980). Some researchers argue that 

the assumption and maintenance of head posture are kinetic and posturo-static components of 

the same asymmetrical substrate and cannot be meaningfully separated from one another 

(Rönnqvist & Hopkins, 1998; Saling, 1982).  

With increasing age, lateralised head posture diminishes and is replaced with a 

preponderance for midline postures after approximately nine weeks (Hopkins et al., 1990). 

This change coincides with postnatal transformations in neural functioning (Prechtl, 1984) as 

increasing postural stability (particularly an active antigravity posture enabling head balance 

when seated) leads to the disappearance of head posture preferences, ultimately paving the 

way to higher order asymmetries (Hopkins & Prechtl, 1984; Hopkins et al., 1990; van 

Wulfften, Palthe, & Hopkins, 1984). 

The observational study to be reported here specifically aimed to replicate classical 

findings of the head turning bias in a sample of 102 healthy term neonates using a second by 

second multicomponential assessment of initial and sustained head posture as opposed to the 
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predominantly univariate approach adopted in previous studies. This study aims to determine 

the extent to which head turning is an endogenously driven asymmetrical posture in which 

the initiation and maintenance are partial components of the same mechanism and are 

relatively free from systematic influences such as fluctuations in state. Here we present a 

more detailed description of neonatal head turning biases than has previously been 

undertaken. The ultimate goal of this work is to select a lateralised grouping variable for 

subsequent analyses in the following chapter. 
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Method 

Experimental Procedures 

Participants 

A complete behavioural head posture assessment was performed on 102 healthy term 

neonates. The naturalistic observation of infant head posture occurred after the transcranial 

Doppler ultrasound analysis. This ensured that haemodynamic analyses were conducted blind 

to participant laterality. Four neonates were excluded from the study during the vascular 

assessment for aberrant branching anomalies. This meant a head posture assessment was not 

performed thereby reducing the original sample of 106 newborns to 102. Neonates were 

recruited consecutively between March and November 2017 from the postnatal wards of the 

Royal Women’s Hospital and Frances Perry House in Melbourne, Australia (Appendix 1). A 

non-randomised participant sampling approach was accompanied by comprehensive 

exclusion criteria (see Chapter 2 on page 34) to determine participant eligibility.  

Participant characteristics according to the direction of the first partial or full substrate-

contact turn out of the midline (left-bias, midline, right-bias) are presented in Table 8. 
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Table 8 

Participant characteristics  

 Characteristics M SD 

Neonatal (N = 102)   

  Sex     Malea 63 61.76 

             Femalea 39 38.23 

 Gestational age at birth (wk) 39.0 1.4 

 Birth weight (g) 3449.8 553.9 

 Age at observation (hrs) 47.54 9.84 

 AS1min b 9 1.0 

 AS5min b 9 0.0 

Maternal (N = 102)   

  Right-handeda 93 91.18 

             LI (SD) 48.94 1.87 

 Ambidextrousa 0 0 

             LI (SD) 0 0 

 Left-handeda 9 8.82 

             LI (SD) 15.33 4.72 

 Age 34.58 4.52 

Paternal (N = 102)   

 Right-handeda 86 84.31 

             LI (SD) 48.07 2.66 

 Ambidextrousa 3 2.94 

             LI (SD) 29.00 5.00 

 Left-handeda 13 12.75 

             LI (SD) 16.15 7.25 

Note. AS1min = Apgar score at 1 minute; AS5min = Apgar score at 5 minutes; LQ = 

Laterality quotient from Edinburgh handedness inventory. 
a Count and percentage reported 
b Median and interquartile ranges reported. 

 

All observations took place at the Royal Women’s Hospital, Melbourne, Australia. Ethical 

approval was granted by Royal Women’s Hospital Human Research Ethics Committee and 

written informed consent was obtained from one or both parents (Appendix 2). Debriefing 

was offered to all participants through a summarised report of the study findings. There were 

no overt risks or immediate benefits to participation.  
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Procedure 

Infant head posture assessment. The naturalistic observation of infant head posture was 

carried out by the current candidate. All infants underwent 10 minutes of supine rest on a 

clean cot in a standardised sound proofed ultrasound room, which ensured that the testing 

environment was without auditory or visual distractions. The room had constant illumination 

and comfortable room temperature. The cot was positioned so that bilateral light sources were 

equidistant thereby eliminating lateralised light stimulation. Neonates were swaddled and fed 

prior to the session. The time of testing was not held constant since head posture is unrelated 

to prandial conditions (Turkewitz & Creighton, 1974). Parents were situated at the head of 

the cot, behind the investigator so as not to distract the infant. 

Clothing likely to restrict movement was removed. The neonate was placed in a supine 

position and the examiner was then stationed at the neonate’s head. After hand sanitising, as 

per neonatal unit procedure, the examiner placed one hand on either side of the temporal 

region of the neonate’s head and gently rotated the head to a midline position. An assisted 

midline posture was maintained until no lateralised pressure was experienced against the 

examiner’s hands. The head was then released. No lateral stimulation of facial or perioral 

regions occurred to avoid a rooting response. Lateralised lighting, visual and auditory 

stimulation of any kind were avoided so as not to influence the infant’s behavioural state. 

Once the infant’s head was released, a five-minute period of observation began. This five-

minute observation period was filmed with a GoPro Hero4 recording device (out of the line 

of sight of the infant) so as to eliminate any subjective bias in scoring.  

An in-depth behavioural analysis was performed on each five-minute recording. Head 

posture (according to a coding scheme seen in Figure 5) together with the infant’s ongoing 

behavioural state (Appendix 3) was recorded on a check sheet (Appendix 4) in consecutive 

30 second intervals. 
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Postural deviations out of the midline were categorised according to the following four 

levels which created a seven-item coding scheme of neonatal head posture (Saling, 1982):  

1. Midline (M): no left/right rotation. 

2. Off-midline: left (LM)/right (RM) head rotation without ipsilateral ear contact 

with the substrate surface. 

3. Partial substrate-contact: left (LPS)/right (RPS) head rotation with ipsilateral ear 

contact with the substrate surface. 

4. Full substrate-contact: left (LFS)/right (RFS) head rotation with ipsilateral ear and 

cheek contact with the substrate surface. 

 

       

 

Figure 5. The seven-item scheme for coding of neonatal head postures arranged within a 

180° space as determined by a multidimensional analysis (Saling, 1982). Corresponding 

illustrations of postural amplitudes are also presented. M = midline; RM = off-midline right; 
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LM = off-midline left; RPS = right partial substrate-contact; LPS = left partial substrate-

contact; RFS = right full substrate-contact; LFS = left full substrate-contact; e-s = ear-

substrate-contact; ec-s = ear and cheek contact with substrate. 

 

The seven items within this scheme are mutually exclusive and can be arranged in a 180° 

space shown in Figure 5. Apart from the midline posture, each item represents a segment of 

space. For each infant, posture amplitude is represented on an ordinal scale in that a greater 

angle of deviation from the midline is represented by ascending codes (e.g., RFS > RPS > 

RM). Because of individual variations in head size and shape, the postural segments cannot 

be identified with angular deviations of a particular magnitude. Instead the coding scheme 

makes use of neonatal anatomical landmarks to determine posture extent. According to the 

seven-item scheme, the assumption of a definitive posture was defined as the movement from 

position M to LPS. The immature extrapyramidal system present in neonates typically causes 

the head to oscillate around the midline posture. As a consequence, movements between LM 

and RM fell within the “zone of error” and were regarded as midline postures. 

Ten consecutive scores of postural amplitudes over the five-minute period of observation 

were used to calculate an individualised head-posture score (HP score) for each neonate. All 

seven amplitude categories were scored (LFS; LPS; LM; M; RM; RPS; RFS) from one to 

seven respectively and were summed across the observation. 

A LI for neonatal head-posture preference (HP) was calculated for each assessment with 

the formula: 

HP = (𝐿 − 𝑅)/(𝐿 + 𝑅) 

where R equals the number of rightward postures and L the number of leftward postures. 

Infants with negative scores were classified as biased to the right and those with positive 

scores were classified as biased to the left.  
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Additional head posture measures were recorded in the five-minute observation for further 

analysis. This included the direction of the initial head turn, latency to turn, the duration of 

the first posture, total time spent on the left side, total time spent on the right side, maximum 

posture adopted in both directions (according to the coding scheme above), and the number 

of midline crosses. 

Revised Edinburgh Handedness Inventory. Parental handedness was assessed with a 

revised version of the Edinburgh Handedness Inventory (Oldfield, 1971; White & Ashton, 

1976; Appendix 5). Scores obtained from this inventory forms a participant specific laterality 

quotient (LQ), which ranges from 0 (all left) to 50 (all right; Oldfield, 1971). Parents with an 

LQ ≥ 30 were classified right-handed; ≤ 20 classified left-handed; and between 21 and 29 

classified ambidextrous. This ratio is also used in the original inventory. Revisions to the 

inventory include the removal of the options for; (1) placing a double score for extreme 

handedness; and (2) placing a score in both the right and the left columns for indifferent 

subjects (Oldfield, 1971). These adaptations address common scoring criticisms of the 

traditional Edinburgh Handedness Inventory (Edlin et al., 2015; Williams, 1991). 

A hard copy of the Edinburgh Handedness Inventory was given to each parent during 

the neonatal head posture assessment. This optimised the convenience of inventory 

completion and ensured the author remained blind to the potential handedness of the subject 

prior to the analysis. Each inventory consisted of ten items (Appendix 5). Scores were 

recorded, an LQ calculated, and participants were grouped accordingly. 

 

Statistical Analysis 

Data were analysed using IBM SPSS Statistics (version 23) software. Two-tailed 

independent t-tests compared differences in participant demographics according to head 

posture. Sex differences in participant demographics and lateralised parameters were also 
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explored. Normality tests, namely Shapiro-Wilk and Kolmogorov-Smirnov were run on each 

data set. If the assumption of normality was not upheld, a non-parametric Wilcoxon signed-

rank test was run instead. Tests of homoscedasticity (namely Levene’s test of equality of 

variance and Box’s test of equality of covariance matrices) were run on each dataset.  

Point bi-serial correlations explored relationships between lateralised indices of sustained 

posture and initial head turning groups. Relationships between head posture scores and 

lateralised variables were analysed with bivariate correlation matrices (Pearson’s and 

Spearman’s). Chi-square Goodness of Fit analyses tested proportions of lateralised behaviour 

in the sample. 

Four laterality variables were subjected to a principal component analysis. These included 

neonatal HP score, difference in time spent between left and right sides (Time DIFF), 

maximum right-sided position, and maximum left-sided position. The principal axis method 

was used to extract the components. Only one component was extracted with an eigenvalue 

exceeding 1.0. An item was said to load on a given component if the component loading was 

.40 or greater for that component. Measures of the Kaiser-Meyer-Olkin Measure of Sampling 

Adequacy (.799) and Bartlett’s Test of Sphericity (χ2(21) = 663.21, p < .001) were acceptable 

for this analysis. 

Component scores, from the component extracted by the principal components analysis, 

were subjected to a discriminant function analysis to assess extent to which scores of neonatal 

laterality could accurately classify the first head turn (i.e., to the right, midline, or left). The 

analysis is appropriate in the face of unequal class sizes if the smallest group exceeds the 

number of predictor variables (Huberty, 1975). All the assumptions of the analysis were 

upheld (Klecka, 1980). 

The overall maintenance of a midline posture over time as well as the duration of the first 

turn was compared between posture groups and behavioural states with a Kaplan-Meier 
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survival curve analyses. A log rank test investigated curve differences in each instance. 

Despite crosses in some curves, all assumptions of the analyses including the proportional 

hazards assumption (p > .05) were upheld. 

The relationship between behavioural state and head posture amplitude, irrespective of 

lateralised side, was investigated with cross-tabulated contingency tables. Post-hoc analyses 

of moment-corrected adjusted residuals were used to protect against Type 1 error rates and a 

Bonferroni adjusted p-value of .0025 was used to determine significance (Beasley, & 

Schumacker, 1995; Garcia-Perez & Nunez-Anton, 2003). The relationship between 

behavioural state and lateralised head posture was also investigated with cross-tabulated 

contingency tables. Post-hoc analyses of moment-corrected adjusted residuals were used to 

protect against Type 1 error rates and a Bonferroni adjusted p-value of .0014 was used to 

determine significance (Beasley, & Schumacker, 1995; Garcia-Perez & Nunez-Anton, 2003). 

Normalised cross-correlations assessed the relationship between head posture and time 

lagged behavioural state. Time lags one (30 seconds) and two (60 seconds) were of interest 

and were reported. 

Unless otherwise specified, Cohen‘s (1992) rule of thumb for effect size interpretations 

was used for between-group comparisons: d = .10 (small effect), d = .30 (medium effect), and 

d = .50 (large effect). Significance was determined with a 95 % confidence level at p < .05. 
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Results 

Initial and sustained head posture characteristics were assessed in 102 healthy term 

neonates (63 male; 39 female), born via normal vaginal delivery or caesarean section. Birth 

weights ranged from 2200g and 4930g, and gestational age at birth ranged from 36 to 41 

weeks (M = 39.0 wk; SD = 1.4 wk). Newborns were observed between the ages of 12 to 174 

hours (M = 47.5 hrs; SD = 28.0 hrs). Median Apgar scores were 9 at one minute (IQR = 1.0; 

Range = 6) and 9 at five minutes (IQR = 0.0; Range = 3). Each neonate spent an average of 

68 hours in hospital.  There were no significant sex differences for neonatal birth weight 

(male M = 3525.1 g; SD = 570.0 g; female M = 3340.2 g; SD = 538.3 g, p = .617), or 

postnatal scanning age (male M = 45.7 hrs; SD = 25.4 hrs; female M = 51.8 hrs; SD = 33.2 

hrs, p = .066). There was a significant difference in gestational age at birth between males 

and females (male M = 39.1 wk; SD = 1.6 wk; female M = 38.7 wk.; SD = 1.2 wk, p = .012). 

The posturo-kinetic characteristics of supine neonatal head orientation and its relative 

distribution percentages in the sample were analysed according to the criteria set by the 

seven-item coding scheme (Saling, 1982). 

 

Initial Head Posture 

The initial head posture was defined as the direction of first turn made from the midline 

and was classified trichotomously (right; midline; left). A posture was recognised only when 

there was ear (partial) or cheek (full) contact with the substrate surface in a given direction. 

Movements out of the midline that did not result in ear contact were considered a midline 

posture. According to this classification, 57 % (n = 58) of neonates initially turned towards 

the right-hand side, 32 % (n = 33) turned to the left, and 11 % (n = 11) remained in the 

midline. Across the sample, a significantly greater number of neonates first adopted, χ2(2) = 

32.529, p < .001 a right-sided head posture.  
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Latency to first posture was highly variable in the sample (M = 39.63 s; SD = 66.15 s; 

range = 285 s) and did not differ between right and left lateralised groups, χ2(1) = 0.580, p = 

.446. Survival curves of the midline starting position prior to the first definitive turn are 

illustrated in Figure 6. 

 

 

Figure 6. Kaplan–Meier curves for the maintenance of a midline posture as a function of the 

lateralisation of the initial head turn. 

 

The duration of the first posture varied across the sample (M = 207.34 s; SD = 107.70 s; 

range = 298 s). Once the first posture was adopted, 61.5 % of neonates (63.8 % right; 57.6 % 

left) remained in the posture for the duration of the posture assessment. These neonates (n = 

56) were therefore censored in the Kaplan-Meier analysis as no voluntary termination of the 

posture could be recorded. The mean estimated survival of the first posture was 222.99 s, 

with a high probability that neonates would stay in the first posture for one (.811), two (.765), 

or three minutes (.692).  
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The duration of the first lateralised posture was comparable between neonates who turned 

to the right (M = 226.834 s; SE = 14.55 s) and left (M = 214.30 s; SE = 20.21 s), χ2(1) = .220, 

p = .639. Survival curves of posture duration are illustrated in Figure 7. 

 

 

Figure 7. Kaplan–Meier curves for the maintenance of the initial lateralised head posture. 

Censored data indicate neonates that did not turn out of their first posture for the duration of 

the observation. 

 

Sustained Posture 

During the 300 second observation period, 1020 neonatal head positions were recorded. 

Postural deviations towards the right occurred in 560 observations (55 %) with full substrate-

contact observed in 319 cases (31 % of total and 57 % of right biased postures). Overall 369 

postures (36 %) deviated towards the left-hand side and full substrate-contact was observed 

in 219 of these cases (21.5 % overall and 59 % of left-biased postures; Figure 8). The 

incidence of a midline posture occurred in 9 % of the observations. 
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Figure 8. Prevalence of head posture scores across five-minute observation period. (M = 

midline; RM = off-midline right; LM = off-midline left; RPS = right partial substrate-contact; 

LPS = left partial substrate-contact; RFS = right full substrate-contact; LFS = left full 

substrate-contact). 

 

Individual postural maintenance, as characterised by a HP score, placed sustained neonatal 

head posture on a continuum. Scores ranged from 10 (strongly left lateralised) to 70 (strongly 

right-lateralised). Postural maintenance assumed a J-shaped distribution (Figure 9) in the 

sample with an average HP score of 44.43 (SD = 21.47; Median = 50.50; Mode = 70). 

 



78 

CEREBRAL ARTERIAL ASYMMETRIES  

Figure 9. J-shaped distribution of neonatal head posture scores (HP scores). 

 

A laterality index applied a tri-chotomous (right; midline; left) classification to head 

posture maintenance. According to this classification 54 % (n = 55) of neonates were 

lateralised to the right-side, 33 % (n = 34) of neonates were lateralised to the left, and 13 % (n 

= 13) of neonates were classified with no definitive postural bias. Across the sample, most 

neonates maintained a right-sided head posture, χ2(2) = 25.941, p < .001. The direction of the 

first head turn was congruent with corresponding sustained posture classifications in 93.1 % 

of cases.  

Rightward lateralised neonates spent on average 78.34 % (SD = 24.66 %) of the 

observation time with their right ear and/or cheek in contact with the ipsilateral substrate 

surface, and 2.60 % (SD = 8.66 %) of the time with corresponding postures on the left. 

Leftward lateralised neonates spent on average 78.97 % (SD = 26.19 %) of the observation 

time turned to the left and 1.56 % (SD = 3.93 %) turned towards the right (Table 9).  



79 

CEREBRAL ARTERIAL ASYMMETRIES  

Descriptive statistics for indices of sustained posture, such as maximum lateralised posture 

adopted and number of midline crosses, can be found in Table 9. Approximately 19 % of 

neonates crossed the midline at least once (range = 1 – 5). 

 

Table 9 

Neonatal posture characteristics as a function of head posture laterality index classification 

 Right-posture Midline posture Left-posture Total  

Laterality measures M SD M SD M SD M SD  

Time INITIAL(s) 43.27 66.97 13.46 48.53 43.74 69.92 39.63 66.15  

Duration INITIAL (s) 207.15 100.43 12.38 43.76 183.71 121.47 174.51 120.14  

Time LEFT (s) 7.80 25.99 9.85 35.50 236.91 78.58 84.43 119.45  

Time RIGHT (s) 235.02 73.98 13.54 47.63 4.71 11.80 45.61 224.47  

Time DIFF (s) 227.25 85.64 3.69 12.16 -232.21 83.47 45.61 224.48  

Midline cross (n) 0.33 0.88 0.15 0.55 0.41 1.02 0.33 0.89  

HP Score 61.89 7.77 39.23 5.31 18.18 8.53 44.43 21.47  

HP LI  -0.73 0.30 0.00 0.00 0.72 0.34 -0.155 0.72  

Behavioural state 1.82 1.11 1.22 0.26 1.67 0.94 1.69 9.84  

Maternal LQ 46.75 8.51 44.85 12.04 45.18 11.08 45.98 9.84  

Paternal LQ 45.74 9.10 37.38 16.12 42.03 12.32 43.44 11.53  

Note. For ease of interpretation, a summary of maximum postures can be conceptualised in terms of the most frequently occurring 

category (Mode) in each group. For right-postured neonates, the most frequently occurring maximum position involved full right-

sided substrate-contact and the most frequently occurring maximum left-sided position was a midline posture. The converse was 

seen in left-posturing neonates. For midline neonates, the most frequently occurring maximum left sided position was a left-off 

midline posture, and right-sided position was a midline posture. Overall, the most frequently occurring maximum right-sided posture 

involved full right-sided substrate-contact and left-sided position was a midline posture. Time INTIAL = Time till first posture; 

Duration INITIAL = Time spent in first posture; Time LEFT = Time spent on left-side; Time RIGHT = Time spent on right-side; Time DIFF 

= Difference in time spend on left and right sides calculated R-L; Left MAX = Maximum left-sided posture; Right MAX = Maximum 

right-sided posture; HP = Head posture raw score; HP LI = Head posture laterality index; LQ = Laterality quotient from Edinburgh 

Handedness Inventory; M = Midline; LM = Off-midline left; RFS = Right full substrate-contact; LFS = Left full substrate-contact. 

 

All measures of sustained head posture correlated strongly with one another. The direction 

of the first turn was consistently related to all lateralised indices of head posture maintenance 

(Table 10). This interdependence was highest between the initial turn and the overall 

sustained HP score, r = .884, p < .001. The number of midline crosses together with the time 

taken to adopt and sustain the first was unrelated to the direction of the first lateralised turn 

(Table 10). 
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Table 10.  

Sustained head posture characteristics as a function of initial head posture 

 Initial head turna 

Maintained head 

posture r p 

Time INITIAL -.114 .256 

Duration INITIAL  -.048 .631 

Midline cross  -.068 .494 

Time LEFT  .846 .000* 

Time RIGHT  -.787 .000* 

Time DIFF -.898 .000* 

Left MAX  -.762 .000* 

Right MAX  -.737 .000* 

HP Score -.884 .023* 

HP LI  .855 .000* 

Note. *p < .05; Time INTIAL = Time till first posture; 

Duration INITIAL = Time spent in first posture; Time LEFT = 

Percentage time spent on left-side; Time RIGHT = 

Percentage time spent on right-side; Time DIFF = 

Difference in time spend on left and right sides calculated 

L- R; Left MAX = Maximum left-sided posture; Right MAX 

= Maximum right-sided posture; HP = Head posture raw 

score; HP LI = Head posture laterality index 
a Point Bi-serial correlation results between initial head 

posture and lateralised indices. 

 

The Structure of Neonatal Laterality 

Posturo-kinetic characteristics of neonatal head orientation, namely the kinetic assumption 

of the head posture and the subsequent maintenance of the posture, are core components of 

lateralised head orientation.  

To extract a single laterality component for posture maintenance, interdependent variables 

of sustained postural characteristics were subjected to a principal component analysis. A 

single component solution accounted for 79.27 % of the total variance and was subsequently 

labelled “postural maintenance”. Component loadings of each measure of sustained posture 

are presented in Table 11 and the distribution of “postural maintenance” Principal component 

scores in the sample is illustrated in Figure 10.  
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Table 11.  

Component loadings of initial and sustained neonatal head posture and parental laterality 

 Component 1 

HP score .968 

Time DIFF .965 

Right MAX .810 

Left MAX .803 

Note. HP Score = Head posture raw score; 

Time DIFF = Difference in time spend on 

left and right sides calculated L- R; Left 

MAX = Maximum left-sided posture; Right 

MAX = Maximum right-sided. 

Extraction Method: Principal Component 

Analysis.  

Rotation Method: Only one component 

was extracted. The solution could not be 

rotated. 

Component loadings exceeding .40 are 

marked in bold. 

 

 

  

  

Figure 10. Distribution of “postural maintenance” component scores. 
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Predicting the First Head Turn from Sustained Posture 

“Postural maintenance” component scores were inclusive of sustained neonatal head 

posture measures and placed the phenomenon on a continuum. Ongoing postures were 

strongly related to the lateralisation of the first head turn, r = -.924, p < .001.  

Lateralisation of the first turn was accurately predicted by the complexity of the 

subsequent ongoing sustained behaviours during the observation period, Ʌ = .146, χ2(2) = 

190.785, p < .001. The cross-validated classification showed that overall 90.2 % of cases 

were correctly classified―with accurate group membership predictions for 89.7 % of right-

lateralised, 81.9 % for midline, and 93.9 % of left lateralised neonates (Table 12). The clarity 

with which the three posture groups are distinguishable in the analysis can be seen in Figure 

11 below.  

 

Table 12. 

Classification table for neonatal laterality component scores and initial head posture 

 

  

Initial head turn 

Predicted Group Membership 

Total   Right Midline Left 

Originala Count Right 53 5 0 58 

Midline 2 9 0 11 

Left 0 2 31 33 

% Right 91.4 8.6 0 100 

Midline 18.2 81.8 0 100 

Left .0 6.1 93.9 100 

Cross-

validatedb,c 

Count Right 52 6 0 58 

Midline 2 9 0 11 

Left 0 2 31 33 

% Right 89.7 10.3 0 100 

Midline 18.2 81.8 0 100 

Left 0 6.1 93.9 100 

Note. a 91.2 % of original grouped cases correctly classified. 
b Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the 

functions derived from all cases other than that case. 
c 90.2 % of cross-validated grouped cases correctly classified. 
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Figure 11. Discrimination between initial neonatal head posture as a function of postural 

maintenance over a five-minute observation period. For all postures sharing the same 

discriminant score, the colour coded bars are shown as overlapping, and frequency values for 

each of the head postures shown are to be read from the axis as the bars are not stacked. 

 

Midline Head Posture Classification 

During the observation, eleven neonates did not meet the classification criteria of partial 

contact with the substrate surface. These neonates were classified as midline and no initial 

head turn was recorded. Five of these neonates oscillated around the midline (with weak 

midline crosses, M = 3.0; SD = 1.41). If the criterion of partial substrate-contact were adapted 

to incorporate any turn out of the midline (thereby removing the “zone of error” from the 

seven-item coding scheme), weak and steady lateralised postures, without ear and/or cheek 

substrate-contact, were identifiable in the sample. These findings have implications of 
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Turkewitz et al.’s (1965b) typology and further exploration of posture types as a function of 

sequence and amplitude is conducted in Appendix 6. Across the group, however, no 

systematic lateral biases were found in the first head turn in this midline group, since weak 

left-and right-postures were relatively equally distributed (rightward bias = 7; leftward bias = 

6) in the group.  

Laterality indices of sustained posture incorrectly classified two neonates in the sample as 

midline. These neonates had a mixed posture-profile with bilateral full substrate-contact. The 

head posture LI therefore discounted the lateralisation of these two neonates that would have 

been captured by the initial turn. Given the close association between initial head turn and 

sustained posture measures, and the increased sensitivity of the former to classify neonates 

who do not meet the criterion for a head turn, midline neonates who never satisfied the 

criteria for partial substrate-contact will be removed from on-going arterial analyses in the 

next chapter.  

 

Behavioural State and Neonatal Head Posture 

State characteristics varied significantly in the sample, χ2(4) = 1274.13, p < .001, with a 

higher tendency for newborns to be asleep (state 1: n = 648; 63.5 %) during the observation 

period than to cry (state 5: n = 64; 6.3 %; Figure 12). 
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Figure 12. Prevalence of behavioural state scores across five-minute observation. (state 1 = 

eyes closed, regular respiration, no movements; state 2 = eyes closed, irregular respiration, 

transitory movements; state 3 = eyes open, no movements; state 4 = eyes open, gross 

movements; state 5 = crying). 

 

Prior to the release from the midline, 64 (62.7 %) neonates were in state 1, 28 (27.5 %) in 

state 2, and three (2.9 %) neonates were in state 3. Seven neonates had a behavioural state of 

4 or 5 prior to the head posture observation. Neonates exhibited a significant, χ2(12) = 32.313 

p < .001, but weak (Cramer’s V = .103) association between head posture amplitude, 

irrespective of posture direction, and behavioural state during the observation. Post hoc 

investigation showed that neonates in state 3 (who are alert and relatively inactive) are more 

likely to adopt a posture with full contact with the substrate surface, p < .001 (Table 13). No 

other state differences were detected. Normalised cross-correlation also showed no time-

lagged effect of behavioural state on head posture amplitude (irrespective of lateralised 
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direction) at lag one (30 seconds; r = 0.056; SE = 0.031) or lag two (60 seconds; r = 0.051; 

SE = 0.031). 

 

Table 13. 

Frequency of posture amplitude as a function of neonatal behavioural state 

  Behavioural state  

Head posture  State 1 State 2 State 3 State 4 State 5 Total 

Midline Count 61 15 5 2 8 91 

%  67.03 16.48 5.49 2.20 8.79 100 

Adjusted Residual 0.73 -0.53 -1.00 -0.68 1.04  

 p .4654 .5961 .3173 .4965 .2983  

Off-midline Count 115 41 5 4 9 174 

%  66.09 23.56 2.87 2.30 5.17 100 

Adjusted Residual 0.77 1.88 -2.82 -1.10 -0.66  

 p .4413 .0601 .0048 .2713 .5093  

Partial substrate Count 138 50 9 7 13 217 

%  63.59 23.04 4.15 3.22 5.99 100 

Adjusted Residual 0.02 1.92 -2.46 -0.19 -0.19  

 p .9840 .0549 .0139 .8493 .8493  

Full substrate Count 334 83 65 22 34 538 

%  62.08 15.43 12.08 4.09 6.32 100 

Adjusted Residual -1.01 -2.69 4.72 1.22 0.06  

 p .3125 .0071 .0000* .2224 .9521  

Total Count 648 189 84 35 64  

%  63.5 18.5 8.2 35 64 1020 

Note. Bonferroni adjusted p-value of .0025 was used to determine significance. Significance at this level is shown 

by *. 

 

Neonates exhibited a significant, χ2(24) = 47.581 p = .003, but weak (Cramer’s V = .003) 

association between lateralised head posture and behavioural state during the observation. 

Post hoc investigation showed that the only influence of state on head posture occurred in 

state 3. Neonates in state 3 (who are alert and relatively inactive) are more likely to adopt a 

right-sided posture with full contact with the substrate surface, p < .001 (Table 14). No other 

state differences were detected. Normalised cross-correlation also showed no time-lagged 
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effect of behavioural state on lateralised neonatal head posture at lag one (30 seconds; r = 

0.038; SE = 0.031) or lag two (60 seconds (r = 0.044; SE = 0.031). 

 

Table 14 

Frequency of lateralised posture as a function of neonatal behavioural state 

Head posture 

Behavioural State 

Total State 1 State 2 State 3 State 4 State 5 

Left full substrate Count 140 37 24 7 11 219 

%  63.9 16.9 11.0 3.2 5.0 100 

Adjusted Residual 0.14 -0.70 1.65 -0.22 -0.86  

 p .8902 .4827 .0979 .8290 .3887  

Left partial substrate Count 49 20 4 3 2 78 

%  62.8 25.6 5.1 3.8 2.6 100 

Adjusted Residual -0.14 1.68 -1.04 0.21 -1.41  

 p .8926 .0925 .2988 .8344 .1597  

Left off-midline Count 40 22 2 4 4 72 

%  55.6 30.6 2.8 5.6 5.6 100 

Adjusted Residual -1.46 2.72 -1.75 1.03 -0.26  

 p .1448 .0065 .0806 .3044 .7941  

Midline Count 61 15 5 2 8 91 

%  67.0 16.5 5.5 2.2 8.8 100 

Adjusted Residual 0.73 -0.53 -1.00 -0.68 1.04  

 p .4666 .5989 .3188 .4984 .2997  

Right off-midline Count 75 19 3 0 5 102 

%  73.5 18.6 2.9 0.0 4.9 100 

Adjusted Residual 2.21 0.03 -2.05 -2.01 -0.60  

 p .0270 .9785 .0404 .0448 .5465  

Right partial substrate Count 89 30 5 4 11 139 

%  64.0 21.6 3.6 2.9 7.9 100 

Adjusted Residual 0.13 1.00 -2.14 -0.39 0.86  

 p .8950 .3188 .0324 .6995 .3914  

Right full substrate Count 194 46 41 15 23 319 

%  60.8 14.4 12.9 4.7 7.2 100 

Adjusted Residual -1.21 -2.28 3.62 1.50 0.83  

 p .2244 .02267 .0003* .1326 .4060  

Total Count 648 189 84 35 64 1020 

 % 63.6 18.5 8.2 3.4 6.3 100 
Note. Bonferroni adjusted p-value of .0014 was used to determine significance. Significance at this level is shown by *. 
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Extraneous Participant Characteristics and Head Posture 

Although no sex differences were found in postural amplitude component scores (t(100)= 

-1.602, p = .112), the lateralisation of the first turn out of the midline differed between males 

and females, χ2(2) = 8.557, p = .014. Post hoc investigation showed that neonates who were 

classified as midline were more likely to be males, p < .001. 

Static and sustained lateralised postural behaviour were independent of postmenstrual age, 

postnatal age, AS1min, AS5min, neonatal weight, averaged behavioural state, and maternal age 

(Table 15).  

One hundred and seventy-nine parents were right-handed (88.6 %; 93 mothers and 86 

fathers), 22 were left-handed (10.7 %; 9 mothers and 13 fathers) and three were ambidextrous 

(1.3 %; 3 fathers). While maternal handedness was not meaningfully related to initial and 

sustained neonatal head posture, paternal handedness was significantly related to both posture 

measures (initial: r = -.209; p = .035; maintenance: r = .234; p = .018). The prevalence of 

non-right-handers in the sample reflects population norms (12.3 %; Medland et al., 2009). 

Although paternal non-right-handedness was more common than maternal non-right-

handedness, no significant differences in the distribution of maternal and paternal handedness 

were found in the sample, χ2(2) = 1.836, p = .399. An independent-sample Kruskal Wallis 

Test showed no differences in paternal LQ between left and right initial head posture groups. 
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Table 15  

Neonatal and parental characteristics as a function of head posture adoption and 

maintenance 

 

Initial turna Postural 

maintenanceb 

 Left vs. Right biasc 

Demographics r p r p  t df p 

Gestation age at 

birth 
.068 .495 -.170 .088  -.661 55.28 .511 

Postnatal age at 

assessment 
.115 .248 -.123 .218  1.257 89 .212 

AS1min -.005 .958 .047 .639  .038 89 .970 

AS5min .088 .377 -.008 .939  -.944 85.440 .348 

Birth weight .001 .995 -.095 .343  .098 89 .922 

Maternal age -.037 .715 .065 .519  .278 89 .782 

BSAVERAGE -.032 .749 .044 .664  .153 89 .878 

Maternal LQ -.078 .433 .052 .601  .751 89 .455 

Paternal LQ -.209 .035* .234 .018*  2.100 48.551 .065 

Note. *p < .05; AS1min = Apgar score at 1 minute; AS5min = Apgar score at 5 minutes; LQ = Laterality quotient 

from Edinburgh Handedness Inventory; BSAVERAGE = Average behavioural state. 
a Point Bi-serial correlation results between initial head posture and demographic variables. 
b Pearson product-moment correlation coefficient between demographics and head posture raw score. 
c Independent t-test results of demographics between left-and right-postured groups as determined by the initial 

posture. 
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Summary of Findings and Discussion 

The present study replicated classical findings of the neonatal head orientation bias in a 

sample of 102 healthy term neonates. The preponderance for a rightward head position, as 

opposed to any non-rightward head position, was systematic in posturo-static and kinetic 

components of this behaviour. This finding is in accord with earlier studies of neonatal head 

turning preferences (Casear, 1979; Coryell & Michel, 1978; Gesell & Ames, 1947, 1950; 

Grattan et al., 1992; Hopkins et al., 1987; Liederman, 1987; Michel & Goodwin, 1979; 

Rönnqvist & Hopkins, 1998, 2000; Saling, 1979, 1983; Turkewitz, 1977; Turkewitz & 

Creighton, 1974).  

Inconsistent methodological and scoring approaches adopted in the literature account for 

the variability in the distribution of right- and left-sided postures. Perhaps the most 

accountable is how the construct of a lateralised head posture is defined (Rönnqvist & 

Hopkins, 1998). Global approaches recognise that the immature extrapyramidal system can 

cause the head to oscillate around the midline (Saling, 1982). These studies therefore 

implement threshold criteria to separate weaker “midline” positions from lateralised postures 

of higher amplitudes (e.g., when the chin and nose are between the right and left nipples 

(Michel, 1981) or when the left or right ear has not contacted the substrate surface (Saling, 

1979, 1982). More specific approaches deem any deviation from a midline position a 

lateralised posture (Hopkins et al., 1990). The choice of method depends on the aims of the 

research. A major outcome of the present study was to classify the sample according to the 

lateralisation of their head turning behaviour for on-going arterial analyses in the next 

chapter. For this reason, it was important to identify neonates with weak expressions of the 

head orientation bias, who never satisfied the criteria for partial substrate-contact, so that they 

could be removed from further analyses. Of the neonates who met the criteria for partial 
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contact with the substrate surface, 63.7 % made an initial turn to the right and 36.3 % turned 

to the left. 

The first head turn out of the midline is a commonly used index of neonatal lateral bias 

and therefore its association with measures of sustained posture is of interest. The direction of 

the first turn was consistently related to measures of posture maintenance. The significant 

predictive relationship between the first turn out of the midline and subsequent posture 

characteristics over time indicate that these are two components of the same robust 

phenomenon. As such, it challenges the claim that assumption and maintenance are based on 

distinct underlying mechanisms (Turkewitz, 1980). Left- and right-dominant neonates were 

also highly comparable in the extent to which their behaviour was laterally differentiated, 

with comparable latency to turn, posture duration, time spent on dominant versus non-

dominant sides, maximum posture adopted, and number of midline crosses.  

The findings of this study underline the notion that neonatal head position is centrally 

driven. Within the scope of the present study, there is no evidence that the directional aspects 

of this phenomenon are influenced by extraneous environmental factors. Lateralised neonatal 

head posture is independent of sex and endogenous fluctuating infant state.  

The absence of sex differences in neonatal head orientation has consistently been 

demonstrated in the literature (e.g., Coryell & Michel, 1978; Goodwin & Michel, 1981; 

Reisser, Strauss, & Parry, 1985; Rönnqvist et al., 1998). Given the relationship between 

neonatal head orientation and later hand-preference (Michel, 1981), the absence of neonatal 

sex differences is not in accordance with stronger right-sided hand preferences in mature 

females (Porac & Coren, 1981). Our findings showed no sex differences in the direction of 

head posture, but rather a greater tendency for males to be classified as midline with no clear 

lateralised turn.  
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Some researchers contest the influence of behavioural state on head position preference 

(Goodwin & Michel, 1981; Michel & Goodwin, 1979; Turkewitz & Creighton, 1974), while 

others report a higher incidence of midline postures (Cornwell, Fitzgerald, & Harris, 1985) or 

more extreme postures (Saling, 1982) during crying states, and a greater tendency to adopt 

leftward head positions when sleeping (Michel & Goodwin, 1979) and rightward head 

positions when irritated (Liederman, 1977). Our findings show that neonatal state or arousal 

has no influence on the direction of or the propensity to adopt a head posture when supine. A 

state of quiet and active wakefulness (state 3) facilitates the expression of the behavioural 

asymmetry through a higher likelihood of adopting a rightward posture with full substrate-

contact. This is in keeping with the argument that state 3 might be the optimal state for 

postural assessment (Rönnqvist & Hopkins, 1998).  

The investigation of postural sequences over time (as shown by the neonatal HP score and 

typology in Appendix 6) suggests that the distribution of newborn lateral preferences lies on a 

continuum, and like those in children and adults, is J-shaped with a bias toward the right-

hand side. The application of a bi- or tri-component model to the classification of supine head 

orientation asymmetry does, however, not require detailed observations of sustained posture. 

The first turn out of the midline accurately represents the direction of postural maintenance 

asymmetries despite the addition of a timed component to the latter variable. Accordingly, 

the first turn out of the midline will be used as a grouping variable in future arterial analyses. 
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Chapter 4 

Neonatal Head Posture is Selectively Related to Middle Cerebral Artery Asymmetry 

The doctrine of cerebral dominance, which contends that language is mediated by the 

cerebral hemisphere contralateral to the dominant hand for writing, was first postulated by 

Broca (1865) and Dax (1865). Prior to this discovery, researchers looked to the periphery for 

explanations of manual preference and dexterity. The “subclavian artery” theory postulated 

that handedness was a direct result of higher perfusion to the right arm through the larger 

right subclavian artery (Hyrtl, 1860; Magendi, 1822). The consideration of cerebral 

asymmetry as the seat of behavioural dominance, resulted in an adaptation of Hyrtl’s (1960) 

“subclavian artery theory”. Researchers contended that cerebral and behavioural dominance 

was driven by left-right asymmetries in hemispheric blood supply (Ogle, 1871; de Fleury, 

1873; Lombroso, 1903). The search for a vascular correlate of handedness was prematurely 

dismissed with the discovery of the anterior communicating artery (Beeley, 1919; Crichton-

Browne, 1907; Huber, 1910; Kellogg, 1989) and was not re-visited for over a century. 

Today we understand that the two cerebral hemispheres are asymmetric in terms of 

morphology, function, and cerebral perfusion (Amaducci et al., 1981; Broca, 1861; Dax, 

1865; Galaburda et al., 1978; Geschwind, & Levitsky, 1968; Gur et al., 1980, 1982; 

Mazziotta et al., 1981, 1982; Rihs et al., 1995; Ratcliff, Dila, Taylor, & Milner, 1980; Wada, 

Clarke, & Hamm, 1975). Consistent morphological differences in the anatomy of the Sylvian 

region of the two hemispheres are often considered a possible neuroanatomical substrate of 

left-hemisphere dominance for speech (Geschwind & Levitsky, 1968; LeMay & Culebras, 

1972; Witelson & Pallie, 1973; Hochberg & LeMay, 1975; Wada et al., 1975; Galaburda et 

al., 1978). 

A leftward predominance in the structurofunctional properties of major extracranial and 

intracranial arteries has been reported in adults (Bogren et al., 1994; Donis et al., 1988; 
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Enzmann et al., 1994; Holdsworth et al., 1999; Jansen van Vuuren et al., 2016; Müller et al., 

1991; Luo et al., 2011; Leutin et al., 2004; MacDonald & Frayne, 2015; Marks et al., 1992; 

Mazziotta & Phelps, 1984; Ogle, 1871; Schöning et al., 1994; Zbornikova & Lassvik, 1986; 

Willis et al., 2002; Zhao et al., 2007). Leftward biases also exist in the default mode network 

(Swanson et al., 2011), resting-state activation patterns of the somatomotor cortex (De Luca 

et al., 2005), and in regional cerebral blood flow at rest (Chiron et al., 1997; Gur et al., 1982; 

Willis et al., 2002) and during sensory deprivation (Mazziotta & Phelps, 1984). Overall, the 

proportion of tissue with fast perfusion and clearance (i.e., grey matter) is also significantly 

higher in the left than the right cerebral hemisphere (Shaw et al., 1979; Gur et al., 1980; 

McHenry et al., 1979; Hochberg & LeMay, 1975). This is in keeping with the notion of a 

more resource intensive left cerebral hemisphere in the mature brain (Kamath, 1981). 

Manual specialisation is assessed with ease in adults and children and is considered a 

reliable proxy for hemispheric specialisation (Dadda et al., 2006). Right-handed adults 

constitute 85 to 95 % of the population (Annett, 2002; Corballis, 2010). Right-handedness 

correlates strongly with left hemispheric mediation of practic and language functions, which 

are themselves mediated by a left lateralised neuronal substratum, particularly to the left 

inferior frontal gyrus (Broca’s territory), and the left temporoparietal region (Wernicke’s 

territory) of the brain (Hopkins, 2013; Hugdahl & Westerhausen, 2010). Left-handers are less 

laterally differentiated, but the incidence of right hemispheric language dominance increases 

with the degree of left-handedness (Knecht et al., 2000).  

Left-right dominance in arteries that perfuse the most lateralised cerebral structures (that 

is, common and internal carotid, and middle cerebral arteries) are correlated with adult hand 

preference and proficiency (Bogren et al., 1994; Carmon & Gombos, 1970; Jansen van 

Vuuren et al., 2016; Knecht et al., 1998; Leutin et al., 2004). The asymmetry manifests as 

larger arterial diameters and higher blood flow volumes to the language dominant 
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hemisphere. The developmental origin of this vascular correlate of handedness has yet to be 

investigated.  

A similar systematic leftward arterial dominance of the middle cerebral trunk in neonates 

has been demonstrated in Chapter 2 of this dissertation. This asymmetry increases with 

proximity to the cortex allowing for higher left-than-right blood flow volumes to the lateral 

surface of the frontal, parietal and temporal lobes. Cerebrovascular asymmetries therefore 

predate the emergence of classically lateralised behaviours in the mature brain, such as 

language and manual dexterity. 

Neonatal cerebral lateralisation is difficult to study because its potential behavioural 

manifestations have yet to develop, with the exception of the neonatal head turning bias. 

Approximately 65 to 92 % of newborns spontaneously and consistently prefer a right-sided 

head position when supine (Casear, 1979; Coryell & Michel, 1978; Gesell & Ames, 1947, 

1950; Kurtzberg et al., 1979; Liederman, 1983; Michel, 1981; Michel & Goodwin, 1979; 

Saling, 1979, 1983; Turkewitz & Creighton, 1974; Turkewitz et al., 1965a, 1965b). The left-

right distribution of this behavioural asymmetry suggests that it is a precursor of adult manual 

specialisation (Goodwin & Michel, 1981; Saling 1979, 1983; Gesell & Ames, 1947), as 

evidenced by its prediction of the initial hand used in infancy (p < .05 at 16 weeks; p = .007 

at 22 weeks), reaching habitual preference at 16 and 22 weeks (Michel, 1981), hand 

preference for reaching at four months (Coryell & Michel, 1978) and childhood handedness 

in general (Gesell & Ames, 1947; Gesell & Halverson, 1942).  

Given the compelling evidence for a vascular correlate of hemispheric lateralisation in 

adults in conjunction with a systematic leftward middle cerebral arterial dominance in healthy 

term neonates, the study to be reported here specifically aims to investigate the relationship 

between lateralised arterial dominance and the supine neonatal head turning bias (for 

convenience this will be referred to as an arterio-postural relationship). It is suggested here 
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that a leftward middle cerebral arterial dominance exists in right-postured neonates and a 

reversal or deviation from this dominance exists in left-postured neonates. That is, vascular 

factors that facilitate blood flow such as larger calibres, higher blood flow velocities, and 

resulting blood flow volumes are likely to be more pronounced in the vasculature 

contralateral to the direction of the head orientation bias.  
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Method 

Experimental Procedures 

The recruitment and protocol used for transcranial Doppler ultrasonographic imaging and 

neonatal head posture assessment have been described in depth in Chapters 2 and 3 of this 

dissertation. These experimental procedures will be presented below by way of summary. 

 

Participants 

Middle cerebral artery imaging and head posture assessments were performed on 106 

healthy term neonates born via normal vaginal delivery or caesarean section (Table 1). The 

lenticulostriate arteries, could not be adequately sampled for left-right comparisons and were 

therefore excluded from the analyses of this chapter.  

Twenty participants were excluded from the analyses because of aberrant middle cerebral 

arterial branching patterns, poor image quality from excessive neonatal movement and hair, 

small cranial windows, and for not meeting the criterion of partial substrate-contact during 

the postural observation. The final sample consisted of 86 healthy term neonates (55 males 

and 31 females) born via normal vaginal delivery or caesarean section (Table 16). Data 

collection took place at the Royal Women’s Hospital, Melbourne, Australia. Transcranial 

ultrasonography and posture assessments were conducted at a postnatal age of 1 to 7 days. 
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Table 16  

Participant characteristics as a function of head posture asymmetry 

 Right-posture Left-posture Total 

 M (SD) M (SD) M (SD) 

Na 55 31 86 

Sex (%)    

      Male 54.5 64.5 58.1 

      Female 45.5 35.5 41.9 

Gestational age at birth 

(wk) 
38.9 (1.4) 39.1 (1.6) 39.0 (1.4) 

Birth weight (g) 3402.4 (552.3) 3458.9 (553.0) 3422.7 (550.09) 

Age at scan (hrs) 48.1 (28.5) 51.6 (31.4) 49.35 (29.4) 

AS1min b 9 (1.0) 9 (1.0) 9 (1.0) 

AS5min b 9 (0.0) 9 (0.0) 9 (0.0) 

Heart rate (bt/min) 113.1 (12.1) 114.4 (13.6) 113.6 (12.6) 

Maternal age 35.1 (4.2) 34.3 (5.0) 34.8 (4.5) 

Maternal LQ 46.38 (8.45) 44.52 (12.39) 45.71 (10.02) 

Paternal LQ 45.82 (8.64) 40.42 (14.01) 43.87 (11.11) 

Note. AS1min = Apgar score at 1 minute; AS5min = Apgar score at 5 minutes; LQ = Laterality quotient from 

Edinburgh Handedness Inventory. 
a Neonatal posture groups are determined by the first turn out of the midline according to the criteria of the 

seven-item coding scheme (Saling, 1982). 
b Median and interquartile ranges reported. 

  

Procedure 

Transcranial Doppler Ultrasound Assessment. Standard medical procedure was 

followed prior to middle cerebral artery imaging. Transcranial Doppler cerebrovascular 

imaging was performed using the portable LOGIQ E9 XDClear 2.0 ultrasound unit and C3-

10-D convex probe (2-11MHz). Further settings included a small sample volume of 2 mm 

and velocity wall filter of 80-100 Hz. A trans-temporal approach was used for the middle 

cerebral artery trunk identification and screening. Dual-view B-Flow and Pulsed-wave 

imaging, at 6.0 MHz and 4.2 MHz respectively, recorded the diameter and distribution of 

flow at the middle cerebral artery origin (2mm distal to internal carotid terminus) and distal 

trunk (2 mm proximal to middle cerebral artery bifurcation/trifurcation). Three distinct 

Pulsed-wave spectral tracings containing three consecutive cardiac cycles were recorded and 
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averaged. Peak systolic (PSV) and end-diastolic (EDV) flow velocities were recorded and 

haemodynamic indices were calculated with the following formulae: 

Mean velocity (VMEAN): 

𝑉𝑀𝐸𝐴𝑁 =
𝑃𝑆𝑉 + 𝐸𝐷𝑉

2
 

Resistive Index (RI) computed according to the method of Pourcelot (1982):  

𝑅𝐼 =
𝑃𝑆𝑉 − 𝐸𝐷𝑉

𝑃𝑆𝑉
 

Pulsatility Index (PI) computed according to the method of Gosling and King (1988):  

𝑃𝐼 =
𝑃𝑆𝑉 − 𝐸𝐷𝑉

𝑉𝑀𝐸𝐴𝑁
 

Volume flow (Q):  

𝑄 = 𝑃𝑆𝑉 × (𝐷2 (
𝜋

4
)) 

where D is the lumen diameter of the vessel. Imaging was performed on the left and right side 

in a randomised order.  

All images were stored on optical disc for off-line analysis using SYNAPSE (PACS) 64-

bit imaging software. The mean lumen diameter of each arterial site was determined offline 

by averaging three independent diameter measurements with RadiAnt DICOM viewer (64-

bit) imaging software (version 4.2.1). Assessment of inter-rater reliability was performed by 

SR, an experienced sonographer, on 10 % of participants randomly selected from the sample 

throughout the data collection period. Cronbach’s alpha showed a high internal consistency 

of .963. 

Neonatal Head Posture Assessment. The protocol for the naturalistic observation of 

supine neonatal head posture has been reported in depth in Chapter 3 of this dissertation. In 

brief, the neonate remained supine in the same sound-proofed examination room with no 

lateralised stimulation. The examiner placed one hand on either side of the temporal region of 
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the neonate’s head and gently rotated the head to a midline position. An assisted midline 

posture was maintained until no lateralised pressure was experienced against the examiner’s 

hands. The head was then released. No lateral stimulation of facial or perioral regions 

occurred to avoid a rooting response. Once the infant’s head was released, head posture was 

recorded for a five-minute period. This five-minute observation period was filmed with a 

GoPro Hero4 recording device (out of the line of sight of the infant) to eliminate any 

subjective bias in scoring.  

The amplitude of lateralised posture was categorised according to a seven-item coding 

scheme (Saling, 1982). According to this coding scheme, the assumption of a definitive 

posture was only considered once there was partial (ear) contact with the substrate surface. 

For the purposes of the arterial analyses in this chapter, neonates were grouped as left-or 

right-postured according to the direction of the first turn out of the midline.  

 

Statistical Analysis 

Data were analysed using IBM SPSS Statistics (version 23) software. Each haemodynamic 

measure of the middle cerebral artery was analysed using a mixed-design ANOVA. For each 

analysis, the within-subjects factor was the respective arterial parameter (of the left and right 

paired arteries) and the between-subjects factor was the postural dominance (left-postured; 

right-postured). One-tailed paired t-tests compared lateral differences in posture groups in 

instances of significant interactions. One-tailed independent t-tests also compared sex 

differences in participant demographics and haemodynamic parameters at each site of 

measurement. Tests of normality and homoscedasticity (namely Levene’s test of equality of 

variance and Box’s test of equality of covariance matrices) were run on each dataset. If the 

assumption of normality was not upheld, a non-parametric Wilcoxon signed-rank test was run 

instead. 
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A discriminant function analysis (DFA) was used to determine the predictability of 

lateralised neonatal posture based on laterality indices of vessel calibre and blood flow 

volume. A stepwise DFA determined which predictors at the two sites explained the greatest 

proportion of variance. Laterality indices were computed with the following equation: 

𝐿𝐼 = (𝐿 − 𝑅)/(𝐿 + 𝑅) 

where R equals the right arterial measure and L the left arterial measure. A positive value 

indicated left arterial dominance, whereas a negative value indicated right arterial dominance.  

The following predictor variables were used (1) MCAO diameter LI; (2) MCADT diameter LI; 

(3) MCAO blood flow volume LI; (4) MCADT blood flow volume LI. All assumptions for the 

analysis were upheld (Klecka, 1980).  

A two-step cluster analysis was used to explore natural clusters of structural and 

haemodynamics arterial asymmetries in the data and their relationship with neonatal head 

posture. Given the assumption of variable independence for effective clustering, four arterial 

laterality indices were subjected to a principal component analysis. These included MCAO 

diameter LI, MCAO blood flow volume LI, MCADT diameter LI and MCADT blood flow 

volume LI. One component was extracted. The extracted component explained 85.04 % of 

the variance in diametric and volumetric arterial asymmetry, thereby constituting an “arterial 

asymmetry” metric. Principal component loadings of each arterial LI are presented in Table 

17. The Kaiser-Meyer-Olkin Measure of Sampling Adequacy (.662) and Bartlett’s Test of 

Sphericity (χ2(6) = 440.94, p < .001) were acceptable for this analysis. 
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Table 17  

Component loadings of middle cerebral arterial diameter and blood flow volume LIs at the 

trunk origin and terminus 

 

 

Arterial asymmetry component scores were subjected to a two-step cluster analysis. The 

number of clusters formed was not specified in advance. For distance measures, the log-

likelihood method with Akaike's information criterion was used. The “silhouette measure of 

cohesion and separation” which ranges from -1 to 1 was used as an estimate of overall 

goodness of fit for the cluster structure: < 0.25 = no substantial structure, 0.26 - 0.50 = weak 

structure that could be artificial, 0.51 - 0.70 = reasonable structure, 0.71 - 1.0 = strong 

structure (Kaufman & Rosseeuw, 1990).  

Internal consistency of diametric measurements was assessed by means of Cronbach's 

alpha in 10 % of cases. Cohen’s (1992) “rule of thumb” for effect size interpretations was 

used for between-group comparisons: d = .10 (small effect), d = .30 (medium effect), and d = 

.50 (large effect). Significance was determined with a 95 % confidence level at p < .05. 

  

 Component 1 

MCAO blood flow volume LI .928 

MCADT diameter LI .927 

MCAO diameter LI .922 

MCADT blood flow volume LI .912 

Note. MCAO = Middle cerebral artery origin; MCADT = Middle 

cerebral artery distal trunk; LI = Laterality index. 

Extraction Method: Principal Component Analysis.  

Rotation Method: Only one component was extracted. The 

solution could not be rotated. 

Component loadings exceeding .40 are marked in bold. 
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Results 

Observations of neonatal head posture, together with bilateral geometric and 

haemodynamic assessments of the middle cerebral origin and distal trunk, were recorded in 

86 healthy full-term neonates. The final sample included 55 males and 31 females born via 

normal vaginal delivery or caesarean section (Table 1). Birth weights ranged from 2200g and 

4690g and gestational age at birth from 36 to 41 weeks (M = 39.0 wk; SD = 1.4 wk). 

Postnatal age at the time of scanning was 18 to 174 hours (M = 49.35 hrs; SD = 29.43 hrs; 

Median = 41.5 hrs; Range = 156 hrs). Mean Apgar scores were 9 at one minute (IQR = 1.0; 

Range = 6) and 9 at five minutes (IQR = 0.0; Range = 3).  

There were no significant sex differences for birth weight (male M = 3502.0 g; SD = 601.2 

g; female M = 3340.2 g; SD = 538.3 g, p = .240), postnatal scanning age (male M = 47.6 hrs; 

SD = 26.6 hrs; female M = 51.8 hrs; SD = 33.2 hrs, p = .524), or gestational age at birth (male 

M = 39.1 wk; SD = 1.5 wk; female M = 38.8 wk; SD = 1.2 wk, p = .260). 

Neonatal head orientation was systematically biased to the right, χ2(1) = 6.698, p = .010, 

with 64 % of neonates turning to the right and 36 % of neonates turning to the left. Right- and 

left-posture groups did not differ in neonatal birth weight (t(84)= -0.456, p = .650), postnatal 

scanning age (t(84)= -0.541, p = .590), gestation (t(84)= -0.585, p = .560), maternal LQ 

(t(84)= 0.828, p = .410) or paternal LQ (t(43.13)= 1.947, p = .058). 

As an example of the dual-view of B-mode and Pulsed-wave Doppler ultrasound imaging 

used, Figure 13 illustrates bilateral middle cerebral diameter and haemodynamic 

characteristics of one left-postured and one right-postured neonate.  
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Figure 13. Dual-view B-flow and Pulsed-wave imaging of the middle cerebral origin (A) 

trunk terminus (B) of a right- and left-posturing neonate. 
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Middle Cerebral Arterial Origin and Bifurcation 

The geometry and haemodynamics of the left and right middle cerebral arterial trunk were 

asymmetric as a function of neonatal behavioural lateralisation. The most consistent posture-

related vascular asymmetries were found in neonates with a rightward head orientation. 

Right-postured neonates had larger arterial diameters and higher blood flow volumes in the 

left middle cerebral origin and distal trunk than on the right (Table 18). 

Neonates with a leftward head posture were less laterally differentiated than those with a 

rightward head posture, as the arterial asymmetries described above were reversed at the 

origin, and absent at the distal drunk of left-postured infants. More specifically, the origin of 

the middle cerebral artery trunk was typically larger with corresponding higher blood flow 

volumes in the right cerebral hemisphere (Table 18). Although distal blood flow volumes 

were also higher on the right (right: M = 192.71 ml/min; SD = 77.23 ml/min; left: M = 179.27 

ml/min; SD = 79.27 ml/min), lateral differences in flow volume and arterial calibre did not 

reach significance at this site (p = .230 and p = .197 respectively).  

Across the cerebral hemispheres, neonates with a left-sided head posture (M = 2.20 mm; 

SE = 0.05) had larger overall arterial calibres at the origin than those who turned to the right 

(M = 2.06 mm; SE = 0.04; F(1, 84) = 5.608, p = .020, ηp2 = .063). Left-postured neonates 

also had larger blood flow volumes at the origin (left-posture M = 229.67 ml/min; SE = 

11.20; right-posture M = 181.13 ml/min; SE = 8.42; F(1, 84) = 11.968, p = .001, ηp2 = .125) 

and distal trunk (left-posture M = 185.99 ml/min; SE = 9.02; right-posture M = 158.60 

ml/min; SE = 6.77; F(1, 84) = 5.901, p = .017, ηp2 = .066) across both cerebral hemispheres. 

No lateral differences in arterial velocities (peak systolic, end-diastolic, or average blood flow 

velocities) were found in the trunk of either posture group (Tables 18 and 19; Figure 14 and 

15). 
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Table 18 

Comparisons of geometric and haemodynamic parameters between left and right middle 

cerebral arteries according to neonatal head posture 

 
 Left Hemisphere Right Hemisphere    

 

Artery Posture Parameter M SD M SD t/Z df p d/r 

MCAO Right Diameter (mm) 2.15 0.35 1.98 0.32 3.100 54 .001* 0.411 

  PSV (cm/s) 53.46 10.89 52.40 12.06 0.851 54 .199 0.116 

  EDV (cm/s) 18.53 5.09 18.44 5.62 0.156 54 .438 0.021 

  VMEAN (cm/s) 30.17 6.56 29.76 7.32 0.546 54 .294 0.074 

  RI 0.65 0.07 0.65 0.07 0.627 54 .266 0.000 

  PI 0.98 0.14 0.97 0.15 0.612 54 .272 0.095 

  Q (ml/min) 198.36 72.48 163.91 61.47 2.866 54 .003* 0.388 

 Left Diameter (mm) 2.08 0.34 2.32 0.44 -2.163 30 .019* -0.394 

  PSV (cm/s) 57.38 15.05 58.40 14.06 -0.530 30 .300 -0.096 

  EDV (cm/s) 19.59 7.11 19.71 6.71 -0.147 30 .442 -0.026 

  VMEAN (cm/s) 32.19 9.27 32.61 8.82 -0.387 30 .351 -0.070 

  RI 0.66 0.07 0.66 0.06 -0.500 30 .310 0.000 

  PI 0.99 0.15 1.00 0.14 -0.439 30 .332 -0.076 

  Q (ml/min)a 200.89 89.10 258.45 132.55 -2.332 30 .020* -0.296 

MCADT Right Diameter (mm) 2.04 0.34 1.89 0.33 3.070 54 .002* .432 

  PSV (cm/s) 52.38 11.35 51.25 13.09 .948 54 .174 .129 

  EDV (cm/s) 17.65 5.14 17.63 5.64 .045 54 .482 .005 

  VMEAN (cm/s) 29.23 6.76 28.83 7.69 .562 54 .288 .078 

  RI 0.66 0.06 0.66 0.07 1.556 54 .063 .000 

  PI 1.00 0.14 0.98 0.15 1.520 54 .067 .238 

  Q (ml/min) 172.69 60.00 144.51 50.19 3.080 54 .002* .418 

 Left Diameter (mm) 2.00 0.33 2.07 0.32 -.864 30 .197 -0.154 

  PSV (cm/s) 55.69 15.24 55.77 13.60 -.059 30 .476 -0.011 

  EDV (cm/s) 17.80 6.65 19.01 13.60 -1.398 30 .086 -0.163 

  VMEAN (cm/s) 30.69 9.42 31.26 8.35 -.572 30 .286 -0.104 

  RI 0.68 0.06 0.66 0.07 1.998 30 .027* 0.333 

  PI 1.04 0.15 0.99 0.16 1.922 30 .032* 0.345 

  Q (ml/min)a 179.27 79.27 192.71 77.23 -1.333 30 .183 -0.167 

Note. *p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; PSV = Peak systolic 

velocity; EDV = End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow 

volume. 
a A Wilcoxon signed-rank test was run on these variables. 
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Table 19 

Effects of head posture on haemodynamic parameters of the middle cerebral artery 

  Middle cerebral origin Middle cerebral distal 

trunk 

 Source df F p ηp2 df F p ηp2 

Diameter Diameter 1 0.317 .575 .004 1 0.672 .415 .008 

 Posture 1 5.608 .020* .063 1 1.462 .230 .017 

 Diameter * Posture 1 13.707 .000* .140 1 5.989 .016* .067 

PSV PSV 1 0.000 .985 .000 1 0.306 .581 .004 

 Posture 1 3.576 .062 .041 1 1.987 .162 .023 

 PSV * Posture 1 0.894 .347 .011 1 0.409 .524 .005 

EDV EDV 1 0.001 .974 .000 1 1.632 .205 .019 

 Posture 1 0.882 .350 .010 1 0.392 .533 .005 

 EDV * Posture 1 0.046 .831 .001 1 1.758 .189 .020 

VMEAN VMEAN 1 0.000 .995 .000 1 0.023 .880 .000 

 Posture 1 2.259 .137 .026 1 1.369 .245 .016 

 VMEAN * Posture 1 0.413 .522 .005 1 0.651 .422 .008 

RI RI 1 0.009 .923 .000 1 7.953 .006* .086 

 Posture 1 0.640 .426 .008 1 0.684 .411 .008 

 RI * Posture 1 0.635 .428 .007 1 1.890 .173 .022 

PI PI 1 0.005 .943 .000 1 7.445 .008* .081 

 Posture 1 0.638 .427 .008 1 0.733 .394 .009 

 PI * Posture 1 0.543 .463 .006 1 1.763 .188 .021 

Q  Q  1 0.744 .391 .009 1 0.659 .419 .008 

 Posture 1 11.968 .001* .125 1 5.901 .017* .066 

 Q * Posture 1 11.800 .001* .123 1 5.258 .024* .059 

Note. *p < .05; PSV = Peak systolic velocity; EDV = End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance 

index; PI = Pulsatility index; Q = Blood flow volume. 

 

Lateralised neonatal head orientation differentially influenced middle cerebral arterial 

geometry and haemodynamics in that posture interactions were found for arterial diameter 

and blood flow volume at both arterial sites (Table 19; Figure 14 and 15). Neonatal head 

orientation did not significantly influence arterial velocity (peak systolic, end-diastolic, and 

mean velocities). 

Resistance to blood flow caused by the microvascular bed distal to the site of 

measurement did not significantly interact with neonatal head posture (Table 19). However, a 
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main effect for arterial resistance was found at the most lateral aspect of the middle cerebral 

trunk. The resistance distal to trunk terminus was higher in the left cerebral hemisphere 

across all participants, (F(1, 84) = 7.953, p = .006, ηp2 = .086). This main effect was also 

reflected in pulsatility indices. 

No lateral differences in arterial resistance were noted at the middle cerebral artery origin. 

Arterial resistance was, however, asymmetric at the distal trunk. Neonates with a leftward 

head posture had higher resistance and pulsatility indices in the left cerebral hemisphere than 

the right (Table 18). No left-right differences were found in neonates with a right-sided head 

posture. 
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Figure 14. Interaction effects of middle cerebral artery origin PSV (A), EDV (B), VMEAN (C), RI (D), PI (E), blood flow volume (F) and initial 

head turn. LMCA = Left middle cerebral artery; RMCA = Right middle cerebral artery; PSV = Peak systolic velocity; EDV = End-diastolic 

velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow volume. Error bars show the 95 % confidence 

interval. 
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Figure 15. Interaction effects of middle cerebral artery distal trunk PSV (A), EDV (B), VMEAN (C), RI (D), PI (E), blood flow volume (F) and 

initial head turn. LMCA = Left middle cerebral artery; RMCA = Right middle cerebral artery; PSV = Peak systolic velocity; EDV = End-

diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow volume. Error bars show the 95 % 

confidence interval.  
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Predicting the First Head Turn from Arterial Characteristics  

Neonatal behavioural lateralisation, as operationalised by the direction of the first turn out 

of the midline, is selectively related to middle cerebral artery structure and haemodynamics. 

Given the multicollinearity between diametric and volumetric asymmetries of the origin and 

the distal trunk (r > .70), only one variable was retained by the model. Posture direction was 

accurately predicted by blood flow volume asymmetries at the trunk origin, Ʌ = .853, χ2(2) = 

13.300, p < .001. Tests of equality of group means and an evaluation of the structure matrix 

revealed volume flow at the origin accounted for approximately 15 % of the variance in the 

model. The cross-validated classification showed that overall 73.3 % of cases were correctly 

classified―with accurate group membership predictions for 85.5 % of right-postured and 

51.69 % of left-postured neonates (Table 20). The clarity with which the two posture groups 

are distinguishable in the analysis can be seen in Figure 16 below.  

 

Table 20 

Classification table for arterial asymmetry and initial head posture 

  

Initial head turn 

Predicted Group Membership 

Total   Right Left 

Originala Count Right 47 8 55 

Left 15 16 31 

% Right 85.5 14.5 100 

Left 48.4 51.6 100 

Cross-

validatedb,c 

Count Right 47 8 55 

Left 15 16 31 

% Right 85.5 14.5 100 

Left 48.4 51.6 100 
Note. a 73.3 % of original grouped cases correctly classified. 
b Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the 

functions derived from all cases other than that case. 
c 73.3 % of cross-validated grouped cases correctly classified. 
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Figure 16. Discrimination between initial neonatal head posture as a function of blood 

volume asymmetry at the origin of the middle cerebral artery trunk. For all postures sharing 

the same discriminant score, the colour coded bars are shown as overlapping, and frequency 

values for each of the head postures shown are to be read from the axis as the bars are not 

stacked. 

 

Natural Clusters of Arterial Asymmetry  

Given the heterogenous classification of left-postured neonates in the above discriminant 

function analysis, a two-step cluster analysis was used to explore natural clusters of middle 

cerebral trunk asymmetry in the data and their relationship with neonatal head posture. A 

four-cluster model with a silhouette measure of cohesion and separation of 0.70 and size ratio 

of 2.75 was identified in the sample. Positive values indicated a leftward arterial dominance 

and negative values indicated a rightward arterial dominance. 

The four-cluster model extracted two arterial asymmetry clusters in each lateralised 

direction, namely one extreme and one moderate cluster for leftward and rightward arterial 
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dominance (Figure 17). Higher values indicated stronger and more consistent leftward 

geometric and haemodynamic asymmetries across the trunk, and lower values indicated 

stronger and more consistent rightward arterial biases. The greater proportion of neonates 

with a leftward arterial dominance in the sample resulted in a positive shift of the group. 

median (Median = 0.11).  

 

 

Figure 17. Distribution of four clusters of diametric and volumetric arterial asymmetries 

across the middle cerebral artery trunk. 
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Two minority clusters in the model were typified by extreme lateralised arterial 

asymmetries and a preponderance for neonates in these clusters to adopt a contralateral head 

posture. Cluster one described a small subgroup of right-dominant neonates (17.4 %) with 

arterial asymmetry component scores that were much lower than the sample median (M = -

1.55; SD = 0.38). This cluster was associated with a leftward head posture (60.0 % of 

neonates turned to the left). Conversely, cluster three (14.0 %) constituted a subgroup of 

neonates with a leftward arterial dominance, arterial asymmetry component scores that were 

much higher than the sample median (M = 1.52; SD = 0.38), and a propensity to turn to the 

right (75.0 % of neonates turned to the right).  

The remaining two clusters represented the majority of neonates (68.6 %) whose arterial 

asymmetry component scores remained within one quartile from the sample median. The 

fourth and largest cluster (38.4 %) constituted a subgroup of neonates with a leftward arterial 

dominance (M = 0.51; SD = 0.25) and a strong propensity to adopt a rightward head posture 

(84.9 % neonates in this group turned to the right).  

Neonates in cluster two (30.2 %; M = -0.45; SD = 0.26), however, were unlike the others. 

Although arterial asymmetry scores were lower than the sample median (M = -0.45; SD = 

0.26) and these neonates had a rightward arterial dominance, head postures in this group were 

equally distributed between the left (53.8 %) and right (46.2 %) sides.  

Cluster membership differentially influenced middle cerebral arterial geometry and 

haemodynamics in that significant cluster interactions were found for arterial diameter and 

blood flow volume at both arterial sites (Tables 21; Figure 18).  
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Table 21 

Effects of head posture on haemodynamic parameters of the middle cerebral artery 

  Middle cerebral origin Middle cerebral distal trunk 

 Source df F p ηp2 df F p ηp2 

Diameter Diameter 1 0.923 .340 .011 1 9.922 .002* .108 

 Cluster 3 6.892 .000* .201 3 5.535 .002* .168 

 Diameter * Cluster 3 73.985 .000* .730 3 105.993 .000* .795 

Q  Q  1 0.223 .638 .003 1 15.652 .000* .160 

 Cluster 3 5.632 .001* .171 3 4.379 .007* .138 

 Q * Cluster 3 62.069 .000* .694 3 108.306 .000* .798 

Note. *p < .05; Q = Blood flow volume. 

 

 

Figure 18. Interaction effects of bilateral middle cerebral artery origin and distal trunk 

diameter (A), Q (B), and cluster membership. Majority clusters are represented by a solid line 
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and minority clusters by a stippled line. LMCA = Left middle cerebral artery; RMCA = Right 

middle cerebral artery; Q = Blood flow volume. Error bars show the 95 % confidence 

interval. 

 

Neonates with the highest propensity to turn to the left (cluster one) had stark rightward 

arterial biases in calibre and volume flow (Figure 18). This extreme arterial asymmetry 

represented a minority cluster. The majority cluster of rightward arterial biases (cluster two) 

was heterogenous with regards to their head orientation preference and the vascular 

asymmetry, although still significant, was less pronounced (Table 22; Figure 18). However, 

behavioural lateralisation in extreme and moderate leftward arterial biases (cluster three and 

four respectively) were homogenously directed to the right-hand side, with the highest 

prevalence of rightward head postures in moderate leftward arterial biases (84.9 %).  
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Table 22 

Comparisons of diameter and blood flow volume parameters between left and right middle cerebral arteries according to clusters 

 
 Left Hemisphere Right Hemisphere    

 

Artery Cluster Parameter M SD M SD t/Z df p d/r 

MCAO 1 Diameter (mm) 1.89 0.29 2.59 0.50 -6.115 14 .000* -1.710 

 Q (ml/min)a 151.93 53.04 317.83 156.08 3.409 14 .001* -0.622 

 2 Diameter (mm)a 1.99 0.21 2.17 0.30 3.094 25 .002* -0.429 

 Q (ml/min) 170.76 43.57 219.64 74.20 -5.575 25 .000* -1.449 

 3 Diameter (mm) 2.70 0.18 1.94 0.21 12.882 11 .000* 3.733 

 Q (ml/min) 326.56 69.28 148.58 42.50 10.371 11 .000* 3.257 

 4 Diameter (mm) 2.13 0.27 1.87 0.21 6.647 32 .000* 1.214 

 Q (ml/min) 196.96 64.46 144.42 42.63 6.238 32 .000* 1.192 

MCADT 1 Diameter (mm) 1.80 0.29 2.34 0.38 -12.477 14 .000* -3.799 

 Q (ml/min) 138.80 57.40 240.06 78.02 -9.739 14 .000* -2.889 

 2 Diameter (mm) 1.93 0.20 1.98 0.26 -1.893 25 .035* -0.380 

 Q (ml/min) 157.32 46.00 174.86 53.84 -2.962 25 .003* -0.599 

 3 Diameter (mm) 2.54 0.26 1.90 0.22 8.358 11 .000* 2.461 

 Q (ml/min) 274.85 70.51 126.09 36.04 9.096 11 .000* 3.130 

 4 Diameter (mm) 2.02 0.27 1.79 0.25 7.312 32 .000* 3.137 

 Q (ml/min) 169.23 50.47 129.14 36.32 6.806 32 .000* 1.286 

Note. *p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; Q = Blood flow volume. 
a A Wilcoxon signed-rank test was run on these variables. 
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Discussion 

Systematic handedness-related anatomical asymmetries extend beyond the brain 

parenchyma to the vascular system in adults. While a vascular correlate for hand preference 

and proficiency was recently reported in the left and right common and internal carotid 

arteries in adults (Jansen van Vuuren et al., 2016) its developmental origins had not been 

investigated until now. 

The findings of Chapter 2 established for the first time that the middle cerebral arterial 

trunk in neonates is asymmetric, with a systematic bias to the left hemisphere. The present 

findings suggest that this structurofunctional vascular asymmetry is meaningfully related to 

the supine head turning bias, which, in turn, is considered a precursor of handedness (Michel, 

1981, 1985; Saling 1979). To our knowledge this is the first intentional investigation of the 

relationship between structurofunctional cerebroarterial asymmetries and lateralised infant 

behaviour. 

Neonatal head posturing is a deceptively simple behaviour. Chapter 3 extensively 

described the phenomenon of postural asymmetry and its proximate typologies. The 

preponderance for a rightward head position, as opposed to any non-rightward head position, 

was systematic and evident in posturo-static and kinetic components of the behaviour. The 

work demonstrated that spontaneous sustained head posturing is coherent with the 

lateralisation of the first turn out of the midline, making the latter an ideal index of neonatal 

lateral bias for the analysis of arterio-posture relationships.  

By and large this arterio-postural relationship is characterised by larger arterial diameters 

and higher blood flow volumes in the left hemisphere of right-postured neonates, and in the 

right hemisphere of left-postured neonates. The pattern of vascular asymmetries differed 

according to direction of the head orientation. Asymmetries in vessel calibre and 

corresponding blood flow volumes were consistent across the trunk in newborns with a right-
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sided head orientation and were systematically biased to the left hemisphere. However, 

greater heterogeneity in arterial dominance was found in left-postured neonates. While 

rightward arterial diameter and blood flow biases were evident at the trunk origin, the 

asymmetry was absent at the trunk terminus. 

Arterial characteristics predict the direction of individual postures. In right-posturing 

neonates the group classification was impressive (73.3 % of cases were correctly classified) 

because of a strong consistent ascendency of a leftward arterial bias across both arterial sites. 

A lower classification rate occurred in left-postured neonates (51.69 %).  

Given the heterogenous classification of left-posturing neonates in the sample, the present 

findings suggest that the relationship between arterial asymmetry and newborn head 

orientation is complex and graded and is not optimally appraised with the use of a 

dichotomous model. A cluster analysis delineated four arterio-postural groups (one with 

extreme and one with moderate levels of vascular asymmetry in each direction). Behavioural 

lateralisation in subgroups of leftward arterial biases were homogenously directed to the 

right; rightward head postures are more prevalent in newborns with moderate leftward arterial 

biases (84.9 %).  

A greater likelihood of turning to the left was only seen in a subgroup of neonates with the 

most consistent rightward arterial asymmetries (17.4 % of the total sample). Neonates with 

weaker and less consistent rightward arterial biases across the trunk were unlike the other 

clusters, and were differentiated from them, in that their postural lateralisation was more 

heterogenous. These findings show for the first time that the arterio-postural relationship is 

coherent in neonates who turn to the right and that deviations from this typical arterio-

postural association begin to unfold increasing lateral heterogeneity in head turning 

behaviour. In left turning babies, the coherence of the arterio-postural relationship is 

dependent on the magnitude of arterial asymmetry across the midline of the brain, and 
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maintenance of these larger arterial diameters from the proximal to distal regions of the trunk 

of the right middle cerebral artery. 

In general, left turning newborns are more heterogeneous than right turning babies with 

respect to arterial asymmetries and with respect to the relationship between arterial 

asymmetries and patterns of head turning. This is consistent with greater heterogeneity in 

patterns of cerebral lateralisation that would be expected in left-handed adults (Häberling, 

Badzakova-Trajkov, & Corballis, 2011; Hervé, Zago, Petit, Mazoyer, & Tzourio-Mazoyer, 

2013; Roberts, 1969; Vivani, Perani, Grassi, Bettinardi, & Fazio, 1998). It is also worth 

noting that the prevalence of individuals in whom the rightward arterial asymmetry is 

coherent with a leftward turning disposition, is comparable with the proportion of left-

handers in the general population (Michel, Babik, Nelson, Campbell, & Marcinowski, 2013). 

This is also in keeping with the heterogeneity with which lateralised neonatal head 

postures can predict handedness later in development. Right-posturing neonates demonstrate 

a consistent and reliable right-hand preference at 19 weeks (p < .001; Goodwin & Michel, 

1981), and 82 % of infants with rightward reaching preferences at 19 weeks are also right-

biased at 3 years of age (Liederman, 1983). Conversely, infants with leftward postural 

preferences are less likely to show a reliable hand preference at 19 weeks (p < .50). 

Approximately 43 to 75 % of left-postured neonates show a 19-week left-hand preference 

(Goodwin & Michel, 1981) and only 21 % of infants who are left-biased for reaching at 19 

weeks remain left biased at three years of age (Liederman, 1983). 

There is little understanding of the neuronal substrate of neonatal head posture 

asymmetries. Cerebral lateralisation, classically described in the mature brain, is considered 

predominantly neocortical (Galaburda et al., 1978) and adult-like parenchymal and 

haemodynamic asymmetries have repeatedly been demonstrated in the neocortex of the 

neonatal brain (Catani et al., 2007; Chi et al., 1977a, 1977b; Dehaene-Lambertz, 2000; 
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Dehaene-Lambertz et al., 2002, 2004, 2006, 2010; Dubois et al., 2008; Field, Diego, 

Hernandez-Reif, & Schanberg, 2002; Fontes, 1944; Foundas et al., 1994; Geschwind & 

Levitsky, 1968; Geschwind & Galaburda, 1985; Peña et al., 2003; Perani et al., 2011; Sowell 

et al., 2002; Van Essen, 2005; Wada et al., 1975; Witelson & Pallie, 1973). It is not clear to 

what extent these cortical asymmetries mediate head postural biases. Previous 

conceptualisations have suggested that the direction of the postural asymmetry reflects 

lateralised functional differences at a subcortical level, with particular emphasis on the basal 

ganglia (Kinsbourne, 1980; Liederman, 1977; Liederman & Kinsbourne, 1980a; Saling, 

1982). Whatever its exact mechanism, this behaviour is very likely to emanate from an 

asymmetric neurobiological basis. This argument will be pursued in the general discussion 

(Chapter 6) on page 142.  

The propensity to adopt a lateralised head posture when supine and the direction of the 

head turning asymmetry is a stable individual characteristic and is uninfluenced by 

fluctuations in behavioural state or extraneous environmental factors, such as sex, 

postmenstrual age, postnatal age, Apgar scores, and neonatal birth weight (Chapter 3). A state 

of quiet and active wakefulness (state 3) might be optimal the expression of full-contact 

postures (Rönnqvist & Hopkins, 1998). Given these findings, it is reasonable to suggest that a 

significant proportion of the variance in head posture asymmetries can be attributed to a 

stable endogenous factor, possibly emerging initially at an extrapyramidal level. 
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Chapter 5 

Clinical Implications of Asymmetries in the Cerebral Arteries 

Middle cerebral artery strokes occur more commonly in the left cerebral hemisphere 

(Bogousslavsky & Regli, 1987; Foerch et al., 2005; Hedna et al., 2013; Heinsius et al., 1998; 

Hindfelt & Nilsson, 1977; Naess et al., 2006; Neau et al., 1998; Rodríguez Hernández et al., 

2003; Weinstein, 2001). In the mature brain, this leftward predilection has been attributed by 

some to selective recognition of the more overt sequelae of left hemispheric insult (Portegies 

et al., 2015; Selwaness et al., 2014). Neurovascular vulnerabilities that might explain a left 

hemispheric predilection for stroke have also been identified (Denarie et al., 2000; Lemme et 

al., 1995; Oxenham & Sharpe, 2003; Rodríguez Hernández et al., 2003; Selwaness et al., 

2014; Simon et al., 2002). Reports of higher left-than-right intima-media wall thickness 

(Denarie et al., 2000; Lemme et al., 1995; Rodríguez Hernández et al., 2003), and plaque 

characteristics such as prevalence, thickness, and instability (Selwaness et al., 2014), as well 

as lower left-than-right wall shear stress (Jeong, Lee, & Rosenson, 2014) in the carotid 

arteries of adults suggests that vulnerabilities for cerebrovascular disease are lateralised. 

The territory of the middle cerebral artery is the most common site for stroke in infancy to 

childhood (Ciccone et al., 2011; Tsze & Valente, 2011) as well as preterm and term newborns 

(Govaert et al., 1993; Volpe, 1995). Approximately 70 to 80 % of neonatal ischaemic strokes 

occur in the middle cerebral arterial field and are left-sided in 53 to 75 % of cases (Coker et 

al., 1988; Kirton et al., 2011; Lee et al., 2005; Miller, 2000; Perlman et al., 1994). A similar 

left circulatory predilection has also been reported for periventricular haemorrhage (Guzzetta 

et al., 1986; Govaert et al., 1993; Volpe, 1995), and stroke-related cerebral palsy (Uvebrant, 

1988).  

In neonates, the unilateral predilection has been attributed to asymmetric aortic branching 

of the common carotid artery, the geometry of which creates a more direct route for 
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cardiogenic emboli (de Vries et al., 1997; Govaert, Matthys, Zecic, Roelens, Oostra, 

Vanieleghem, 2000), and to turbulent flow introduced by the patent ductus arteriosus or 

patent foramen ovale (Fernández-López, Natarajan, Ashwal, Vexler, 2014).  

Aetiologies remain undetermined in approximately 50 % of cases of paediatric stroke 

(Nowak-Göttl, Günther, Kurnik, Sträter, & Kirkham, 2003; Numis & Fox, 2014). Traditional 

risk factors, such as prothrombotic and cardiac disorders, and sickle cell disease, exert a 

bilateral influence on the neonatal vascular system and can therefore not explain the leftward 

predilection (Menshawi et al., 2015; Tsze & Valente, 2011). Coker and colleagues (1988) 

postulate that lateralised differences in the haemodynamics of paired cerebrovascular arteries 

during early postnatal brain development could affect the unilateral susceptibility of the 

neonatal brain for ischaemic events (Coker et al., 1988). This study is, to the best of our 

knowledge, the only investigation of left-right differences in middle cerebral arterial flow 

velocity of healthy term infants to test this hypothesis. No velocity differences were 

observed, but only 20 normal control cases were reported, without data on wall shear stress 

(Coker et al., 1988). 

Vessel morphology is altered by haemodynamic conditions and parenchymal demand 

(Abbie, 1933; Bernasconi & Cassinari, 1956; Rossitti & Löfgren, 1993; van der Zwan, et al., 

1992; van Overbeeke et al., 1991). The influence of changes in blood pressure, flow velocity 

parameters, and wall shearing forces on the arterial endothelium play important roles in the 

development of vascular disease (Baldassarre et al., 2000; Clowes et al., 1983; Glagov et al., 

1988; O’Leary et al., 1999; Moore, 1983). Endothelial shear stress is the key contributor to 

the development of acute vascular syndromes (Chatzizisis et al., 2007). High shear stress has 

a protective effect on the endothelium (Slager et al., 2005). Unfavourable neonatal wall 

shearing forces alter the balance of endothelial cell-derived mediators that regulate vascular 

tone, hemostasis, cell growth, and matrix production (Lasjaunias et al., 2001b). As a 
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consequence, localised eccentric intimal wall thickening, and early atherosclerotic lesions are 

detectable in infancy (Davies, 1990; Giordano, 1966, Lasjaunias et al., 2001b; Meyer, Lind, 

Yao, & Kauffman, 1982; Milei et al., 2008; Minkowski, 1947; Schornagel, 1956; Stary, 

1987; Velican & Velican 1979). 

Chapter 2 documents for the first time a systematic leftward geometric and haemodynamic 

dominance in the middle cerebral artery of healthy term neonates. This asymmetry was also 

meaningfully related to the direction of the neonatal head turning bias (Chapter 4). 

Limitations of previously used Doppler technologies for diametric assessment (Oktar, et al., 

2006) has hindered reliable calculations of neonatal cerebrovascular wall shearing forces 

until now. The dual-view imaging protocol in this dissertation effectively bypasses these 

difficulties and paves the way for investigating the clinical implications of a systematic 

vascular asymmetry.  

In this analysis bilateral shearing forces will be calculated in the neonatal middle cerebral 

artery trunk as the most common site for neonatal stroke. This chapter aims to determine 

whether left-right diametric asymmetries implicate unilateral vulnerabilities for vascular 

pathology, and the extent to which this may relate to the supine head orientation bias. It is 

hypothesised that lower left-than-right middle cerebral arterial wall shearing forces exist in 

most healthy term neonates. This work might shed light on the genesis of unilateral 

cerebrovascular insults in neonates and adults.  
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Method 

Participants and Experimental Procedures 

Transcranial Doppler ultrasonography. The recruitment and scanning protocol of 

assessing middle cerebral arterial haemodynamics and geometry have been reported in depth 

in Chapter 2 of this dissertation. In brief, transcranial Doppler ultrasonography was 

performed on 97 healthy term neonates (59 males and 38 females) born via normal vaginal 

delivery or caesarean section (Table 23).  

 

Table 23  

Neonatal characteristics 

Characteristics M SD 

N 97  

Sex (%)   

      Male 62.9  

      Female 37.1  

Gestational age at birth (wk) 39.0 1.5 

Birth weight (g) 3460.8 560.4 

Age at scan (hrs) 47.71 28.58 

AS1min a 9 1.0 

AS5min a 9 0.0 

Heart rate (bt/min) 113.87 13.89 

Note. AS1min = Apgar score at 1 minute; AS5min = Apgar score at 5 minutes.  
a Median and interquartile ranges reported. 

 

 

All scanning took place at the Royal Women’s Hospital, Melbourne, Australia. 

Transcranial ultrasonography and Doppler assessment took place at a postnatal age of 1 to 7 

days. Standard medical procedure was followed prior to middle cerebral artery imaging. 

Transcranial Doppler cerebrovascular imaging was performed using the portable LOGIQ E9 

XDClear 2.0 ultrasound unit and C3-10-D convex probe (2-11MHz). A trans-temporal 

approach was used for the middle cerebral artery trunk identification and screening. Dual-

view B-Flow and Pulsed-wave imaging, at 6.0 MHz and 4.2 MHz respectively, recorded the 



126 

CEREBRAL ARTERIAL ASYMMETRIES  

diameter and distribution of flow at the middle cerebral artery origin (2mm distal to internal 

carotid terminus) and distal trunk (2 mm proximal to middle cerebral artery 

bifurcation/trifurcation). Three distinct Pulsed-wave spectral tracings containing three 

consecutive cardiac cycles were recorded and averaged. Peak systolic (PSV) and end-

diastolic (EDV) flow velocities were recorded for shearing calculations to be reported here.  

The mean lumen diameter of each arterial site was determined offline by averaging three 

independent diameter measurements with RadiAnt DICOM viewer (64-bit) imaging software 

(version 4.2.1).  

For the purposes of the geometric analyses in this chapter, arterial diameter was used as a 

grouping variable for the sample. Interhemispheric diameter dominance was expressed in the 

form of a left-right LI and was calculated with the formula: 

𝐿𝐼 = (𝐿 − 𝑅)/(𝐿 + 𝑅) 

where R equals the right arterial measure and L the left arterial measure. A positive value 

indicated left arterial dominance, whereas a negative value indicated right arterial dominance. 

A score of 0 represents the absence of a structural dominance. A LI was calculated for each 

arterial site. 

Neonatal head posture assessment. The protocol for the naturalistic observation of 

supine neonatal head posture has been reported in depth in Chapter 3 of this dissertation. In 

brief, neonates remained supine in a sound-proofed examination room with no lateralised 

stimulation. The examiner placed the neonates head in an assisted midline posture which was 

maintained until no lateralised pressure was experienced against the examiner’s hands. The 

infant’s head was released, and the amplitude of the first lateralised posture out of the midline 

was categorised according to a seven-item coding scheme (Saling, 1982). A lateralised 

posture was only considered if there was partial (ear) or full (ear and cheek) contact with the 

substrate surface. For the purposes of analyses pertaining to behavioural lateralisation in this 
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chapter, neonates were grouped as left-or right-postured according to the direction of the first 

turn out of the midline. 

Shear stress and rate calculations. At each arterial site shear stress and shear rate for 

peak systolic and end-diastolic flow was calculated as defined by the Haagen-Poiseuille 

equation for Newtonian flow:  

Shear stress (𝜏) = 8. 𝜇.
𝑃𝑆𝑉 𝑜𝑟 𝐸𝐷𝑉

𝑑
 

where d equals the lumen diameter in cm, µ equals the viscosity of flow in poise, PSV equals 

the peak systolic velocity in cm/s, and EDV equals the end-diastolic velocity in cm/s. No data 

was available concerning blood viscosity, so normative neonatal haematocrit-adjusted (0 - 

45) blood viscosity, adjusted at high shear rates of 4.22 mPa.s (0.422 poise), was assumed 

(Anwarm, Bignall, & River, 1994), as there is no reason to suspect intraindividual viscosity 

differences or systematic differences between left and right head postured neonates. 

Poiseuille’s law was applied to determine shear rate as follows: 

Shear rate (ẏ) = 8
𝑃𝑆𝑉 𝑜𝑟 𝐸𝐷𝑉

𝑑
 

where d equals the lumen diameter. The above formulae assume straight, cylindrical vessels 

with Newtonian fluid and laminar flow (Iordache & Remuzzi, 1995). The assumption of 

incompressible and Newtonian fluid is acceptable as an approximation for the flow in 

medium-to-large vessels (Nichols & O’Rourke, 1998). 

Since high shear stress has a protective effect on the endothelium (Slager et al., 2005), 

lateralised endothelial wall shearing forces would implicate a less favourable shearing 

environment in the vessel with lower shearing values. 
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Statistical Analysis 

Data were analysed using IBM SPSS Statistics (version 23) software. The analyses are 

primarily separated into two categories, namely analyses according to arterial geometry and 

analyses according to behavioural lateralisation.  

For the purposes of the geometric analyses, neonates with no arterial bias at the site of 

measurement were removed from the respective statistical tests since geometric dominance 

could not be determined in these cases. For the purposes of analyses pertaining to behavioural 

lateralisation, neonates with no clear lateralised head orientation were removed. The 

respective sample sizes for each category of analyses can be seen in Table 24. Proportions of 

structural and behavioural dominance in the sample were determined with Chi-square 

Goodness of Fit tests.  

 

Table 24 

Exclusion and inclusion participant count for geometric and behavioural laterality analyses 

Analysis Site  Initial Removed Total 

Geometric  
MCAO n 97 8 89 

MCADT n 97 5 93 

Behavioural 

laterality  

MCAO n 97 11 86 

MCADT n 97 11 86 

 

 

Wall shear stress and shear rates of the left and right middle cerebral artery origin and 

distal trunk were calculated, and the means reported. Given the high collinearity between 

wall shear stress and shear rate (r = 1.0), further analyses were only conducted on peak 

systolic (WSSSYS) and end-diastolic (WSSDIAS) wall sheer stress parameters. 

Peak systolic and end-diastolic wall sheer stress of the left and right middle cerebral 

arteries of neonates were assessed using mixed-design ANOVAs. For each analysis, the 
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within-subjects factor was the shear stress parameter (of the left and right paired arteries) and 

the between-subjects factor was the structural/diameter dominance (left-dominant; right-

dominant). One-tailed paired t-tests compared lateral differences in geometric groups in 

instances of significant interactions. Tests of normality and homoscedasticity (namely 

Levene’s test of equality of variance and Box’s test of equality of covariance matrices) were 

run on each dataset. If the assumption of normality was not upheld, a non-parametric 

Wilcoxon signed-rank test was run instead.  

The above tests were rerun to assess the influence of behavioural lateralisation on 

asymmetric shearing forces in paired arteries. While the within-subjects factor remained 

shear stress parameters of the paired vessels, the between-subjects factor was the direction of 

the neonatal head turning bias (left-postured; right-postured).  

Cohen‘s (1992) rule of thumb for effect size interpretations was used for between-group 

comparisons: d = .10 (small effect), d = .30 (medium effect), and d = .50 (large effect). 

Significance was determined with a 95 % confidence level at p < .05. 
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Results 

Arterial wall shearing properties of the middle cerebral artery origin and distal trunk of 97 

healthy term neonates were calculated. Left-right asymmetries in wall shear stress were 

determined according to the geometric bias at each site and according to individual 

behavioural lateralisation.  

 

Implications of Structural Asymmetry for Arterial Vulnerability 

Left-right asymmetries in arterial diameter were found throughout the middle cerebral 

trunk. Of the 97 participating neonates, structural asymmetry was found in the trunk origin of 

89 neonates (56 males and 33 females; 52 left-dominant and 37 right-dominant) and distal 

trunk of 93 neonates (58 males and 35 females; 60 left-dominant and 33 right-dominant). 

Lateralised biases in structural dominance increased with closer proximity to the cortex and 

were systematically larger in the left cerebral hemisphere at the distal end, χ2(1) = 7.839, p = 

.005. A small proportion of participants showed no left-right differences in arterial diameter 

(origin: 8 %; distal trunk: 4 %). Mean peak systolic and end-diastolic wall shear stress and 

shear rates according to structural dominance are reported in Table 25. 
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Table 25 

Shearing parameters of left and right middle cerebral arteries according to geometric 

dominance and behavioural lateralisation  

   Left Hemisphere Right Hemisphere 

Artery Dominance Parameter M SD M SD 

Geometric 

dominancea 

MCAO Left WSSSYS (dyne/cm2) 80.36 18.77 91.32 22.39 

  WSSDIAS (dyne/cm2) 2.80 0.68 3.24 1.00 

  WSRSYS (s
-1) 1904.30 444.90 2164.09 530.50 

   WSRDIAS (s
-1) 663.41 160.15 768.58 237.28 

  Right WSSSYS (dyne/cm2) 99.51 32.68 84.14 27.73 

   WSSDIAS (dyne/cm2) 3.32 1.46 2.87 1.19 

   WSRSYS (s
-1) 2358.02 774.33 1993.86 657.18 

   WSRDIAS (s
-1) 785.86 346.08 678.36 281.55 

 MCADT Left WSSSYS (dyne/cm2) 86.69 26.81 97.56 33.08 

   WSSDIAS (dyne/cm2) 2.97 1.06 3.48 1.36 

   WSRSYS (s
-1) 2054.16 635.36 2311.91 783.94 

   WSRDIAS (s
-1) 702.77 250.65 818.09 322.95 

  Right WSSSYS (dyne/cm2) 100.26 30.39 84.80 20.63 

   WSSDIAS (dyne/cm2) 3.16 1.22 2.71 0.80 

   WSRSYS (s
-1) 2375.89 720.10 2009.58 488.97 

   WSRDIAS (s
-1) 748.60 289.23 642.41 190.72 

Behavioural 

lateralisationb 

MCAO Right WSSSYS (dyne/cm2) 86.16 23.06 91.39 23.86 

 WSSDIAS (dyne/cm2) 2.97 0.93 3.22 1.09 

 WSRSYS (s
-1) 2041.65 546.37 2165.67 565.31 

 WSRDIAS (s
-1) 703.09 220.26 763.30 258.86 

Left WSSSYS (dyne/cm2) 95.67 31.97 87.35 25.95 

 WSSDIAS (dyne/cm2) 3.26 1.42 2.96 1.21 

 WSRSYS (s
-1) 2266.99 757.66 2069.81 614.89 

 WSRDIAS (s
-1) 773.06 336.58 702.03 287.11 

MCADT Right WSSSYS (dyne/cm2) 89.57 26.13 94.73 31.75 

 WSSDIAS (dyne/cm2) 2.99 0.99 3.26 1.28 

  WSRSYS (s
-1) 2122.62 619.12 2244.76 752.35 

  WSRDIAS (s
-1) 709.44 235.21 772.10 302.71 

 Left WSSSYS (dyne/cm2) 96.85 33.02 92.81 28.11 

  WSSDIAS (dyne/cm2) 3.09 1.37 3.17 1.28 

  WSRSYS (s
-1) 2295.12 782.35 2199.33 666.18 

  WSRDIAS (s
-1) 733.35 324.07 752.19 304.18 

Note. MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; WSSSYS = Systolic wall shear stress; WSSDIAS = Diastolic wall 

shear stress; WSRSYS = Systolic wall shear rate; WSRDIAS = Diastolic wall shear rate.  
a Geometric dominance is determined by side with largest arterial calibre. 
b Behavioural lateralisation is determined by neonatal supine head posture orientation. 
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Neonatal arterial geometry differentially influenced peak systolic and end-diastolic 

shearing forces in the middle cerebral arterial origin and trunk terminus (Table 26 and 27; 

Figure 19). In participants with larger diameters in the left cerebral hemisphere, peak systolic 

and end-diastolic shearing forces were significantly lower on the left-side than on the right. 

This was true at the trunk origin and terminus. The converse was seen in right-dominant 

neonates with consistently lower wall shearing forces on the right than on the left (Table 26).  

 

Table 26  

Comparisons of wall shear stress parameters between left and right middle cerebral arteries 

according to geometric dominance and behavioural lateralisation 

 Artery Dominance Parameter t df p d 

Geometric 

dominancea 

MCAO Left WSSSYS -5.118 51 .000* -0.727 

  WSSDIAS -2.022 51 .000* -0.683 

  Right WSSSYS 20.270 36 .001* 0.572 

   WSSDIAS 0.664 36 .007* 0.432 

 MCADT Left WSSSYS -4.597 59 .000* -0.628 

   WSSDIAS -4.574 59 .000* -0.625 

  Right WSSSYS 4.705 32 .000* 0.940 

   WSSDIAS 3.081 32 .002* 0.602 

Behavioural 

lateralisationb 

MCAO Right WSSSYS -2.109 54 .020 -0.285 

  WSSDIAS -2.459 54 .009 -0.333 

  Left WSSSYS 1.445 30 .080 0.263 

   WSSDIAS 1.352 30 .094 0.246 

 MCADT Right WSSSYS -1.899 54 .032 -0.266 

   WSSDIAS -2.398 54 .010 -0.349 

  Left WSSSYS 0.888 30 .191 0.162 

   WSSDIAS -0.395 30 .348 -0.072 

Note. *p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; WSSSYS = 

Systolic wall shear stress; WSSDIAS = Diastolic wall shear stress. 
a Geometric dominance is determined by side with largest arterial calibre. 
b Behavioural lateralisation is determined by neonatal supine head posture orientation. 
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Table 27  

Effects of geometric dominance and behavioural lateralisation on shearing forces in the 

middle cerebral arterial trunk  

Geometric dominancea 

  Middle cerebral origin Middle cerebral distal trunk 

 Source df F p ηp2 df F p ηp2 

WSVSYS WSSSYS 1 0.939 .335 .011 1 1.303 .257 .014 

 Dominance 1 1.492 .225 .017 1 0.005 .945 .000 

 WSSSYS * Dominance 1 33.575 .000* .278 1 43.048 .000* .321 

WSVDIAS  WSSDIAS 1 .001 .976 .000 1 0.046 .861 .001 

 Dominance 1 .109 .742 .001 1 1.367 .245 .015 

 WSSDIAS * Dominance 1 22.661 .000* .207 1 27.122 .000* .230 

Behavioural lateralisationb 

  Middle cerebral origin Middle cerebral distal trunk 

 Source df F p ηp2 df F p ηp2 

WSVSYS WSSSYS 1 0.323 .571 .004 1 .050 .824 .001 

 Head posture 1 .290 .592 .003 1 .188 .665 .002 

 WSSSYS * Head posture 1 6.230 .015* .069 1 3.421 .068 .039 

WSVDIAS  WSSDIAS 1 0.045 .833 .001 1 2.672 .106 .031 

 Head posture 1 0.006 .937 .000 1 .001 .973 .000 

 WSSDIAS * Head posture 1 6.597 .012* .073 1 0.773 .382 .009 

Note. *p < .05; WSSSYS = Systolic wall shear stress; WSSDIAS = Diastolic wall shear stress. 
a Geometric dominance is determined by side with largest arterial calibre. 
b Behavioural lateralisation is determined by neonatal supine head posture orientation. 
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Figure 19. Interaction effects of neonatal middle cerebral WSSSYS (A), WSSDIAS (B), and geometric dominance and behavioural lateralisation. 

WSSSYS = peak systolic wall shear stress; WSSDIAS = end-diastolic wall shear stress; LMCA = Left middle cerebral artery; RMCA = Right 

middle cerebral artery. Error bars show the 95 % confidence interval. 
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Implications of Behavioural Lateralisation for Arterial Vulnerability 

Of the 97 participating neonates, a lateralised head posture was found in 86 neonates (50 

males and 36 females; 55 left-postured and 31 right-postured). Supine head orientation was 

systematically biased to the right, χ2(1) = 6.698, p = .010. A small proportion of participants 

did not meet the criteria of partial substrate-contact and therefore showed no clear postural 

asymmetry (11.3 %). Mean peak systolic and end-diastolic wall shear stress and shear rates 

according to behavioural lateralisation are reported in Table 25. 

Neonatal head posture differentially influenced peak systolic and end-diastolic shearing 

forces in the middle cerebral arterial origin (Table 26 and 27; Figure 19). The most consistent 

posture-related shearing asymmetries were found in neonates with a rightward head 

orientation. Right-postured neonates had lower peak systolic and end-diastolic wall shear 

stress in the left trunk origin and terminus. No lateral asymmetries were found in left-

postured neonates throughout the vessel.  
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Discussion 

The pathogenesis of higher left-than right occurrence of cerebrovascular pathology in 

adults (Foerch et al., 2005; Hedna et al., 2013; Naess et al., 2006; Rodríguez Hernández et al., 

2003) and children, infants and neonates (Coker et al., 1988; Guzzetta et al., 1986; Lee et al., 

2005; Miller et al., 2000; Uvebrant, 1988) has been elusive. Further insights might be gained 

from the peak systolic and end-diastolic wall shear stress asymmetries reported here. To our 

knowledge this is the first intentional investigation of lateral wall shearing asymmetries in the 

middle cerebral arteries of healthy term neonates.  

The present findings demonstrate that a systematic leftward arterial bias in wall shear 

stress is detectible in healthy term neonates. This asymmetry increases neurovascular 

vulnerability in the left cerebral hemisphere. Lateral differences in middle cerebral arterial 

calibre implies lower left-than-right peak systolic and end-diastolic endothelial shearing 

forces in left-dominant neonates. The converse was seen in right-dominant neonates. 

Structural dominance increased with closer proximity to the cortex and was systematically 

left biased at the distal extremity of the trunk. Shearing asymmetries follow this structure, to 

the disadvantage of the left hemisphere. 

Shearing asymmetries also differed according to the direction of infant head posturing. In 

right-posturing babies shearing asymmetries disadvantaged the left cerebral hemisphere and 

were consistently present at the origin and distal extremity of the trunk, while in left-

posturing babies no systematic shearing bias was detectible.  

Interactions between shear stress and the endothelium exert a key influence on the genesis 

of vascular pathology (Davies, 2009). Shearing forces in the carotid arteries result from 

complex flow properties and promote the development of atherosclerosis, preferentially at the 

bifurcation, in adults (Manbachi et al., 2011). Shearing forces in vessels more proximal to the 



137 

CEREBRAL ARTERIAL ASYMMETRIES  

cerebrum influence pathologies such as the development of aneurysms (Pertold, Thurner, & 

Kenner, 1994) and the destabilisation of plaques (Staessen et al., 2001). 

The findings of this study are consistent with the hypothesis that wall shear stress varies 

according to geometric and behavioural lateralisation in the neonatal cerebral arterial trunk. 

This adds to a body of literature (for example Cheng et al., 2007; Dammers et al., 2003; 

Menshawi et al., 2015; Wu et al., 2004) demonstrating that wall shear stress varies with 

location across the cardiovascular system. These findings therefore bring Murray’s law of 

constant shearing forces throughout the arterial system (Murray, 1926a, 1926b) into question. 

The ontogenesis of atherosclerosis begins very early in life (Hong, 2010; Milei et al., 

2008). While incipient atherosclerotic changes are minor in most cases, the process can be 

accelerated in the presence of a variety of conditions (Hong, 2010). Menshawi and colleagues 

(2015) postulate that individuals born with an unfavourable arterial geometry are more 

susceptible to the atherosclerotic effects of traditional vascular risk factors. Although left-

lateralised lesions are not inevitable, the predisposing effects of "atherosclerosis-enabling" 

anatomy reported here might provide the framework for a greater left-than right incidence of 

cerebrovascular pathology (Coker et al., 1988; Menshawi et al., 2015).  

If the present findings are stable across the lifespan and are also consistently discernible in 

adults, extended exposure to a lateralised arterial vulnerability might also shed light on the 

ontogenesis of leftward biases in carotid intima-media wall thickness (Denarie et al., 2000; 

Lemme et al., 1995; Rodríguez Hernández et al., 2003), plaque incidence, thickness, and 

instability (Selwaness et al., 2014), and large-vessel ischaemic events in adults 

(Bogousslavsky & Regli, 1987; Foerch et al., 2005; Hedna et al., 2013; Heinsius, et al., 1998; 

Hindfelt, & Nilsson, 1977; Naess et al., 2006; Neau et al., 1998; Rodríguez Hernández et al., 

2003; Weinstein, 2001). 
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Haemodynamic and structural asymmetries described in this dissertation could exist as an 

adaptation to greater metabolic demands in the cerebral hemisphere dominant for language 

and behavioural functions (Jansen van Vuuren et al., 2016; Kamath, 1981). The possibility 

that previously reported adult carotid asymmetries promotes a lateralised distribution of 

shearing stresses is currently being explored. Ironically, the lateralised neurovascular 

framework within which language develops might also contain the seeds of its most 

significant cerebrovascular threat.  
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Chapter 6 

General Discussion 

The current findings strongly support the notion that arterial asymmetries and their 

relationship to a behavioural manifestation of cerebral lateralisation appear early and are 

present at birth. This opens the question of the origins of this asymmetry. This final section 

explores a number of biological properties that may contribute to the asymmetry and to an 

understanding of its role in cerebral lateralisation. These will include genetic factors, 

angiogenetic and vascular remodelling factors, as well as the functional neuroanatomy of 

neonatal head posture. This will be preceded by a very brief history of the phenomena 

investigated here and a summary of the present findings. 

The discovery of hemispheric lateralisation for speech in the 1860s and its relationship 

with manual preference birthed the field of asymmetry research (Güntürkün, & Ocklenburg, 

2017). Not long after, the question of an arterial correlate of cerebral lateralisation was raised 

(de Fleury, 1873; Ogle, 1871). Early investigations of arterio-handedness relationships were 

preoccupied with the asymmetric branching of the carotids off the aortic arch as the driving 

force of arterial asymmetry (Ogle, 1871) and the theory was quickly dismissed by key figures 

of the time (Beeley, 1919; Broca, 1977; Critchton-Browne, 1907; Cunningham, 1902; Huber, 

1910; Kellogg, 1989). Research proceeded on the assumption of trans-midline symmetry 

between paired vessels and the pursuit for an arterial correlate of hand preference was 

deserted. The accumulation of more recent evidence for systematic leftward diametric and 

blood flow asymmetries in large cerebral vessels and their extracranial parent branches (see 

Chapter 1; Abd-el Bary et al., 1995; Bogren et al., 1994; Donis et al., 1988; Enzmann et al., 

1994; Holdsworth et al., 1999; Jansen van Vuuren et al., 2016; Leutin et al., 2004; Luo et al., 

2011; MacDonald & Frayne, 2015; Marks et al., 1992; Mazziotta & Phelps, 1984; Müller et 

al., 1991; Mitchell, 2004; Ogle, 1871; Schöning et al., 1994; Scialfa et al., 1975; Seidel et al., 
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1999; Thiel et al., 1994; Willis et al., 2002; Yuan et al., 1994; Zhao et al., 2007; Zbornikova 

& Lassvik, 1986), in addition to strong arterio-handedness relationships in the carotid arteries 

of adults (Jansen van Vuuren et al., 2016) directly led to the neonatal work presented here. 

The current thesis sought to clarify a number of issues regarding arterio-behavioural 

relationships, that is, (1) overcoming methodological shortcomings of previously used 

Doppler ultrasonography protocols to reliably and non-invasively image the 

structurofunctional properties of the neonatal cerebrovasculature; (2) determining whether the 

ground plan of adult vascular asymmetries were detectable in the middle cerebral arterial 

trunk of healthy term neonates; and (3) exploring the extent to which individual vascular 

asymmetries were related to the neonatal head orientation bias. This thesis went beyond 

describing geometric and haemodynamic differences between paired neonatal vessels by 

investigating their contribution to asymmetric wall shearing forces within the 

cerebrovasculature. These asymmetric vulnerabilities were further explored as a potential 

mechanism associated with a greater risk of subsequent left-sided cerebrovascular lesions in 

neonates and adults. 

 

Summary of Findings 

Until now there has been a presumption that the neonatal cerebral vasculature is 

symmetric. To our knowledge, this is the first time the middle cerebral arterial trunk has been 

non-invasively imaged in newborns at a sufficient level of resolution to allow for accurate 

bilateral diametric and corresponding flow analyses. 

Bilateral structural symmetry between the paired middle cerebral vessels of healthy 

neonates is an exception (< 8 %) rather than an anatomical rule. Instead, trunk calibre and 

corresponding blood flow volume is systematically asymmetric and biased to the left cerebral 

hemisphere. Structurofunctional gradients in the degree of asymmetry exists across the trunk, 
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with the preponderance for a leftward arterial dominance increasing with closer proximity to 

the cortex. 

Not unlike carotid arterio-handedness relationships in adults (Jansen van Vuuren et al., 

2016), the neonatal arterial asymmetry was also meaningfully related to the supine head 

orientation bias. This behaviour was described in depth in the dissertation. The 

preponderance for a rightward head position, as opposed to any non-rightward head position, 

was systematic in the sample and in keeping with earlier studies of head turning preferences 

(Casear, 1979; Coryell & Michel, 1978; Gesell & Ames, 1947, 1950; Grattan et al., 1992; 

Hopkins et al., 1987; Liederman, 1987; Michel & Goodwin, 1979; Rönnqvist & Hopkins, 

1998, 2000; Saling, 1979, 1983; Turkewitz, 1977; Turkewitz & Creighton, 1974). Intra-

individual posturo-static and kinetic components of the posture were in accord with one 

another and were unaffected by fluctuations in state. The first turn out of the midline was 

therefore an ideal grouping variable for arterio-postural analyses. 

By and large the arterio-postural relationship is characterised by larger arterial diameters 

and higher blood flow volumes in the left hemisphere of right-postured neonates. Deviations 

from this typical arterio-postural association begin to unfold increasing lateral heterogeneity 

in head turning behaviour. In left turning newborns the coherence of the arterio-postural 

relationship is dependent on the magnitude of arterial asymmetry across the midline of the 

brain, as well as maintenance of these larger arterial diameters from the proximal to distal 

regions of the right trunk. Only 17.4 % of the sample demonstrated the most consistent 

rightward arterial asymmetries with leftward turning dispositions. This value is comparable 

with the proportion of adult left-handedness (Michel et al., 2013). Adult arterio-handedness 

relationships are comparable to this finding as the degree of arterial dominance was 

associated with the degree of contralateral hand proficiency (Jansen van Vuuren et al., 2016). 
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As the most common site for adult and neonatal stroke, bilateral wall shearing forces of 

the middle cerebral trunk were calculated to explore the potential contribution of arterial 

biases on the higher occurrence of left hemispheric cerebrovascular pathology in adults 

(Hedna et al., 2013; Foerch et al., 2005; Naess et al., 2006; Rodríguez Hernández et al., 2003) 

and neonates (Guzzetta et al., 1986; Coker et al., 1988; Lee et al., 2005; Miller, 2000; 

Perlman et al., 1994; Uvebrant, 1988). Wall shear stress was asymmetric across the midline 

and varied according to geometric and behavioural lateralisation. Shearing asymmetries 

systematically disadvantaged left hemispheric endothelium with lower left-than-right peak 

systolic and end-diastolic endothelial shearing forces in neonates with larger left-sided 

arteries and with right-sided head postures. 

 

Neurobiological Underpinnings of Head Turning Asymmetry  

There is little understanding of the neuronal substrate of neonatal head posture 

asymmetries. Cerebral lateralisation, classically described in the mature brain, is considered 

predominantly neocortical (Galaburda et al., 1978), and adult-like parenchymal and 

haemodynamic asymmetries have repeatedly been demonstrated in the neocortex of the 

neonatal brain (Catani et al., 2007; Chi et al., 1977a, 1977b; Dehaene-Lambertz, 2000; 

Dehaene-Lambertz et al., 2002, 2006, 2010; Dubois et al., 2008; Field et al., 2002; Fontes, 

1944; Foundas et al., 1994; Geschwind & Levitsky, 1968; Geschwind & Galaburda, 1985; 

Peña et al., 2003; Perani et al., 2011; Sowell et al., 2002; Van Essen, 2005; Wada et al., 1975; 

Witelson & Pallie, 1973). While these neocortical asymmetries are identifiable in neonates, 

lateralised head posturing has been conceptualised as a subcortically mediated behaviour 

(Kinsbourne 1980; Liederman, 1977; Liederman & Kinsbourne, 1980a; Saling, 1982). This 

central striatal asymmetry is thought to operate during the newborn period and to formulate 

movements and postures through extrapyramidal pathways (Peters, 1983). 
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Evidence for this subcortical substrate largely stems from rodent literature. Individual rat 

turning behaviours are lateralised with equal population frequencies towards the left and right 

sides (Andrade et al., 2001; Glick, Jerussi, Waters, & Green, 1974; Jerussi, & Glick, 1974; 

Ungerstedt, 1971; Zimmerberg, Glick, & Jerussi, 1974). The direction of this turning 

preference is contraversive to the hemisphere with intrinsically higher dopaminergic 

neurotransmission in the nigrostriatal system (Glick et al., 1974; Rodriguez, Martin & 

Santana, 1994). This relationship has repeatedly been demonstrated in studies of dopamine 

content (Afanso, Santana, & Rodriguez, 1993; Castellano, Diaz-Palarea, Rodriguez, & 

Barroso, 1987; Diaz-Palarea, Gonzalez, Rodriguez, 1987; Zimmerberg et al., 1974) dopamine 

metabolism (Yamamoto & Freed, 1984), dopamine receptors (Jerussi, & Glick, 1975), 

dopamine-stimulated adenyl cyclase activity (Jerussi, Glick, & Johnson, 1977), and 

experimental lesion and injection studies (Glick et al., 1977). 

In human newborns, turning tendencies manifest as postural asymmetries which are 

overwhelmingly right biased (Kurtzberg et al., 1979; Liederman, 1983; Michel, 1981; Saling, 

1979; Turkewitz & Creighton, 1974). Direct assessment of lateralised posturing and 

dopaminergic asymmetry in the neonate have yet to be conducted. Evidence for human 

striatal asymmetries, however, can be found in neurotransmitter, activation, and volumetric 

studies. These asymmetries are also often related to adult hand preference and proficiency. 

Larger left-than-right volumes are reported in the globus pallidus, thalamus, and putamen 

of right-handers (Kang et al., 2015; Kooistra, & Heilman, 1988). Striatal activation also 

shows evidence of lateralisation during motor function, with a higher left-than-right sided 

activity in right-handers, regardless of the hand used (Scholza et al., 2000). Dopaminergic 

biases towards the left striatum have been noted at rest (de la Fuente-Fernández et al., 2000; 

Glick, Ross, & Hough, 1982; Kooistra, & Heilman, 1988; Rossor, Garrett, & Iversen, 1980), 

with a particular leftward dominance of dopamine and acetyltransferase in the left globus 
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pallidus (Kooistra, & Heilman, 1988; Rossor et al., 1980; Tucker & Williamson 1984; 

Tucker, 1987; Glick et al., 1982) and putamen (Albin, Young, & Penney, 1989; Alexander & 

Crutcher, 1990; Alexander, Crutcher, & De Long, 1990; Alexander, DeLong, & Strick, 1986; 

de la Fuente-Fernández et al., 2000; Flaherty & Graybiel, 1994). Behaviourally, the degree of 

right-hand preference also increases with left putamen dopaminergic dominance in right-

handed subjects (de la Fuente-Fernández et al., 2000). Dopaminergic asymmetries are also 

thought to contribute to asymmetric patterns of hemispheric activation as supported by strong 

correlations between striatal dopaminergic dominance and contralateral orienting biases in 

healthy adults (Tomer et al., 2013). 

While reports of the above volumetric and neurochemical asymmetries are largely based 

on adult findings, the neonatal head orientation bias is considered prominent in the first few 

weeks of postnatal development because (1) anatomical and functional maturation of 

subcortical regions precede that of cortical regions responsible for motoric function 

(Andersen, Thompson, Rustein, Hostetter, & Teicher, 2000; Teicher, Andersen, & Hostetter, 

1995); (2) postnatal transformations in neural functioning, such as improvements in the visual 

system and increased postural stability, have yet to develop (Hopkins & Prechtl, 1984; 

Hopkins et al., 1990; Prechtl, 1984); and (3) during this period neural factors rather than 

environmental factors dominate behaviour (Liederman, 1983). 

The mechanisms controlling lateralised asymmetry in head posturing and handedness are 

considered developmentally tied (Michel et al., 2013). Given the rich interconnections 

between the striatum and the cerebral cortex, morphological and neurochemical asymmetries 

at a subcortical level are thought to implicate the development of other cerebral asymmetries 

since hemispheric connections are built on an asymmetrical subcortical base (Peters, 1983). 

Trevarthen (1996) proposed that the development of cortical asymmetries is regulated by 
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input from asymmetric subcortical neurochemical systems that regulate motor initiation, 

exploration, and attention. 

There are examples of this type of mechanism in other contexts and age groups. Muftuler 

and colleagues (2011) report asymmetric growth of the thalamus in healthy children (aged 6 

to 10 years), with significantly greater volumetric growth of the left thalamus compared to 

the right (Muftuler et al., 2011). During this time, cortical thinning is more extensive in the 

right sensorimotor cortex, and occipital and parietal lobes. Unilateral thinning also occurs in 

the right superior temporal sulcus and middle temporal gyrus of the temporal lobe (Muftuler 

et al., 2011). Sowell and colleagues (2004) report cortical thickening of language areas 

around the same age. Reasons for these neurodevelopmental asymmetries are not clear. If 

cortical thinning is a result of synaptic pruning and apoptosis, these findings may reflect the 

encephalisation of a thalamic asymmetry. Developing motor skills and handedness at the time 

are also thought to play some role in this process (Muftuler et al., 2011). 

While the exact neural substrate of neonatal head posture asymmetries has long been 

debated, there is little room to dispute that lateralised head posture is part of the same 

laterally differentiated motor system as later hand preference. The propensity to adopt a 

lateralised head posture when supine and the direction of the head turning asymmetry is a 

stable individual characteristic (Rönnqvist & Hopkins, 1998; Saling, 1982), is predictive of 

future handedness (Goodwin & Michel, 1981; Liederman, 1983; Michel, 1981), and is 

uninfluenced by fluctuations in behavioural state or extraneous environmental factors 

(Goodwin & Michel, 1981; Michel & Goodwin, 1979; Turkewitz & Creighton, 1974). 

 

Towards a Model of Arterio-behavioural Relationships 

The findings of this work suggest that the ground plan of adult arterial asymmetries 

(Jansen van Vuuren et al., 2016) is discernible in neonates and might be meaningfully related 
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to future manual preference and cerebral dominance for language and practic functions. From 

a functional point of view, the direction of this asymmetry potentially accommodates greater 

perfusion demands in the language dominant hemisphere (Jansen van Vuuren et al., 2016). 

Vascular asymmetries in right-posturing neonates reflect a predominantly leftward bias in the 

metabolic demand of the lateral surface of the frontal, parietal, and temporal lobes, as well as 

medial subcortical structures of the brain. The arterial asymmetry is less marked in the 

presence of atypical behavioural lateralisation―with a higher likelihood of a leftward 

postural expression in cases of extreme reversals of the arterial bias. 

The ontogenesis of the arterial asymmetry reported here and its relationship with cerebral 

lateralisation is unknown. The present findings raise the question of a top-down, possibly 

demand-driven, neurodevelopmental process, in which greater left hemispheric resource 

utilisation culminates in commensurate compensatory changes in vascular supply. Discussion 

will proceed based on the notion of an overarching more resource intensive left cerebral 

hemisphere (Jansen van Vuuren et al., 2016, Kamath, 1981) and greater left versus right 

asymmetry in neonatal grey and its subjacent white matter (Gilmore et al., 2007; Ratnarajah 

et al., 2013). Evidence for this asymmetry in adults and neonates have been extensively 

reviewed in the general introduction (Chapter 1) on page 5. 

 

Mechanisms of a Top-down Neurodevelopmental Model  

Medium to large vessels superior to the carotid bulb appear symmetric to the naked eye 

and perfuse the left-right cerebral hemispheres in pairs. The topological arrangement of 

individual microvascular vessel segments and their structural characteristics are, however, 

overtly heterogeneous and cause varied distributions of flow and oxygen availability in tissue 

(Pries, Reglin & Secomb, 2011). Terminal vascular beds are typified by significant variability 

in vessel diameter, length, flow velocity, shear stress, perfusion and oxygen saturation, as 
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well as number of vessel segments (Bassingthwaighte, King, & Roger, 1989; Decking & 

Schrader, 2001; Deussen, 1998; Duling & Damon, 1987; Pries, Secomb, & Gaehtgens, 1995; 

Pries et al., 2011; Wagner, 2003; Zuurbier, van Iterson, & Ince, 1999). This heterogeneity is 

in contrast with classical assumptions of identical vascular phenotypes (Krogh, 1919, 1929). 

Neural and vascular cells are tightly coupled and form a functionally integrated network 

(Andreone et al., 2015; Hamel, 2006; Lecrux & Hamel, 2011), and flow characteristics within 

major vessels reflect both the anatomic position of the vessel and the physiologic need of the 

organ it supplies (Nelson & Pretorius, 1998). During postnatal development significant 

morphological and functional changes of the brain’s vasculature occur (Kozberg & Hillman, 

2016). The mechanisms behind these adaptations are complex and are driven by a multitude 

of acute and chronic factors. 

The neurovascular unit (NVU) is considered the neuroanatomical substrate of 

neurovascular interactions and of the blood-brain barrier (Lacoste & Gu, 2015). This complex 

multicellular system controls cerebral vessel diameter to adequately meet the demands of 

neural tissues in the respective vascular territory (Attwell et al., 2010; Cauli & Hamel, 2010; 

Chen, Kozberg, Bouchard, Shaik, & Hillman, 2014; Fernandez-Klett, Offenhauser, Dirnagl, 

Priller, & Lindauer, 2010; Hall et al., 2014; Hamel, 2006; Howarth, 2014; Lacoste & Gu, 

2015; Lecrux & Hamel, 2011; Lo & Rosenberg, 2009; Petzold & Murthy, 2011) and strictly 

regulates the transfer of ions, molecules and cells between the blood and brain parenchyma 

for optimal neural function (Andreone et al., 2015; Blanchette & Daneman, 2015). 

Activity dependent vascular remodelling. Accumulating effects of asymmetrical top-

down metabolic demands in early embryonic and prenatal development could account for the 

systematic structural asymmetries found in this dissertation at birth. The vascular 

endothelium is key to neurovascular signalling and the haemodynamic response (Chen et al., 

2014). This response originates in the capillary bed and the dilation is back propagated along 
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the arterial tree to eventually reach larger arteries (Kozberg & Hillman, 2016). While medium 

to large vessels have a more complex cellular construction than small vessels and capillaries, 

their structure confers stability of the vessels, while still allowing them to dynamically 

respond to changing metabolic demands using both acute and chronic adaptations (Udan, 

Culver, & Dickinson, 2013). 

Human and rodent studies suggest that neurovascular coupling is not fully functional in 

the newborn brain and haemodynamic responses are spatially and temporally different to 

those seen in adults until a few weeks after birth (Anderson et al., 2001; Born, Rostrup, 

Miranda, Larsson, & Lou, 2002; Kozberg et al., 2013; Muramoto et al., 2002; Yamada et al., 

2000). Lower and slower positive peak amplitudes of Blood Oxygen Level Dependent 

(BOLD) haemodynamic response functions are reported in term neonates (Arichi et al., 

2012). Despite these slowed responses, robust electrophysiological responses to simple 

somatosensory stimuli, can be elicited at even significantly younger ages in both animal and 

human subjects (Vanhatalo & Lauronen, 2006). 

Lacoste and Gu (2015) argue that the neonatal brain relies on alternative pro-angiogenic 

mechanisms to adequately meet the increasing energy demands of the parenchyma. Therefore 

activity-induced neural and vascular plasticity are integral to postnatal neurovascular 

remodelling (Norman & O'Kusky, 1986) and are optimised in regions of higher neural 

activity (Kozberg & Hillman, 2016; Riddle et al., 1993).  

Early embryonic neuronal environments sculpt the cerebrovasculature through ingression 

and pruning of blood vessels (Daneman et al., 2009; Haigh et al., 2003; Hogan, Ambler, 

Chapman, & Bautch, 2004). The proliferation and activity of multiple cell types of the NVU 

during peri and postnatal development continually influence vessel density and branching 

(Arnold & Betsholtz, 2013; Lacoste & Gu, 2015; Lee & McCarty, 2014; Ma, Kwon, & 

Huang, 2012; Ma, Kwon, Johng, Zang, & Huang, 2013). Postnatally, increased sensory 
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stimulation has been shown to directly lead to higher densities and branching of microvessels 

in the primary somatosensory cortex (Argandona & Lafuente, 1996, 2000; Black, Sirevaag, & 

Greenough, 1987; Katz & Shatz, 1996; Lacoste et al., 2014; Sirevaag, Black, Shafron, & 

Greenough, 1988; Zhang & Poo, 2001). Angiogenesis in response to environmental 

experience is greatest during development and is maintained during adulthood (Black, 

Polinsky, & Greenough, 1989). 

While the remodelling of medium to large vessels is peaked during early postnatal 

development (Brownlee & Langille, 1991), cerebrovascular asymmetries at birth may 

continually be reinforced with further maturation. Adaptations of vessel calibre and blood 

flow to chronic changes in brain structure and activity are well documented throughout the 

lifespan (Abbie, 1933; Brownlee & Langille, 1991; Delp, Colleran, Wilkerson, McCurdy, & 

Muller-Delp, 2000; Langille & O’Donnell, 1986; Murray, 1926a, 1926b; Pries, Reglin, & 

Secomb, 2001; Smiesko & Johnson, 1993). This arterial remodelling is critical for a variety 

of developmental, physiological, pathological, or even therapeutic processes (Brownlee & 

Langille, 1991; Guyton & Hartley, 1985; Langille, Bendeck, & Keeley, 1989) and is 

positively related to wall shear stress and inversely related to intravascular pressure 

(Brownlee & Langille, 1991; Delp et al., 2000; Langille & O’Donnell, 1986; Murray, 1926; 

Pries et al., 2001; Smiesko & Johnson, 1993). 

It is hard to dispute the continued impact of parenchymal demand in determining the form 

and size of the cerebrovascular system (Abbie, 1933; Bernasconi & Cassinari, 1956; Rossitti 

& Löfgren, 1993; van der Zwan, et al., 1992; van Overbeeke et al., 1991). Since the earliest 

observation of neuroanatomical laterality has been reported at just 11 weeks post conception 

(Abu-Rustum, Ziade, & Abu-Rustum, 2013; Kasprian et al., 2011), it seems reasonable to 

speculate that neonatal arterial asymmetries in vessels subserving lateralised functions, like 
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those reported in this work, might result from the accumulating influence of asymmetrical 

top-down metabolic demands in early development.  

 

Genetic and Cerebral Demand in the Emergence of Asymmetry  

Genetic programs initiate gross structural properties of neural and vascular networks 

(Adams & Eichmann, 2010; Andreone et al., 2015; Carmeliet & Tessier-Lavigne, 2005; Tam 

& Watts, 2010; Pries et al., 2011). In the first few weeks of embryonic development the 

bilaterally symmetric primitive arterial system is transformed into the notorious aortic 

branching asymmetry−where the right common carotid artery arises off of the 

brachiocephalic trunk (which it shares with the right subclavian artery) and the left common 

carotid artery arises directly off of the aorta (Davies & Guest, 2003; Hanneman, Newman, & 

Chan, 2017; Lopez-Garcia & Ros, 2007).  

There is evidence to suggest a lateralised genetic specification for cortical angiogenesis. 

Recent RNA sequencing analyses of post mortem human embryos and foetuses showed that 

gene sets for angiogenesis are significantly asymmetric and more strongly expressed in the 

cortex of the left cerebral hemisphere (De Kovel, Lisgo, Fisher, & Francks, 2018). While 

blood vessels provide the developing tissue with oxygen, they can also play many roles in the 

development of central nervous system tissue, including guiding axon outgrowth and 

neuronal migration (for an extensive review see Eichmann & Thomas, 2013). The presence 

of robust adult-like structural cerebrovascular asymmetries at birth might then also require 

consideration of additional ontogenetic mechanisms.  

Considering situs inversus. Left-right asymmetry is a conserved feature in the vertebrate 

body plan and is established during early embryonic development (Zhu, Belmont, & Ware, 

2006). Motile cilia produce leftward laminar flow of extraembryonic fluid at the 

endodermally derived ventral node and cause a left-sided accumulation of the morphogen 
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NODAL (Nonaka et al., 1998; Hirokawa, Tanaka, Okada, & Takeda, 2006; Zhu et al., 2006). 

This event is thought to establish the “leftness” of the lateral plate mesoderm by inducing 

left-specific gene cascades (Bush et al., 1998; Capdevila et al., 2000; Hamada, 2002; Harvey, 

1998, Hirokawa et al., 2006; Levin, 2005; Yost, 1999). Soon after, asymmetric looping of the 

primitive heart and gut tubes give rise to distinct asymmetric positions of the viscera 

(Dasgupta & Amack, 2016; Kaufman, 1992). 

A loss of cilia motility can result in either reversed or ambiguous left-right visceral 

asymmetries (Brueckner, 2007; Dasgupta & Amack, 2016; Kennedy et al., 2007). Situs 

inversus totalis, the mirror inversion of the typical anatomical arrangement of the cardiac 

atria and viscera (situs solitus; Sutherland & Ware, 2009), is found in approximately 50 % of 

patients with primary ciliary dyskinesia (Afzelius, 1976; Kartagener, 1933; Sutherland & 

Ware, 2009). 

The idea that situs inversus totalis is responsible for left-handedness belongs to Ludovico 

Ricchieri (1450-1520) and has since then been a common topic of concern for laterality 

research (Baille, 1809; Browne, 1646; Cockayne, 1938; Gordon, 1998; Pye-Smith, 1871; 

Shaw, 1877; Watson 1836; Torgersen, 1950). The phenomenon is inextricably woven with 

the field of lateralisation and has often resurfaced as an explanatory concept (Afzelius, 1976; 

Cohen, Geny, Hermine, Gray, & Degos, 1993; Brandler et al., 2013; Brown & Wolpert, 

1990; McManus, Davison, & Armour, 2013). Exploration of the relationship between a 

reversal in situs and cerebral and behavioural laterality continues to this day (for example 

Ihara et al., 2010; Schuler et al., 2017; Vingerhoets et al., 2018). The condition has previously 

been used to discount early arterio-handedness theories and therefore requires some 

discussion here. 

Ogle’s (1861) early search for a vascular correlate of cerebral lateralisation was discounted 

by Broca (1877) who argued that carotid branching asymmetries would have no decisive 
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influence on the division of labour between the two cerebral hemispheres. He dismissed the 

theory on the basis that an inversion of the conventional vascular branching pattern (through 

situs inversus totalis) is not found in most left-handers. 

The early blood flow theory proposed by Ogle (1871) and de Fleury (1873) is flawed in 

that it emphasised the conventional aortic branching pattern as the driver of arterial, cerebral, 

and behavioural asymmetries. Nevertheless, this dissertation, and my earlier work (Jansen 

van Vuuren et al., 2016), have shown that there is some substance to the early 

handedness/blood flow theory. The possibility of a genetically specified arterial correlate of 

cerebral lateralisation requires one to address the irrelevance of situs inversus for the 

morphogenesis of vascular asymmetry. 

Arterio-handedness relationships in the supra-aortic vasculature of situs solitus adults, 

however, occur irrespective of aortic branching anomalies and strengthen with closer 

proximity to cerebral structures (Jansen van Vuuren et al., 2016). Our neonatal findings show 

a similar structurofunctional gradient across the middle cerebral arterial trunk. There is 

therefore no anatomofunctional reason to believe that an embryological inversion of gross 

arterial structures in situs inversus would have a significant specifying effect on subtler 

asymmetries in the distal components of the extracranial and intracranial arterial systems. 

Situs inversus is also inconsequential for behavioural (Afzelius, & Sternam, 2006; 

Browne, 1646; McManus, Martin, Stubbing, Chung, & Mitchison, 2004) and cerebral 

lateralisation (Ihara et al., 2010; Schuler et al., 2017; Vingerhoets et al., 2018). Structural and 

functional brain imaging studies have confirmed that complete visceral reversal has no effect 

on the lateralisation of brain morphology and activity associated with language (Ihara et al., 

2010; Schuler et al., 2017; Vingerhoets et al., 2018). Reversal of the situs does, however, 

reverse the typical direction of left occipital-right frontal petalia torque asymmetry of situs 

solitus individuals (Ihara et al., 2010; Kennedy et al., 1999; Tubbs et al., 2003; Vingerhoets et 
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al., 2018). This suggests that the petalia is unrelated to lateralisation of language which is 

further supported by its early evolutionary origin and presence in all hominid primates 

(Balzeau, Gilissen, & Grimaud-Hervé, 2012; Chance & Crow, 2007). 

It is likely that multiple mechanisms are responsible for the development of morphologic 

cerebral asymmetries (Ihara et al., 2010). At some early point in the left-right pathway, 

breaking of visceral symmetry is related to gross structural cerebral asymmetries, but is 

dissociated from more upstream mechanisms responsible for functional cerebral lateralisation 

(Ihara et al., 2010; Kennedy et al., 1999; Levin, 2005; Tubbs et al., 2003).  

Since the genetic specification of cerebral asymmetries related to lateralised function 

occur upstream of mechanisms that cause situs inversus, it seems likely that similar arterio-

handedness and arterio-postural relationships exist in situs inversus and situs solitus 

individuals (Jansen van Vuuren et al., 2016).  

Given the rarity of situs inversus (∼1 in 10,000; Torgersen, 1950), investigation of supra-

aortic arterial asymmetries and its relationship with cerebral or behavioural lateralisation in 

this population have not been conducted (Gordon, 1998; Torgersen, 1950; Watson, 1936). 

There is, to our knowledge, one post-mortem case study that reports the bilateral intracranial 

vessel diameters of a 102-year-old female with situs inversus (Tubbs et al., 2003). A 

rightward dominance of the supraclinoid segment of the internal carotid artery at the 

intracranial base (right 5.1 mm; left 3.0 mm), the A1 segment of the anterior cerebral artery 

(right 3.2 mm; left 2.0 mm), the M1 segment of the middle cerebral artery (right 3.1; left 2.1 

mm), and intradural vertebral artery (right 4.2 mm; left 2.5 mm) were reported. Participant 

handedness was, however, not recorded in this single case study, making it impossible to 

know how these asymmetries relate to functional cerebral lateralisation (Tubbs et al., 2003). 

Vascular development might therefore also be a product of at least two independent 

developmental mechanisms; one of which is related to gross visceral asymmetries, and the 
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other has functional implications. In other words, the overall gestalt of left-right vasculature, 

in terms of placement and orientation (such as aortic branching), might be established in 

conjunction with gross visceral asymmetries. However, the development of supra-aortic 

arterial characteristics with direct cerebro-functional implications (such as that found in the 

handedness- and posture-related arterial bias) might be paired with mechanisms responsible 

for cerebral lateralisation.  

Faint but systematic echoes of a leftward bias in angiogenic prespecification can be found 

in other supra-aortic extracranial vessels, where asymmetries are meaningless for the brain. 

The vertebral arteries are left-dominant in approximately 54 % of cases (Cagnie et al., 2006). 

This pattern is not related to hand preference (Cagnie et al., 2006) and is inconsequential for 

cerebral lateralisation because the left and right vertebral arteries converge to form the 

midline basilar artery prior to contributing to cerebral perfusion. A similar leftward bias has 

also been reported in the external carotid arteries (occurring in 58 % of cases), with no 

meaningful relationship to handedness (Jansen van Vuuren et al., 2016). The fact that these 

biases exist suggest a genetic specification for the asymmetry in angiogenesis. If this is the 

case, existing asymmetries in arteries supplying the cerebral cortex might be therefore be 

enhanced by ongoing asymmetric demand of the tissue through the top-down mechanisms 

described above. 

  

Implications and Future Directions 

The empirical support for an arterial correlate of lateralised cerebral function has key 

implications for the understanding of the origins of human cerebral organisation from 

evolutionary and ontogenetic perspectives. The imaging used here opens an entirely new 

avenue of cerebrovascular imaging in the very young and is potentially of great interest to a 

number of branches of medicine and the neurosciences. 
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The arterial asymmetries presented here are naturally occurring in healthy individuals. 

Ultimately, routine investigations of the neonatal brain should proceed on the expectation that 

asymmetries in the middle cerebral arteries are a normal attribute of lateral cortical supply. 

The current research was necessarily cross-sectional in nature as a longitudinal study was 

beyond the scope of this dissertation. A longitudinal perspective developed in future research 

is essential to clarify the importance of the arterial correlate described here. Longitudinal 

investigations might relate vascular asymmetries to hemispheric lateralisation, as determined 

by paediatric functional transcranial Doppler ultrasonography, a reliable and non-invasive 

tool for the investigation of language lateralisation in young children (Groen, et al., 2012; 

Lohmann, Dräger, Müller-Ehrenberg, Deppe, & Knecht, 2005; Payne, Gutierrez-Sigut, Woll, 

& MacSweeney, 2019). The findings of this study lay the groundwork for investment for 

future longitudinal studies which should explore the presence of supra-aortic arterial 

asymmetries both pre and post-birth. Insight into the genesis and ontogeny of cerebrovascular 

asymmetries and arterio-behavioural relationships might be gleaned from a prenatal study.  

Ultrasonography of preterm cerebral arteries is common in routine clinical practice 

(Ebbing et al., 2007; Kehrer et al., 2002; Kehrer et al., 2003; Hayashi et al., 1992; Pezzati et 

al., 2002; Raju et al., 1987; Seffah & Swarray-Deen, 2016; Sinha et al., 2006; Yoshida et al., 

1991). Given the high accessibility of this population and the relative ease to which their 

cerebrovasculature can be imaged, a replication of the current work on healthy preterm 

neonates seems a natural progression from the current work. 

 

Brief Epilogue 

The existence of a vascular correlate of the most manifest of human behavioural 

asymmetries now directs attention to fundamental biological factors, such as metabolic 

demand. These findings also represent an interesting case study in the history of science 
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which is often characterised by hypothesis, followed by resounding rejection, and eventual 

closure of a chronological loop spanning centuries. In spite of this history, the fact of the 

matter is, that a core vascular asymmetry does exist and is likely to be a vital contributor to 

the uniquely human phenomenon of cerebral lateralisation.   
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Appendix 2: Consent Form  
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Appendix 3: Neonatal Behavioural Assessment Scale 

 

State Criteria Associated Phenomena 

State 1 Eyes closed, regular respiration, no 

movements 

Stable posture is maintained; 

movements are limited to startles 

which occur periodically 

State 2 Eyes closed, irregular respiration, 

transitory movements 

Slow eye movements occur which 

are followed at a later stage by rapid 

eye movements; transitory 

movements take the form of gross 

movements of a single limb, or 

generalised head and body 

movements (stretching, writhing); 

twitches of hands, feet, and face, 

grimaces, and smiles also 

characterise this state. 

State 3 Eyes open, no movements The baby is alert and relatively 

inactive; visual scanning of the 

environment is common during this 

state. 

State 4 Eyes open, gross movements Gross movements of the head, arms 

and legs are prominent, alternating 

with periods of relative inactivity, 

during which visual scanning may be 

present. 

State 5 Crying Crying is accompanied by vigorous 

motor activity, and face is flushed or 

contracted into a cry or grimace; the 

eyes may be open or closed, and eye 

movements are generally absent. 
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Appendix 4: Head Posture Assessment Check Sheet 

Participant number: 

Sex: 

Date of Birth: 

 LEFT    RIGHT  

Seconds LFS LPS LM M RM RPS LPS 

0        

30        

60        

90        

120        

150        

180        

210        

240        

270        

300        

Subtotal         

 

BEHAVIOURAL STATE 

Seconds 1 2 3 4 5 

0      

30      

60      

90      

120      

150      

180      

210      

240      

270      

300      

Subtotal       
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Appendix 5: Revised Edinburgh Handedness Inventory 
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Appendix 6: Turkewitz Typology Revisited 

Reconceptualization of di- or tri-chotomous models of supine head posture lateralisation 

posture is warranted. Removing amplitude restrictions for what is and is not considered the 

adoption of a posture opens the potential of placing this index of neonatal laterality along a 

continuum, much like adult handedness.  

Spontaneous neonatal head posture is regarded an active expression of an asymmetry in 

the central control of motor function. The direction of this first turn is often prioritised in the 

literature to broadly categorise neonates according to a two segment (left-right) or three 

segment model (left-midline-right). This typology is limited in that they impose di- or tri-

chotomous models on the neonatal behaviour and therefore largely ignore degrees of 

lateralised bias. As demonstrated earlier in this paper, this method is also in danger of 

generalising weaker expressions of lateral behaviour as ‘midline’. Supine head posture when 

released from the midline is a dynamic behaviour that is too complex to be adequately 

represented by such models.  

Turkewitz and colleagues (1965b) identify three characteristic patterns of spontaneous 

head turning based on degree and lateralisation of turning. Type 1 infants have a highly 

variable presentation of bilateral, randomised, and unpredictable postures of various 

amplitudes. The second was restricted to unilateral movement in which the right-sided head 

movements were limited to an arc of 90° or less (Type 2) or did not exceed 45° from the 

substrate surface (Type 3). While useful, this classification system is underdeveloped as it 

only considers right-lateralised neonates (no left-lateralised neonates were included in the 

sample of its development) and does not take into consideration further exploration of 

subgroups within each Type. An adequate multidimensional observational system of posture-

kinetic adjustments is required to incorporate posture amplitude and sequences of turns 
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within each category to place neonatal behaviour on a continuum of increased/decreased 

lateralisation of head position. 

Postural amplitude, as defined by the seven-item coding scheme developed by Saling 

(1982), describes the degree of head rotation according to the relation between neonatal 

anatomy and the substrate surface (illustrated in Figure 1). The duration of the first turn, time 

to turn, and oscillations between unilateral and contralateral postures represent other 

dimensions for analyses. Remarkable individual differences in direction, amplitude, duration, 

sequence, and fluctuation of postures were identified in the sample. Characteristics of these 

patterns were consistent and formed subgroups within each lateralised category. A detailed 

analysis of the morphology and incidence of patterns of supine neonatal posture over a five-

minute period of observation is provided below. 

 

 

Figure A1. Amplitude of neonatal head posture according to the seven-item coding scheme 

developed by Saling (1982). 

 

Overall posture maintenance either followed a stable or unstable pattern. Stable postures 

involved the adoption of a single posture with its subsequent maintenance for the remainder 

of the observation (Table 1). Movement in this posture group is unilateral and progresses in 

one direction. The evolution of this posture (be it with full substrate-contact, partial substrate-

contact, or off-midline postures) was also time sensitive (immediate (30s), moderate (60-

150s), slow (180-300s)). In the sample 57 neonates had a stable posture pattern (59.7 % right; 
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40.3 % left). Approximately 71.9 % (n = 41) of stable postures had full substrate-contact, the 

most common progression of which was immediate (i.e., within 30 seconds from release; 

48.8 %) (Table A1). 

 

Table A1  

Distribution of stable neonatal head postural patterns while supine 

Stable (n = 57) 

     Total 

 Amplitude Progression Right Left n % 

 

Full  

Immediate 12 8 20 48.8 

Moderate 9 7 16 39.0 

Slow 2 3 5 12.2 

 

Partial  

Immediate 4 1 5 45.5 

Moderate 2 0 2 18.2 

Slow 3 1 4 36.4 

 

Off-midline 

Immediate 1 0 1 20.0 

Moderate 1 2 3 60.0 

Slow 0 1 1  20.0 

 

 

Varying degrees of posture instability (44.2 %; n = 45) were identified and classified as 

either unilateral (48.9 %; n = 22) or bilateral (51.1 %; n = 23). Unilateral patterns involved 

oscillations in posture to varying degrees that did not cross the midline but could include a 

midline posture (Table A2). Here the maximum posture amplitude in the time series was also 

considered (most significant posture: full substrate-contact, partial substrate-contact, off-

midline). Approximately 72.73 % of unilateral unstable postures involved a postural 

amplitude with full contact with the substrate surface (50.0 % right-sided and 22.7 % left-

sided). 
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Bilateral patterns, on the other hand, either involved a single switch from one side to 

another, or a mixed sequence of postures to varying degrees (most significant posture: full 

substrate-contact, partial substrate-contact, off-midline) that involved more than one instance 

of crossing the midline (Table A2). Twenty-three neonates were unstable bilaterally and 

adopted postures in either direction across the observation period. Of these neonates, 56.5 % 

(n = 13) had a single switch pattern and 39.1 % (n = 9) demonstrated a multi-switch bilateral 

pattern of varying amplitudes. An overall predominance of a right-sided posture was still 

found in 47.8 % (n = 11) of bilaterally unstable neonates irrespective of number of midline 

crosses. Approximately 81.8 % (n = 9) of these neonates adopted a rightward postural 

amplitude with full substrate-contact. A predominance of a left-sided posture was noted in 

47.8 % (n = 11) of bilaterally unstable neonates, 72.7 % (n = 8) of which adopted a left-sided 

posture with full substrate-contact. Only one neonate had a true mixed pattern of laterality 

where the lateralised postures in both directions involved full substrate-contact. 

 

Table A2 

Distribution of unstable neonatal head postural patterns while supine 

 Unstable (n = 45) 

       Total 

 Pattern  Amplitude Right Left No bias n % 

Unilateral  

Full 11 5 - 16 72.7 

Partial 2 1 - 3 13.6 

Off-midline 0 3 - 3 13.6 

Bilateral 

Single-switch 

Full 7 4 0 11 84.6 

Partial 0 1 0 1 7.7 

Off-midline 0 2 0 2 15.4 

Multi-switch 

 

Full 2 4 1 7 77.8 

Partial 0 0 0 0 0.0 

Off-midline 2 0 0 2 22.2 
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Irrespective of the sequence of bilateral postures after the first turn, the direction of the 

initial turn predicted the side predominance of the posture in 86.4 % of lateralised cases. In 

three cases the initial turn was not representative of side predominance. 

The typology described here places sequenced head postures along a continuum as a 

function of its amplitude and stability over time and describes the phenomenon as one that 

ranges from full-contact stable left/right-sided postural sequences to complex unstable weak 

bilateral sequences to purely midline postures (Figure A2). Figure A3 visually illustrates the 

respective sequences of behaviour.  

 

 

Figure A2. Sustained head postural sequences as a function of decreased levels of head 

posture lateralisation (A) and distribution of sequences in the sample (B). 
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Figure A3. Neonatal supine head postural sequences over time for stable (1), unstable 

unilateral (2) and unstable bilateral (3) postures according to typology.  
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Abstract 1 

Neonatal and adult strokes are more common in the left than in the right cerebral hemisphere 2 

in the middle cerebral arterial territory and adult extracranial and intracranial vessels are 3 

systematically left-dominant. The aim of the research reported here was to determine whether 4 

the asymmetric vascular ground plan found in adults is present in healthy term neonates (n = 5 

97). A new transcranial Doppler ultrasonography dual-view scanning protocol, with 6 

concurrent B-flow and Pulsed-wave imaging, acquired multivariate data on neonatal middle 7 

cerebral arterial structure and function. This study documents for the first-time systematic 8 

asymmetries in the middle cerebral artery origin and distal trunk of healthy term neonates and 9 

identifies commensurately asymmetric hemodynamic vulnerabilities. A systematic leftward 10 

arterial dominance was found in arterial caliber and cortically directed blood flow. 11 

Unfavorable shearing forces, which are a by-product of the arterial asymmetries described 12 

here, might contribute to a greater risk of cerebrovascular pathology in the left hemisphere.  13 

 14 

Keywords: middle cerebral artery; arterial diameter, blood flow volume, asymmetry; 15 

neonatal; shear stress; healthy term neonates; transcranial Doppler ultrasonography 16 

 17 

 18 

  19 
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Introduction 1 

Middle cerebral artery strokes occur more commonly in the left cerebral hemisphere. 2 

Their impact on resident functions, such as language, calculation, and manual dexterity, is 3 

conspicuous. A predilection for left cerebral hemisphere infarctions has been reported in 4 

adults (Foerch et al. 2005; Hedna et al. 2013; Naess et al. 2006; Rodríguez Hernández et al. 5 

2003), particularly in middle cerebral arterial territory (Hedna et al. 2013). While this bias 6 

has been attributed to selective recognition of the clinically obvious sequalae of left 7 

hemispheric events (Selwaness et al. 2014), neurovascular vulnerabilities that might explain 8 

this effect have also been identified (Denarie et al. 2000; Lemme et al. 1995; Rodríguez 9 

Hernández et al. 2003; Selwaness et al. 2014; Simon et al. 2002; Oxenham and Sharpe 2003). 10 

Adult studies report left-biased asymmetries in the structure and hemodynamics of 11 

extracranial and intracranial arteries, namely, the vertebral arteries (Bogren et al. 1994; 12 

Cagnie et al. 2006; Zhao et al. 2007), common and internal carotid arteries (Cagnie et al. 13 

2006; Donis et al. 1988; Holdsworth et al. 1999; Jansen van Vuuren et al. 2016; Luo et al. 14 

2011; Müller et al. 1991; Schöning et al. 1994; Zbornikova and Lassvik 1986), as well as 15 

middle and anterior cerebral arteries (Leutin et al. 2004; Müller et al. 1991; Willis et al. 2002; 16 

Zhao et al. 2007). These reports of larger arterial calibers, higher flow velocities and blood 17 

flow volumes on the left are in keeping with the notion of a more resource intensive left 18 

hemisphere (Jansen van Vuuren et al. 2016; Kamath 1981) and create left-right differences in 19 

the circulations of each arterial tree.  20 

Hemodynamic processes, such as changes in blood pressure parameters, the speed of 21 

the pressure wave propagation, and resulting shearing forces on the arterial endothelium, play 22 

important roles in the development of vascular disease (Baldassarre et al. 2000; Clowes et al. 23 

1983; Glagov et al. 1988; Moore 1983; O’Leary et al. 1999). The distribution of 24 

atherosclerosis in the vascular system is not uniform and plaque severity and composition 25 
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also varies according to location (Herisson et al. 2011; Selwaness et al. 2014). Reports of 1 

higher left-than-right intima-media wall thickness (Denarie et al. 2000; Lemme et al. 1995; 2 

Oxenham and Sharpe 2003; Rodríguez Hernández et al. 2003; Simon et al. 2002), plaque 3 

incidence, thickness, and instability5 in the carotid arteries suggests a lateralized vulnerability 4 

for cerebrovascular disease in adults. 5 

A left hemisphere predilection for cerebrovascular pathology, such as periventricular 6 

hemorrhage (Guzzetta et al. 1986), neonatal stroke (Coker et al. 1988; Perlman et al. 1994), 7 

and cerebral palsy (Uvebrant 1988), has also been reported in neonates. Approximately 70 to 8 

80 % of neonatal ischemic strokes occur in the middle cerebral arterial field and are left-sided 9 

in 53 to 75 % of cases (Lee et al. 2005; Muller 2000). This begs a key question: is the ground 10 

plan of adult arterial asymmetries and corresponding vulnerability for pathology discernible 11 

in neonates? There is only one study, to our knowledge, that aimed to investigate the 12 

significance of left-right differences in blood flow velocity for neonatal stroke, but only 20 13 

normal control cases were reported, without data on arterial diameter, flow volume, or shear 14 

stress (Coker et al. 1988).  15 

Ultrasonography of neonatal cerebral arteries is common in routine clinical practice 16 

(Ebbing et al. 2007; Kehrer et al. 2002; Kehrer et al. 2003; Hayashi et al. 1992; Pezzati et al. 17 

2002; Raju et al. 1987; Seffah 2016; Sinha et al. 2006; Yoshida et al. 1991), and largely 18 

proceeds on the assumption of trans-midline symmetry. The resolution of existing 19 

methodologies has not been extended to detect the existence of structurofunctional 20 

asymmetries (Evans 1992; Lin et al. 2013; Oktar et al. 2006). In previously used Doppler 21 

technologies, “bleeding”, blooming artefact, and the influence of gain settings is a recognized 22 

source of error, particularly related to diametric measurement (Oktar et al. 2006). This is 23 

problematic since conclusions about regional cerebral blood flow cannot be drawn from 24 

velocity measurements (Dahl et al. 1992), primarily because volume flow (Q) in a vessel is 25 
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related to velocity (V) as well as the vessel radius (R) according to the equation Q = VπR2. 1 

Similarly, the calculation of wall shear stress requires diametric measurement according to 2 

the equation τ = 8μ(V/d) (Papaioannou and Stefanadis 2005). B-flow imaging is a recently 3 

introduced non-Doppler technology which effectively bypasses these difficulties (Oktar et al. 4 

2006). A dual-view imaging protocol, using concurrent Pulsed-wave and B-flow Doppler 5 

transcranial ultrasonography addresses these shortcomings, and paves the way to 6 

investigating the aims of the research reported here, namely, to investigate neonatal arterial 7 

asymmetry and corresponding cerebrovascular vulnerabilities. 8 

We focused on the trunk of the middle cerebral artery as a major and accessible 9 

conduit to the lateral neocortical territory. We hypothesize that both diameter, 10 

hemodynamics, and shear stress are inherently asymmetric in the direction of larger arterial 11 

calibers, higher blood flow volumes, and unfavorable shear stress on the left in the majority 12 

of healthy term neonates.  13 
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Materials and Methods 1 

Search strategy and selection criteria 2 

Transcranial Doppler ultrasonography was performed on 106 healthy term neonates. 3 

Neonates with a gestational age greater than 37 weeks were recruited consecutively between 4 

March 2017 to November 2017 from the postnatal wards of the Royal Women’s Hospital and 5 

Frances Perry House in Melbourne, Australia. A non-randomized participant sampling 6 

approach accompanied by comprehensive exclusion criteria (see below) was adopted. Six 7 

participants were excluded from the final analysis because aberrant middle cerebral arterial 8 

branching patterns precluded left-right comparisons of arterial geometry and hemodynamics. 9 

An additional three participants were excluded for poor image quality because of excessive 10 

neonatal movement, excessive hair, and or small cranial windows.  11 

Neonatal exclusion criteria. Infants with significant perinatal complications were 12 

excluded (for example postnatal resuscitation and/or admission to the neonatal intensive and 13 

special care nursery). Neonates with intracranial pathology, substance exposure, metabolic, 14 

genetic, and/or cardiovascular disorders were excluded. All infants enrolled in the study were 15 

healthy without dysmorphic features during the neonatal predischarge check.  16 

Maternal exclusion criteria. Exclusion criteria included diagnoses of autoimmune 17 

disorders, pre-gestational diabetes mellitus, gestational diabetes, cardiac disease, drug and 18 

substance use, instances of suspected or detected fetal abnormality prior to delivery, chronic 19 

or persistent hypertension (>140/90), infections (including active genital herpes, syphilis, 20 

HIV +), pre-eclampsia, as well as diagnoses of neurological and mental health conditions. 21 

Non-English-speaking parents were excluded from the study to ensure effective 22 

communication and understanding between the parent and investigators. 23 

All scanning took place at the Royal Women’s Hospital, Melbourne, Australia. 24 

Ethical approval was granted by Royal Women’s Hospital Human Research Ethics 25 

Committee and written informed consent was obtained from one or both parents.  26 
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Procedure 1 

Transcranial ultrasonography and Doppler assessment took place at a postnatal age of 2 

1 to 7 days. Scans did not reflect acute hemodynamic changes known to occur in the first 12 3 

hours of life (Hayashi et al. 1992). Standard medical procedure was followed prior to the 4 

analysis. All infants underwent 10 minutes of supine rest on a clean cot in a standardized 5 

sound proofed ultrasound room with no auditory or visual distractions. The room had 6 

constant illumination and comfortable room temperature. Neonates were swaddled and fed 7 

prior to the scanning session. Parents were positioned at the head of the cot, behind the 8 

investigator so as not to distract the infant. If the neonate began to cry, the neonate was 9 

soothed before resuming the procedure. 10 

Transcranial Doppler cerebrovascular imaging was performed using the portable 11 

LOGIQ E9 XDClear 2.0 ultrasound unit (GE Healthcare, Wauwatosa, Wisconsin, USA). A 12 

C3-10-D convex probe (2-11MHz) with an insonation angle close to 0˚ was used. Further 13 

settings included a small sample volume of 2 mm with a velocity wall filter of 80 -100 Hz to 14 

eliminate noise (i.e., vessel wall movement).  15 

Using a trans-temporal approach, the middle cerebral artery trunk was located by 16 

placing the transducer on the left temporal bone, below the zygomatic arch. Screening for 17 

previously undetected pathology and identification of the middle cerebral artery was 18 

performed with two-dimensional B mode Grey-Scale and Color Flow imaging through the 19 

temporal window. B-Flow imaging was activated, and the probe was moved so at to optimize 20 

the visualization of the origin of the middle cerebral artery trunk (approximately 2 mm from 21 

internal carotid artery terminus). At this distance the vessel has a uniform diameter and 22 

required minimal angle correction. In any necessary instance, an angle of correction was 23 

performed if the angle of incidence was greater than 15° to ensure the transducer remained 24 

parallel to the vector of blood flow and accurate measures were obtained. Dual-view imaging 25 
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was then initiated to replicate the image into two identical left and right images. The left 1 

image was selected, Pulsed-wave Doppler was activated, and several hemodynamic 2 

measurements were recorded at the arterial site. B-flow and Pulsed-wave frequencies used 3 

were 6.0 MHz and 4.2 MHz respectively. Three distinct Pulsed-wave spectral tracings 4 

containing three consecutive cardiac cycles were recorded. Peak systolic velocity (PSV), end-5 

diastolic velocity (EDV), time averaged maximum velocity (TAMAX), time averaged mean 6 

velocity (TAMEAN), and heart rate measures were obtained. An on-site arterial diameter was 7 

taken in the corresponding right B-Flow image in the exact location hemodynamic measures 8 

were sourced.  9 

The distal portion of the middle cerebral artery trunk (distal to the origins of the 10 

lenticulostriate arteries) approximately 2 mm from the middle cerebral artery 11 

bifurcation/trifurcation was located and hemodynamic and diameter measures were repeated 12 

on the left and right side in a randomized order.  13 

The procedure was then repeated on the contralateral Mo and MDT sites. The sequence 14 

of data collection from the left and right middle cerebral arteries was randomized. 15 

As proof of concept for the new scanning protocol, we also imaged the very fine 16 

lenticulostriate branches of the middle cerebral trunk to a high degree of resolution. 17 

Lenticulostriate artery sampling in the study was sparse largely because these vessels are 18 

difficult to image and they are of a small caliber. The fact that lenticulostriate arteries were 19 

imaged to the point of supporting reliable measurement attests to the resolution of the 20 

innovations that were introduced to accomplish this.  21 

The lenticulostriate arteries of the left and right cerebral hemisphere were approached 22 

by placing the same C3-10 transducer in the mid-sagittal plane of the anterior fontanelle. The 23 

transducer was fanned into the left cerebral hemisphere. Screening and identification of the 24 

lenticulostriate arteries was performed with two-dimensional B mode Grey-Scale and Color 25 
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Flow imaging. B-Flow imaging was activated and two lenticulostriate arties in each cerebral 1 

hemisphere were chosen for further scanning based on the clarity of the image and orientation 2 

of the vessel (i.e., the two arteries on each side that were most oriented in the vertical plane). 3 

The probe was moved so at to optimize the visualization of one of the selected vessels. B-4 

Flow and Pulsed-wave Doppler was utilized in dual-view imaging to record structural and 5 

hemodynamic measures of the lenticulostriate artery. The procedure was then repeated for the 6 

second unilateral and two contralateral lenticulostriate arteries in a randomized order. 7 

All images were stored on optical disc for off-line analysis using SYNAPSE (PACS) 8 

64-bit imaging software (453561459621). All hemodynamic measures were averaged across 9 

three homogenous consecutive cardiac cycles for each arterial site. Further investigation of 10 

arterial diameter was performed offline with RadiAnt DICOM viewer (64-bit) imaging 11 

software (version 4.2.1). The mean lumen diameter of each arterial site was determined by 12 

averaging three independent measurements taken at the same location as on-line analyses. 13 

Parameters were also averaged across the ipsilateral origin and distal trunk of middle cerebral 14 

artery (MCAMEAN). Assessment of inter-rater reliability was performed by SR on 10 % of 15 

participants randomly selected from the sample throughout the data collection period. 16 

Cronbach’s alpha showed a high internal consistency of .963. 17 

At each site, hemodynamic indices were calculated according to the following 18 

equations: Mean velocity (VMEAN = PSV+EDV/2); Resistive Index (RI = PSV-EDV/PSV) 19 

(Pourcelot 1982); and Pulsatility Index (PI = PSV-EDV/VMEAN) (Gosling and King 1988). 20 

Wall shear stress was calculated as:  21 

Eq#1:      𝜏 = 8. 𝜇.
𝑃𝑆𝑉 𝑜𝑟 𝐸𝐷𝑉

𝑑
  22 

where V equals the flow velocity, µ equals the viscosity of flow, and D equals the arterial 23 

diameter. No data was available concerning blood viscosity of the neonates, so an average 24 

neonatal hematocrit-adjusted (0-45) blood viscosity, adjusted at high shear rates of 4.22 25 
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mPa.s, was assumed (Anwarm et al. 1994) as there is no reason to suspect intraindividual 1 

viscosity differences or systematic differences between left- and right-dominant neonates. 2 

Blood flow volume (Q) was calculated as: 3 

Eq#2:     𝑄 = 𝑃𝑆𝑉 × (𝐷2 (
𝜋

4
)) 4 

Peak systolic velocity was used as a variable in the calculation of volume flow because it is 5 

sensitive to left-right differences in the neonate (Wu et al. 2013), is mediated by arterial 6 

structure (Jahromi et al. 2005; Kamouchi et al. 2005) and reflects cerebral blood flow (Bishop 7 

et al. 1986), the definition of which is the primary aim of this work. Average measures (such 8 

as TAMEAN) inevitably conflate peak systolic velocity with end-diastolic velocity. While this 9 

might be useful in particular clinical applications, end-diastolic velocities show less left-right 10 

differentiation (Jahromi et al. 2005; Kamouchi et al. 2005). 11 

Arterial diameter was used as a grouping variable for the sample. Interhemispheric 12 

diameter dominance was expressed in the form of a left-right laterality index, (LI = L-13 

R/L+R), where R equals the right arterial measure and L the left arterial measure. A positive 14 

value indicated left arterial dominance, whereas a negative value indicated right arterial 15 

dominance. A score of 0 represents the absence of a structural dominance. A LI was 16 

calculated for each arterial site as well as the cerebral artery average between the middle 17 

cerebral origin and distal trunk (MCAMEAN). 18 

Data Analysis 19 

Data were analyzed using IBM SPSS Statistics (version 23) software. Each 20 

hemodynamic measure of the middle cerebral arteries was analyzed using a mixed-design 21 

ANOVA. Neonates with no structural arterial dominance were removed from the analysis. 22 

For each analysis, the within-subjects factor was the respective arterial parameter (of the left 23 

and right paired arteries) and the between-subjects factor was the structural dominance (left-24 

dominant, right-dominant). One-tailed paired t-tests compared lateral differences in 25 
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geometric groups in instances of significant interactions. One-tailed independent t-tests also 1 

compared sex differences in participant demographics and hemodynamics parameters at each 2 

site of measurement. Tests of normality and homoscedasticity (namely Levene’s test of 3 

equality of variance and Shapiro-Wilk tests) were run on each dataset. If the assumption of 4 

normality was not upheld, a non-parametric Mann-Whitney U test was run instead. 5 

For brevity results for TAMAX and TAMEAN are omitted as they show some collinear 6 

with PSV (r > .90) and VMEAN (r > .90) respectively described below but might not be as 7 

precise as PSV in defining lateral difference (see above). 8 

Internal consistency was calculated using Cronbach's alpha in 10 % of cases. Cohen‘s 9 

rule of thumb for effect size interpretations will be used for between-group comparisons: d = 10 

.10 (small effect), d = .30 (medium effect), and d = .50 (large effect). The significance of the 11 

analyses was determined with a 95 % confidence level at p < .05. 12 

 13 

Results 14 

The geometric and hemodynamic properties of the middle cerebral artery origin and 15 

termination of its trunk were recorded in 97 healthy full-term neonates. The final sample 16 

included 59 males and 38 females born via normal vaginal delivery or caesarean section 17 

(Table 1). Gestational age at birth of the sample ranged from 36 to 41 weeks, and birth 18 

weights ranged from 2200g and 4930g. Postnatal age at the time of scanning was 12 to 174 19 

hours (M = 47.71 hrs; SD = 28.58 hrs; Median = 41 hrs; Range = 162 hrs). Mean Apgar 20 

scores were 8.30 at one minute (SD = 1.38) and 8.92 at five minutes (SD = 0.32). The sample 21 

spent an average of 68 hours in hospital. There were no significant sex differences for birth 22 

weight, or postnatal scanning age, or gestational age.  23 

As an example of dual views of B-mode and Pulsed-wave Doppler ultrasound 24 

imaging, Figure 1 illustrates the diameter and hemodynamic variability of the left and right 25 
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middle cerebral arteries. As proof of concept we also imaged the very fine lenticulostriate 1 

branches of the middle cerebral trunk to a high degree of resolution. Example images are 2 

included in Figure 1. Demographic information for neonates according to their averaged 3 

middle cerebral geometric asymmetry (left-dominant, right-dominant) is presented in Table 1. 4 

Sex differences. No significant sex differences were found in arterial diameter, peak 5 

systolic, end-diastolic, and mean velocity, and resistance or pulsatility indices. A significant 6 

sex differences was found in blood flow volume in the left middle cerebral origin. Overall, 7 

males had higher left-sided blood flow volumes (M = 210.04 ml/min; SD = 75.05 ml/min) 8 

than females (M = 189.87 mm; SD = 80.50 ml/min) at this arterial site, p = .041. Shearing 9 

forces at each corresponding arterial site were comparable between males and females apart 10 

from shear stress in the distal trunk of the right middle cerebral artery. Females had higher 11 

right-sided wall shear stress (M = 595.99 dyne/cm2; SD = 208.90 dyne/cm2) than males (M = 12 

504.71 dyne/cm2; SD = 137.61 dyne/cm2), p = .034 at the distal trunk. 13 

Structural differences. Left-right asymmetries in arterial diameter were found at each 14 

arterial site, p < .001, (Table 2). Of the 97 participating neonates, a left geometric dominance 15 

was exhibited in 52 (54 %) at the middle cerebral origin, and in 60 (62 %) at the middle 16 

cerebral distal trunk. When averaged across the arteries, with no consideration of individual 17 

dominance, significant leftward structural difference is evident only at the middle cerebral 18 

distal trunk, t(96)= 1.989, p = .050, d = 0.239. A small proportion of participants showed no 19 

left-right differences in arterial diameter at the origin (8 %) and distal trunk (4 %). Laterality 20 

indices of structure at the middle cerebral artery proximal segment is associated with 21 

asymmetries at the distal segment (r = 0.741, p < .001).  22 

Analyses described in this paper have not been undertaken in previous work. Rather, 23 

left-right comparisons classically are made on the basis of average values across the entire 24 

sample and with measurements taken at a single site, namely the origin of the middle cerebral 25 
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artery. The findings reported in the Averaged column of Table 2 shows that this approach 1 

hides the systematic individual lateral dominance reported here.  2 

Structurofunctional differences. Considerable geometric and hemodynamic 3 

asymmetries exist in the origin and distal trunk of the middle cerebral artery. In participants 4 

with a leftward dominance in arterial geometry, peak blood flow velocities were higher on 5 

the left side at both sites of the middle cerebral artery. A leftward bias in average flow 6 

velocity was found at the origin and higher blood flow volumes were also found in the larger 7 

left origin and distal trunk of this group. No lateral differences were found for end-diastolic 8 

velocity at either site. 9 

Across both middle cerebral arterial sites, no lateral differences in peak systolic, end-10 

diastolic of average blood flow velocity were found in neonates with larger arteries on the 11 

right side (Tables 3 and 4; Figure 2). Converse to neonates with a leftward dominance in 12 

geometry, a right-sided asymmetry in overall blood flow volume was found at the origin and 13 

distal trunk of neonates with larger arteries in the right hemisphere.  14 

The influence of neonatal arterial geometry on the haemodynamics of these two sites 15 

varied in that the effect of a structural dominance was more pervasive at the origin across 16 

most blood flow velocity and flow volume measures (Tables 3 and 4; Figure 2). More 17 

specifically, interactions were found for peak systolic velocity, average velocity, and blood 18 

flow volume. Structural dominance of the distal middle cerebral trunk did not significantly 19 

influence arterial velocity (peak systolic, end-diastolic, and mean velocities), but a significant 20 

influence of geometry was seen in blood flow volume.  21 

Resistance to blood flow caused by the microvascular bed distal to the site of 22 

measurement did not significantly interact with arterial geometry (Table 4). However, a main 23 

effect for arterial resistance was found at the middle cerebral distal trunk, where the 24 

resistance distal to the middle cerebral artery trunk terminus was higher across both cerebral 25 
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hemispheres in neonates with a rightward geometric dominance, p = .031. This main effect 1 

was also reflected in pulsatility indices. 2 

No lateral differences in arterial resistance were noted at the middle cerebral artery 3 

origin. A lateral difference in arterial resistance was evident at the distal trunk where 4 

neonates with a leftward structural dominance had higher resistance and pulsatility index in 5 

the left cerebral hemisphere than the right (Table 3). No left-right differences were found in 6 

those with a rightward arterial dominance. 7 

Shearing stress differences. Neonatal arterial geometry differentially influenced 8 

peak systolic and end-diastolic shearing forces at both arterial sites (Table 4; Figure 2). In 9 

participants with a leftward structural dominance, peak systolic and end-diastolic shear stress 10 

was significantly higher on the right-side than on the left, and the converse was seen in right-11 

dominant neonates. 12 

 13 

 14 

 15 

Discussion 16 

In adults left-right asymmetries are normal attributes of cerebral perfusion, akin to 17 

well established asymmetries in brain morphology (Leutin et al. 2004; Willis et al. 2002; Gur 18 

et al. 1980; Geschwind and Levitsky 1968). Cerebral arterial diameters and blood flow have 19 

been investigated in neonates for a variety of largely clinical ends. Studies of diameter are 20 

restricted to autopsy series (Gielecki et al. 2009; Seydel 1964). Blood flow velocity is 21 

commonly measured in vivo for routine clinical purposes (Ebbing et al. 2007; Kehrer et al. 22 

2003; Pezzati et al. 2002; Seffah and Swarray-Deen 2016; Sinha et al. 2006; Yoshida et al. 23 

1991).  24 
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To our knowledge this is the first intentional investigation of structurofunctional 1 

neonatal cerebral arterial asymmetries in healthy term neonates at rest. Differences in 2 

diameter were found at each arterial site of interest, and the corresponding hemodynamics 3 

were biased towards larger arterial calibers. Leftward hemodynamic biases were found in 4 

neonates with larger arteries in the left cerebral hemisphere (left-dominant), while rightward 5 

hemodynamic biases were found in neonates with larger arteries in the right cerebral 6 

hemisphere (right-dominant). Very few neonates (< 8 %) showed an absence of lateral 7 

differences in arterial diameter.  8 

The pattern of asymmetry in middle cerebral Doppler waveform differed between 9 

left-and right-dominant groups. Left-dominant neonates are typified by impressive 10 

differences in left-right peak systolic velocities that disappear at end systole. This peak 11 

systolic effect is absent bilaterally in neonates with larger arterial diameters on the right.  12 

Diametric asymmetries at the origin of the middle cerebral artery account for only 50 13 

% of variance at the termination of the trunk. This raises the question of linear 14 

structurofunctional gradients in the degree of asymmetry across the trunk. Laterality effects 15 

in neonates that are in keeping with adult arterial dominance (Jansen van Vuuren 2014; 16 

Jansen van Vuuren et al. 2016) then are expressed in supply routes to the lateral surface of the 17 

brain. In adults, approximately 62 % are left-dominant and 34 % are right-dominant in terms 18 

of diameter, approximately 61 % are left-dominant and 38 % are right-dominant in blood 19 

flow volume (Jansen van Vuuren et al. 2016).  20 

Although pulsatility and resistance indices are frequently used in clinical studies, the 21 

interpretation of these variables is dependent on a number of factors such as vascular 22 

resistance, arterial compliance, and the driving force of the arterial pulse wave (Bude and 23 

Rubin 1999; Michel and Zernikow 1998). Structural dominance did not play a role in 24 

resistance and pulsatility differences. Arterial pulsatility was not laterally biased in right-25 



256 

 CEREBRAL ARTERIAL ASYMMETRIES  

 

 

dominant neonates, but in left-dominant neonates arterial pulsatility was left biased in the 1 

distal trunk of the middle cerebral artery. If one were to apply a traditional interpretation (de 2 

Riva et al. 2012) to these findings, the degree of resistance in the cortical microvascular bed 3 

distal to the middle cerebral artery would be predicted to be higher in the left hemisphere of 4 

most neonates. Higher indices in the left middle cerebral artery would, in turn, indicate 5 

decreased end-diastolic velocity, rendering the left hemisphere more prone to disorders such 6 

as stroke or venous infarcts (Ecury-Goossen et al. 2016). Left-biased resistance and 7 

pulsatility asymmetries have been documented previously in neonates (Ecury-Goossen et al. 8 

2016) and right-handed adults (Jansen van Vuuren 2014).  9 

The pathogenesis of the higher left-than right incidence of cerebrovascular pathology 10 

in adults (Hedna et al. 2013; Foerch et al. 2005; Naess et al. 2006; Rodríguez Hernández et 11 

al. 2003) and neonates (Guzzetta et al. 1986; Coker et al. 1988; Lee et al. 2005; Miller 2000; 12 

Perlman et al. 1994; Uvebrant 1988) has been elusive but clarification might be gained from 13 

the overall blood flow and wall shear stress asymmetries reported here. Interactions between 14 

shear stress and the endothelium exert a key influence on the genesis of vascular pathology 15 

(Davies 2009). High shear stress has a protective effect on the endothelium (Slager et al. 16 

2005). Low peak systolic and end-diastolic endothelial shear stress was found on the left in 17 

left-dominant neonates at both arterial sites.  18 

In an adult study we showed that arterial length, diameter, resistance to blood flow, 19 

velocity, and volume flow rate are asymmetric and are intimately related to hand preference 20 

and proficiency (Jansen van Vuuren et al. 2016). These asymmetries exist in a direction that 21 

increases blood flow to the hemisphere contralateral to the dominant hand (p < .001) and 22 

might explain previously documented associations between handedness and left arterial 23 

intimal wall thickness of the carotids (Önbaş et al. 2007), and left-handedness and a lower 24 

risk of sudden death from brain infarction (typically associated with left-hemispheric stroke 25 
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(Algra et al. 2003). Our data show that the asymmetric vascular ground plan found in adults 1 

is present in neonates. Ultimately, routine investigations of the neonatal brain should proceed 2 

on the expectation that asymmetries in the middle cerebral arteries are a normal attribute of 3 

lateral cortical supply. 4 

We have suggested previously (Jansen van Vuuren et al. 2016), that the hemodynamic 5 

and structural asymmetry described here arose as in adaptation to greater metabolic demands 6 

in the dominant hemisphere (Jansen van Vuuren et al. 2016; Kamath 1981), in anticipation of 7 

the emergence of lateralized cognitive and behavioral functions. Ironically, the lateralized 8 

neurovascular framework within which language develops might also contain the seeds of its 9 

most significant cerebrovascular threat. 10 
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Tables  1 

Table 1: Neonatal characteristics as a function of geometric arterial asymmetry.  2 

 3 

Table 2: Intra-individual left-right diametric differences as a function of inter-individual 4 

differences in the direction of arterial asymmetry. 5 

  Left-dominant Right-dominant No dominance Averageda 

Artery Side M (SD) M (SD) M (SD) M (SD) 

MCAO (mm) n 52 37 8 97 

 L 2.32 (0.35) 1.95 (0.25) 2.01 (0.17) 2.13 (0.35) 

 R 1.91 (0.23) 2.39 (0.43) 2.01 (0.17) 2.11 (0.39) 

 p .000 .000 - .412 

MCADT  (mm) n 60 33 4 97 

 L 2.14 (0.35) 1.87 (0.27) 2.03 (0.20) 2.04 (0.34) 

 R 1.81 (0.22) 2.22 (0.34) 2.03 (0.20) 1.96 (0.33) 

 p .000 .000 - .050* 

MCAMEAN (mm) n 57 34 6 97 

L 2.14 (0.35) 1.86 (0.27) 2.03 (0.16) 2.09 (0.33) 

 R 1.81 (0.22) 2.22 (0.35) 2.03 (0.16) 2.03 (0.34) 

 p .000 .000 - .158 

Note. p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; MCAMEAN = Middle 

cerebral artery averaged across origin and distal trunk measures 
a Averaged across the sample with no consideration of individual differences in arterial asymmetry 

 6 
7 

 Left-dominant Right-dominant No dominance Total 

 M (SD) M (SD) M (SD) M (SD) 

Na 57 34 6 97 

Sex (%)     

      Male 61.4 64.7 66.7 62.9 

      Female 39.6 35.3 33.3 37.1 

Gestational age at 

birth (wk) 
39.07 (1.45) 38.76 (1.46) 39.00 (1.67) 38.99 (1.45) 

Age at scan (hrs) 48.44 (32.17) 48.88 (23.94) 38.00 (11.22) 47.71 (28.58) 

Birth weight (g) 3418.51 (539.94) 3525.15 (621.10) 3428.00 (470.34) 3460.76 (560.37) 

AS1min  8.40 (1.31) 8.18 (1.49) 8.5 (1.22) 8.30 (1.38) 

AS5min  8.91 (0.39) 8.97 (0.17) 9 (0.00) 8.92 (0.32) 

Heart rate (bt/min) 113.62 (14.64) 111.82 (13.79) 114.58 (17.07) 113.87 (13.89) 

Note. AS1min = Apgar score at 1 minute; AS5min = Apgar score at 5 minutes. 
a Number according to geometric dominance averaged across middle cerebral origin and distal trunk 
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Table 3: Comparisons of hemodynamic parameters between left and arterial sites according 1 

to geometric dominance. 2 

 
 Left Hemisphere Right Hemisphere    

 

Artery Dominance Parameter M SD M SD t df p d 

MCAO Left PSV(cm/s) 54.00 10.23 51.24 11.28 2.307 51 .013* 0.331 

  EDV(cm/s) 18.91 4.42 18.25 5.45 1.140 51 .130 0.154 

  VMEAN (cm/s) 30.58 5.77 29.25 6.92 1.866 51 .033* 0.257 

  RI 0.65 0.07 0.64 0.07 0.250 51 .402 0.163 

  PI 0.96 0.14 0.96 0.15 0.195 51 .423 0.000 

  Q (ml/min) 232.52 83.44 149.98 41.15 7.509 51 .000* 1.048 

  WSSSYS (dyne/cm2) 80.36 18.77 91.32 22.39 -5.118 51 .000* -0.727 

  WSSDIAS (dyne/cm2) 2.80 0.68 3.24 1.00 -2.022 51 .000* -0.683 

 Right PSV(cm/s) 56.04 14.85 57.67 14.62 -.945 36 .176 0.155 

  EDV(cm/s) 18.63 6.97 19.53 6.28 -1.253 36 .109 0.230 

  VMEAN (cm/s) 31.10 9.17 32.24 8.73 -1.167 36 .125 0.191 

  RI 0.67 0.07 0.66 0.06 0.857 36 .199 0.187 

  PI 1.01 0.15 0.99 0.13 0.937 36 .178 0.173 

  Q (ml/min) 167.15 52.67 266.11 123.28 -5.630 36 .000* 0.926 

  WSSSYS (dyne/cm2) 99.51 32.68 84.14 27.73 20.270 36 .001* 0.572 

  WSSDIAS (dyne/cm2) 3.32 1.46 2.87 1.19 0.664 36 .007* 0.432 

MCADT Left PSV(cm/s) 53.26 12.72 51.03 14.23 1.947 59 .028* 0.251 

  EDV(cm/s) 18.28 5.53 18.14 6.45 0.245 59 .407 0.032 

  VMEAN (cm/s) 29.94 7.52 29.10 8.65 1.173 59 .123 0.152 

  RI 0.66 0.06 0.65 0.07 1.773 59 .041* 0.193 

  PI 0.99 0.14 0.96 0.15 1.726 59 .045* 0.260 

  Q (ml/min) 193.68 71.06 130.20 37.92 8.093 59 .000* 1.045 

  WSSSYS (dyne/cm2) 86.69 26.81 97.56 33.08 -4.597 59 .000* -0.628 

  WSSDIAS (dyne/cm2) 2.97 1.06 3.48 1.36 -4.574 59 .000* -0.625 

 Right PSV(cm/s) 53.90 12.42 54.73 11.86 -.628 32 .267 0.109 

  EDV(cm/s) 17.06 5.52 17.56 4.98 -.735 32 .233 0.127 

  VMEAN (cm/s) 29.58 7.71 29.95 6.70 -.422 32 .338 0.073 

  RI 0.68 0.06 0.68 0.06 0.629 32 .267 0.000 

  PI 1.03 0.15 1.03 0.15 0.588 32 .267 0.000 

  Q (ml/min) 148.46 50.63 217.59 88.24 -6.771 32 .000* 1.178 

  WSSSYS (dyne/cm2) 100.26 30.39 84.80 20.63 4.705 32 .000* 0.940 

  WSSDIAS (dyne/cm2) 3.16 1.22 2.71 0.80 3.081 32 .002* 0.602 

Note. p < .05; MCAO = Middle cerebral artery origin; MCADT = Middle cerebral artery distal trunk; PSV = Peak systolic velocity; 

EDV = End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = Pulsatility index; Q = Blood flow volume; 

WSSSYS = Systolic wall shear stress; WSSDIAS = Diastolic wall shear stress 

 

 3 

  4 
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Table 4: Effects of geometric dominance on hemodynamic parameters of arterial sites. 1 
  Middle cerebral origin Middle cerebral distal trunk 

 Source df F p ηp2 df F p ηp2 

PSV PSV 1 0.266 .607 .003 1 0.584 .447 .006 

 Geometric dominance 1 2.902 .092 .032 1 0.663 .418 .007 

 PSV* Geometric dominance 1 4.621 .034* .050 1 2.795 .098 .030 

EDV EDV 1 0.055 .815 .001 1 0.154 .696 .002 

 Geometric dominance 1 0.184 .669 .002 1 0.613 .436 .007 

 EDV *Geometric dominance 1 2.877 .093 .032 1 0.484 .488 .005 

VMEAN VMEAN 1 0.028 .868 .000 1 0.162 .689 .002 

 Geometric dominance 1 1.345 .249 .015 1 0.023 .879 .000 

 VMEAN *Geometric dominance 1 4.382 .039* .048 1 1.079 .302 .012 

RI RI 1 0.580 .448 .007 1 2.441 .122 .026 

 Geometric dominance 1 2.390 .126 .027 1 4.779 .031* .050 

 RI *Geometric dominance 1 0.175 .667 .002 1 0.331 .566 .004 

PI PI 1 0.658 .419 .008 1 2.242 .138 .024 

 Geometric dominance 1 2.312 .132 .026 1 4.818 .031* .050 

 PI*Geometric dominance 1 0.304 .583 .003 1 0.273 .603 .003 

Q  Q  1 0.693 .408 .008 1 0.188 .665 .002 

 Geometric dominance 1 3.294 .073 .036 1 3.131 .080 .033 

 Q*Geometric dominance 1 84.636 .000* .493 1 103.905 .000* .533 

WSSSYS WSSSYS 1 0.939 .335 .011 1 1.303 .257 .014 

 Geometric dominance 1 1.492 .225 .017 1 0.005 .945 .000 

 WSSSYS* Geometric dominance 1 33.575 .000* .278 1 43.048 .000* .321 

WSSDIAS WSSDIAS 1 .001 .976 .000 1 0.046 .861 .001 

 Geometric dominance 1 .109 .742 .001 1 1.367 .245 .015 

 WSSDIAS* Geometric dominance 1 22.661 .000* .207 1 27.122 .000* .230 

Note. p < .05; PSV = Peak systolic velocity; EDV = End-diastolic velocity; VMEAN = Mean velocity; RI = Resistance index; PI = 

Pulsatility index; Q = Blood flow volume; WSSSYS = Systolic wall shear stress; WSSDIAS = Diastolic wall shear stress 

 2 
 3 

 4 
  5 
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Figures 1 

 2 
Figure 1: Dual-view B-flow and Pulsed-wave imaging of the middle cerebral origin (A) 3 

distal trunk (B) and lenticulostriate arteries (C).  4 

  5 
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1 

Figure 2: Interaction effects of middle cerebral artery origin and distal trunk PSV (A), 2 

EDV (B), VMEAN (C), Q (D), RI (E), PI (F), WSSSYS (G), WSSDIAS (H), and geometric 3 

dominance. LMCA = Left middle cerebral artery; RMCA = Right middle cerebral artery; 4 

PSV = Peak systolic velocity; EDV = End-diastolic velocity; VMEAN = Mean velocity; Q = 5 

Blood flow volume; RI = Resistance index; PI = Pulsatility index; WSSSYS = Systolic wall 6 

shear stress; WSSDIAS = Diastolic wall shear stress. Error bars show the 95% confidence 7 

interval. 8 

  9 
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