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Abstract

:

Neonatal and adult strokes are more common in the left than in the right cerebral hemisphere in the middle cerebral arterial territory, and adult extracranial and intracranial vessels are systematically left-dominant. The aim of the research reported here was to determine whether the asymmetric vascular ground plan found in adults was present in healthy term neonates (n = 97). A new transcranial Doppler ultrasonography dual-view scanning protocol, with concurrent B-flow and pulsed wave imaging, acquired multivariate data on the neonatal middle cerebral arterial structure and function. This study documents for the first-time systematic asymmetries in the middle cerebral artery origin and distal trunk of healthy term neonates and identifies commensurately asymmetric hemodynamic vulnerabilities. A systematic leftward arterial dominance was found in the arterial caliber and cortically directed blood flow. The endothelial wall shear stress was also asymmetric across the midline and varied according to vessels’ geometry. We conclude that the arterial structure and blood supply in the brain are laterally asymmetric in newborns. Unfavorable 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.
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1. Introduction


Middle cerebral artery strokes occur more commonly in the left cerebral hemisphere [1,2]. In the mature brain, this leftward predilection has been attributed by some to selective recognition of the clinically obvious sequalae of left hemispheric events [3]. Neurovascular vulnerabilities that might explain a left hemispheric predilection for stroke have also been identified [4].



Adult studies report left-biased asymmetries in the structure and hemodynamics of extracranial and intracranial arteries, namely, the vertebral arteries [5,6], common and internal carotid arteries [7], and middle and anterior cerebral arteries [8]. These reports of larger arterial calibers, higher flow velocities, and higher blood flow volumes on the left are in keeping with the notion of a more resource intensive left hemisphere [9] and create left–right differences in the circulations of each arterial tree.



Hemodynamic processes, such as changes in blood pressure parameters, the speed of the pressure wave propagation, and resulting shearing forces on the arterial endothelium, play important roles in the development of vascular disease [10]. The distribution of atherosclerosis in the vascular system is not uniform and plaque severity and composition also varies according to location [11]. Reports of higher left-than-right intima-media wall thickness [12] and plaque incidence, thickness, and instability [3] in the carotid arteries suggest a lateralized vulnerability to cerebrovascular disease in adults.



A left hemisphere predilection for cerebrovascular pathology, such as periventricular hemorrhage [13], neonatal stroke [14], and cerebral palsy [15], has also been reported in neonates. Approximately 70% to 80% of neonatal ischemic strokes occur in the middle cerebral arterial field, and they are left-sided in 53% to 75% of cases [16]. This begs a key question: is the ground plan of adult arterial asymmetries and corresponding vulnerability to pathology discernible in neonates? There is only one study, to our knowledge, that aimed to investigate the significance of left–right differences in the blood flow velocity to neonatal stroke, but only 20 normal control cases were reported, without data on arterial diameter, flow volume, or shear stress [17].



Ultrasonography of neonatal cerebral arteries is common in routine clinical practice and largely proceeds on the assumption of trans-midline symmetry. The resolution of existing methodologies has not been extended to detect the existence of structurofunctional asymmetries]. In previously used Doppler technologies, “bleeding”, blooming artefact, and the influence of gain settings are recognized sources of error, particularly in relation to diametric measurement. This is problematic, since conclusions about regional cerebral blood flow cannot be drawn from velocity measurements [18], primarily because the volume flow (Q) in a vessel is related to the velocity (V) as well as the vessel’s radius (R) according to the equation Q = VπR2. Similarly, the calculation of the wall shear stress requires a diametric measurement according to the equation τ = 4μ(V/πD3). B-flow imaging is a recently introduced non-Doppler technology which effectively bypasses these difficulties [19]. A dual-view imaging protocol using concurrent pulsed wave and B-flow Doppler transcranial ultrasonography addresses these shortcomings and paves the way for investigating the aims of the research reported here, namely, to investigate neonatal arterial asymmetry and corresponding cerebrovascular vulnerabilities.



We focused on the trunk of the middle cerebral artery as a major and accessible conduit to the lateral neocortical territory. We hypothesized that the diameter, hemodynamics, and shear stress are all inherently asymmetric in the direction of larger arterial calibers, higher blood flow volumes, and unfavorable shear stress on the left in the majority of healthy term neonates.




2. Materials and Methods


2.1. Search Strategy and Selection Criteria


Transcranial Doppler ultrasonography was performed on 106 healthy term neonates. Neonates with a gestational age greater than 37 weeks were recruited consecutively between March 2017 and November 2017 from the postnatal wards of the Royal Women’s Hospital and Frances Perry House in Melbourne, Australia. A non-randomized participant sampling approach accompanied by comprehensive exclusion criteria (see below) was adopted. Six participants were excluded from the final analysis because aberrant middle cerebral arterial branching patterns precluded left–right comparisons of arterial geometry and hemodynamics. An additional three participants were excluded for poor image quality because of excessive neonatal movement, excessive hair, and or small cranial windows.




2.2. 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 an intracranial pathology, substance exposure, or metabolic, genetic, and/or cardiovascular disorders were excluded. All infants enrolled in the study were healthy and had no dysmorphic features during the neonatal predischarge check.




2.3. Maternal Exclusion Criteria


Exclusion criteria included diagnoses of autoimmune disorders, pre-gestational diabetes mellitus, gestational diabetes, cardiac disease, drug and substance use, instances of suspected or detected fetal abnormality prior to delivery, chronic or persistent hypertension (>140/90), infections (including active genital herpes, syphilis, and HIV+), pre-eclampsia, and 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 the Royal Women’s Hospital Human Research Ethics Committee and written informed consent was obtained from one or both parents.




2.4. Procedure


Transcranial ultrasonography and Doppler assessment took place at a postnatal age of 1 to 7 days. Scans did not reflect acute hemodynamic changes known to occur in the first 12 h of life [20]. Standard medical procedure was followed prior to the analysis. All infants underwent 10 min of supine rest on a clean cot in a standardized sound proofed ultrasound room with no 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. If the neonate began to cry, the neonate was soothed before resuming the procedure.



Transcranial Doppler cerebrovascular imaging was performed using the portable General Electric EPIQ 9 ultrasound unit (GE Healthcare, Wauwatosa, WI, USA). A C3-10-D convex probe (2–11 MHz) 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 caused by 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 gray-scale imaging and color flow imaging through the temporal window. B-flow imaging was activated, and the probe was moved so as to optimize the visualization of the origin of the middle cerebral artery trunk (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 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 hemodynamic measurements were recorded at the arterial site. 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 from the corresponding right B-Flow image in the exact location hemodynamic measures were sourced.



The distal portion of the middle cerebral artery trunk (distal to the origins of the lenticulostriate arteries) approximately 2 mm from the middle cerebral artery bifurcation/trifurcation was located, and hemodynamic and diameter measures were repeated. 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 randomized.



As a proof of concept for the new scanning protocol, we also imaged the very fine lenticulostriate branches of the middle cerebral trunk to a high degree of resolution. Lenticulostriate artery sampling in the study was sparse, largely because these vessels are difficult to image and of a small caliber. The fact that lenticulostriate arteries were imaged to the point of supporting reliable measurement attests to the resolution of the innovations that were introduced to accomplish this.



The lenticulostriate arteries 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 the left cerebral hemisphere. Screening and identification of the lenticulostriate arteries was performed with two-dimensional B mode gray-scale imaging and color 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 (that is, the two arteries on each side that were most oriented in the vertical plane). The probe was moved so as to optimize the visualization of one of the selected vessels. B-flow and pulsed wave Doppler was utilized in dual-view imaging to record structural and hemodynamic measures of the lenticulostriate artery. The procedure was then repeated for the second unilateral and two contralateral lenticulostriate arteries in a randomized order.



All images were stored on optical disc for off-line analysis using SYNAPSE (PACS) 64-bit imaging software. All hemodynamic 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. Parameters were also averaged across the ipsilateral origin and distal trunk of middle cerebral artery (MCAMEAN). 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 0.963.



At each site, the following hemodynamic indices were calculated with the following formulae.



Mean velocity (VMEAN):


   V  M E A N   =   P S V + E D V  2   











Resistive index (RI) computed according to the method of Pourcelot (1982):


  R I =   P S V − E D V   P S V    











Pulsatility index (PI) computed according to the method of Gosling and King (1988):


  P I =   P S V − E D V   V MEAV    











Shear stress (τ; dyne/cm2):


  τ = 4 · μ ·  V  π ·  D 3     








where V equals the flow velocity, µ equals the viscosity of flow, and D equals the arterial diameter. No data was available concerning blood viscosity in the neonates, so an average neonatal hematocrit-adjusted (0–45) blood viscosity, adjusted at high shear rates of 4.22 mPa.s, was assumed [21], as there is no reason to suspect intraindividual viscosity differences or systematic differences between left- and right-dominant neonates.



Volume flow (Q):


  Q = P S V ×  (   D 2   (   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 [22], is mediated by arterial structure [23], and reflects cerebral blood flow [24], 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 particular clinical applications, end-diastolic velocities show less left–right differentiation [25].



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 and calculated with the formula:


  L a t e r a l i t y   i n d e x =   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 as well as the cerebral artery average between the middle cerebral origin and distal trunk (MCAMEAN).




2.5. Statistical Analyses


Data were analyzed using IBM SPSS Statistics (version 23) software. Each hemodynamic measure of the middle cerebral arteries was analyzed using a mixed-design ANOVA. Neonates with no structural arterial dominance were removed from the analysis. 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 structural dominance (left-dominant or 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 hemodynamics parameters at each site of measurement. Tests of normality and homoscedasticity (namely Levene’s test of equality of variance and Shapiro–Wilk tests) were run on each dataset. If the assumption of normality was not upheld, a non-parametric Mann–Whitney U test was run instead.



For brevity, results for TAMAX and TAMEAN are omitted as they are collinear with PSV (r > 0.90) and VMEAN (r > 0.90), respectively, as described below, but 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 rule of thumb for effect size interpretations was used for between-group comparisons: d = 0.10 (small effect), d = 0.30 (medium effect), and d = 0.50 (large effect). The significance of the analyses was determined with a 95% confidence level at p < 0.05.





3. Results


The geometric and hemodynamic properties of the middle cerebral artery origin and termination of its trunk were recorded in 97 healthy full-term neonates. The final sample included 59 males and 38 females born via normal vaginal delivery or caesarean section (Table 1). The gestational age at birth of the sample ranged from 36 to 41 weeks, and birth weights ranged from 2200 g to 4930 g. The postnatal age at the time of scanning was 12 to 174 h (M = 47.71 h; SD = 28.58; Median = 41 h; Range = 162 h). Mean Apgar scores were 8.30 at 1 min (SD = 1.38) and 8.92 at 5 min (SD = 0.32). The sample spent an average of 68 h in hospital. There were no significant sex differences in the birth weight, postnatal scanning age, or gestational age.



As an example of dual views of B-mode and pulsed wave Doppler ultrasound imaging, Figure 1 illustrates the diameter and hemodynamic variability of the left and right middle cerebral arteries. As a proof of concept, we also imaged the very fine lenticulostriate branches of the middle cerebral trunk to a high degree of resolution. Example images are included in Figure 1. Demographic information on the neonates according to their averaged middle cerebral geometric asymmetry (left-dominant or right-dominant) is presented in Table 1.



3.1. Sex Differences


No significant sex differences were found in the arterial diameter; peak systolic, end-diastolic, and mean velocity; and resistance or pulsatility indices. A significant sex difference was found in the blood flow volume in the left middle cerebral origin. Overall, males had higher left-sided blood flow volumes (M = 210.04 mL/min; SD = 75.05) than females (M = 189.87 mm; SD = 80.50) at this arterial site (p = 0.041). Shearing forces at each corresponding arterial site were comparable between males and females apart from the shear stress in the distal trunk of the right middle cerebral artery. Females had a higher right-sided wall shear stress (M = 595.99 dyne/cm2; SD = 208.90) than males (M = 504.71 dyne/cm2; SD = 137.61) at the distal trunk (p = 0.034).




3.2. Structural Differences


Left–right asymmetries in the arterial diameter were found at each arterial site (p < 0.001; Table 2). Of the 97 participating neonates, a left geometric dominance was exhibited in 52 (54%) at the middle cerebral origin and 60 (62%) at the middle cerebral distal trunk. When averaged across the arteries, with no consideration of individual dominance, a significant leftward structural difference was evident only at the middle cerebral distal trunk (t(96) = 1.989, p = 0.050, d = 0.239). A small proportion of participants showed no left–right differences in the arterial diameter at the origin (8%) and distal trunk (4%). Laterality indices of structure at the middle cerebral artery proximal segment were associated with asymmetries at the distal segment (r = 0.741; p < 0.001).



Analyses described in this paper have not been undertaken in previous work. Rather, left–right comparisons classically are made on the basis of 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 show that this approach hides or reduces the probability of the systematic individual lateral dominance reported here.




3.3. Structurofunctional Differences


Considerable geometric and hemodynamic asymmetries existed in the origin and distal trunk of the middle cerebral artery. In participants with a leftward dominance in the arterial geometry, peak blood flow velocities were higher on the left side at both sites of the middle cerebral artery. A leftward bias in the 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 in the end-diastolic velocity were found at either site.



Across both middle cerebral arterial sites, no lateral differences in the peak systolic, end-diastolic of average blood flow velocity were found in neonates with larger arteries on the right side (Table 3 and Table 4; Figure 2). Converse to neonates with a leftward dominance in the geometry, a right-sided asymmetry in the overall blood flow volume was found at the origin and distal trunk of neonates with larger arteries in the right hemisphere.



The influence of the neonatal arterial geometry on the hemodynamics 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 (Table 3 and Table 4; Figure 2). More specifically, interactions were found in the peak systolic velocity, average velocity, and blood flow volume. Structural dominance of the distal middle cerebral trunk did not significantly influence the arterial velocity (peak systolic, end-diastolic, and mean velocities), but a significant influence of the geometry was seen in the blood flow volume.



The resistance to the blood flow caused by the microvascular bed distal to the site of measurement did not significantly interact with the arterial geometry (Table 4). However, the main effect on the 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 = 0.031). This main effect was also reflected in pulsatility indices.



No lateral differences in the arterial resistance were noted at the middle cerebral artery origin. A lateral difference in the arterial resistance was evident at the distal trunk, where neonates with a leftward structural dominance had a higher resistance and pulsatility index in the left cerebral hemisphere than they had in the right (Table 3). No left–right differences were found in those with a rightward arterial dominance.




3.4. Shearing Stress Differences


The neonatal arterial geometry differentially influenced peak systolic and end diastolic shearing forces at both arterial sites (Table 4; Figure 2). In participants with a leftward structural dominance, the peak systolic and end diastolic shear stresses were significantly higher on the right-side than on the left, and the converse was seen in right-dominant neonates.





4. Discussion


In adults, left–right asymmetries are normal attributes of cerebral perfusion, akin to well-established asymmetries in brain morphology [26,27]. Cerebral arterial diameters and blood flows have been investigated in neonates for a variety of largely clinical ends. Studies of diameters are restricted to autopsy series [28,29]. Blood flow velocity is commonly measured in vivo for routine clinical purposes [30,31,32,33,34,35].



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 of interest, and the corresponding hemodynamics were biased towards larger arterial calibers. Leftward hemodynamic biases were found in neonates with larger arteries in the left cerebral hemisphere (left-dominant), while rightward hemodynamic biases were found in neonates with larger arteries in the right cerebral hemisphere (right-dominant). Very few neonates (<8%) showed an absence of lateral differences in arterial diameter.



The pattern of asymmetry in middle cerebral Doppler waveforms differed between left- and right-dominant groups. Left-dominant neonates were typified by impressive differences in left–right peak systolic velocities that disappeared at the end systole. This peak systolic effect was absent bilaterally in neonates with larger arterial diameters on the right.



Although pulsatility and resistance indices are frequently used in clinical studies, the interpretation of these variables is dependent on several factors such as vascular resistance, arterial compliance, and the driving force of the arterial pulse wave [36]. Structural dominance did not play a role in resistance and pulsatility differences. Arterial pulsatility was not laterally biased in right-dominant neonates, but in left-dominant neonates pulsatility was left biased in the distal trunk of the middle cerebral artery. If one were to apply a traditional interpretation [37] to these findings, the degree of resistance in the cortical microvascular bed distal to the middle cerebral artery 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 a decreased end-diastolic velocity, rendering the left hemisphere more prone to disorders such as stroke or venous infarcts, and left-biased resistance and pulsatility asymmetries in neonates have been documented previously [38].



The arterial endothelial wall shear stress exerts a key influence on the genesis of vascular pathology [39], in that a high shear stress has a protective effect on the endothelium [40]. The pathogenesis of the higher left-than-right incidence of cerebrovascular pathology in adults [41,42] and neonates [43] has been elusive, but clarification might be gained from the overall blood flow and wall shear stress asymmetries reported here.



The present findings show that a systematic leftward arterial bias in wall shear stress is detectible in healthy term neonates. Shearing asymmetries systematically disadvantaged the left hemispheric endothelium with lower left-than-right peak systolic and end-diastolic endothelial shearing forces in neonates with larger left-sided arteries. The converse was seen in right-dominant neonates. This asymmetry therefore increased the neurovascular vulnerability in the left cerebral hemisphere of most healthy term neonates.



The findings of this study are consistent with the hypothesis that the wall shear stress varies according to geometric and behavioral lateralization in the neonatal cerebral arterial trunk. This adds to literature [44] demonstrating that the 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 [45] into question.



The ontogenesis of atherosclerosis begins very early in life. While incipient atherosclerotic changes are minor in most cases, the process can be accelerated in the presence of a variety of conditions [46]. Menshawi and colleagues [47] postulated that individuals born with an unfavorable arterial geometry are more susceptible to the atherosclerotic effects of traditional vascular risk factors. Although left-lateralized 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.



If the present findings are stable across the lifespan and are also consistently discernible in adults, extended exposure to a lateralized arterial vulnerability might also shed light on the ontogenesis of leftward biases in the carotid intima-media wall thickness [48]; plaque incidence, thickness, and instability, as well as large-vessel ischemic events in adults [3].



There are documented associations between handedness and the left arterial intimal wall thickness of the carotids [49], as well as left-handedness and a lower risk of sudden death from brain infarction (typically associated with left-hemispheric stroke [50]. In an adult study, some of the present authors showed that the arterial length, diameter, resistance to blood flow, velocity, and volume flow rate are asymmetric and are intimately related to hand preference and proficiency, raising the possibility that these structurofunctional asymmetries arose in adaptation to greater metabolic demands in the dominant hemisphere in anticipation of the emergence of lateralized cognitive and behavioral functions [51].



Our data show that the asymmetric vascular ground plan found in adults is present in neonates. Ultimately, routine investigations of the neonatal brain should proceed on the expectation that asymmetries in the middle cerebral arteries are a normal attribute of the lateral cortical supply. Ironically, the lateralized neurovascular framework within which language develops might also contain the seeds of its most significant cerebrovascular threat.
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Figure 1. An example of dual-view B-flow and pulsed wave imaging in a left-dominant infant. The brown-scale arterial images and the blue-scale cardiac cycles for measurement of velocities are shown. Panels (A): origin of the left and right middle cerebral arteries. The diameter on the left is 2.9 mm and the diameter on the right is 2.1 mm; the difference is visible on inspection of the brown-scale images. Peak systolic velocity on the left (PS in the quantitative panel) is 47.6 cm/s and 40.3 cm/s on the right. The end-diastolic velocity (ED in the quantitative panel) is 17.7 cm/s on the left and 11.2 cm/s on the right. Panels (B): distal segment of the trunk of the left and right middle cerebral arteries. The diameter on the left is 3.2 mm and 2.0 mm on the right, and the difference is again visible on inspection of the brown-scale images. Peak systolic velocity (PS) is 50 cm/s on the left and 40.3 cm/s on the right. End-diastolic velocity (ED) is 19.3 cm/s on the left and 12.8 cm/s on the right. Panels (C): the lenticulostriate arteries are shown largely as a proof of the concept that very small caliber arteries in the neonatal brain can be visualized and that structurofunctional measurements can be obtained. The arteries selected for measurement can be identified by the white dotted lines in the brown-scale images. 
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Figure 2. Interactions between haemodynamic and arterial wall shear stress variables and left versus right middle cerebral arteries at the origin (A–D) and distal trunk (E–H) in left and right dominant neonates. The haemodynamic variables are peak systolic volume (A,E) and blood flow volume (B,F). The shear stress variables are systolic wall shear stress (C,G) and diastolic wall shear stress (D,H). Abbreviations: LMCA = Left middle cerebral artery; RMCA = Right middle cerebral artery; PSV = Peak systolic velocity; Q = blood flow volume; WSSSYS = systolic wall shear stress; WSSDIAS = diastolic wall shear stress. Error bars show the 95% confidence interval. 
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Table 1. Neonatal characteristics as a function of geometric arterial asymmetry.
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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 min; AS5min = Apgar score at 5 min; a = number according to geometric dominance averaged across middle cerebral origin and distal trunk.
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Table 2. Intra-individual left–right diametric differences as a function of inter-individual differences in the direction of arterial asymmetry.
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Left-Dominant

	
Right-Dominant

	
No Dominance

	
Averaged a




	
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

	
0.000

	
0.000

	
-

	
0.412




	
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

	
0.000

	
0.000

	
-

	
0.050 *




	
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

	
0.000

	
0.000

	
-

	
0.158








Note: p < 0.05; 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.
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Table 3. Comparisons of hemodynamic parameters between left and arterial sites according to geometric dominance.
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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

	
0.013 *

	
0.331




	

	

	
EDV (cm/s)

	
18.91

	
4.42

	
18.25

	
5.45

	
1.140

	
51

	
0.130

	
0.154




	

	

	
VMEAN (cm/s)

	
30.58

	
5.77

	
29.25

	
6.92

	
1.866

	
51

	
0.033 *

	
0.257




	

	

	
RI

	
0.65

	
0.07

	
0.64

	
0.07

	
0.250

	
51

	
0.402

	
0.163




	

	

	
PI

	
0.96

	
0.14

	
0.96

	
0.15

	
0.195

	
51

	
0.423

	
0.000




	

	

	
Q (mL/min)

	
232.52

	
83.44

	
149.98

	
41.15

	
7.509

	
51

	
0.000 *

	
1.048




	

	

	
WSSSYS (dyne/cm2)

	
80.36

	
18.77

	
91.32

	
22.39

	
−5.118

	
51

	
0.000 *

	
−0.727




	

	

	
WSSDIAS (dyne/cm2)

	
2.80

	
0.68

	
3.24

	
1.00

	
−2.022

	
51

	
0.000 *

	
−0.683




	

	
Right

	
PSV (cm/s)

	
56.04

	
14.85

	
57.67

	
14.62

	
−0.945

	
36

	
0.176

	
0.155




	

	

	
EDV (cm/s)

	
18.63

	
6.97

	
19.53

	
6.28

	
−1.253

	
36

	
0.109

	
0.230




	

	

	
VMEAN (cm/s)

	
31.10

	
9.17

	
32.24

	
8.73

	
−1.167

	
36

	
0.125

	
0.191




	

	

	
RI

	
0.67

	
0.07

	
0.66

	
0.06

	
0.857

	
36

	
0.199

	
0.187




	

	

	
PI

	
1.01

	
0.15

	
0.99

	
0.13

	
0.937

	
36

	
0.178

	
0.173




	

	

	
Q (mL/min)

	
167.15

	
52.67

	
266.11

	
123.28

	
−5.630

	
36

	
0.000 *

	
0.926




	

	

	
WSSSYS (dyne/cm2)

	
99.51

	
32.68

	
84.14

	
27.73

	
20.270

	
36

	
0.001 *

	
0.572




	

	

	
WSSDIAS (dyne/cm2)

	
3.32

	
1.46

	
2.87

	
1.19

	
0.664

	
36

	
0.007 *

	
0.432




	
MCADT

	
Left

	
PSV (cm/s)

	
53.26

	
12.72

	
51.03

	
14.23

	
1.947

	
59

	
0.028 *

	
0.251




	

	

	
EDV (cm/s)

	
18.28

	
5.53

	
18.14

	
6.45

	
0.245

	
59

	
0.407

	
0.032




	

	

	
VMEAN (cm/s)

	
29.94

	
7.52

	
29.10

	
8.65

	
1.173

	
59

	
0.123

	
0.152




	

	

	
RI

	
0.66

	
0.06

	
0.65

	
0.07

	
1.773

	
59

	
0.041 *

	
0.193




	

	

	
PI

	
0.99

	
0.14

	
0.96

	
0.15

	
1.726

	
59

	
0.045 *

	
0.260




	

	

	
Q (mL/min)

	
193.68

	
71.06

	
130.20

	
37.92

	
8.093

	
59

	
0.000 *

	
1.045




	

	

	
WSSSYS (dyne/cm2)

	
86.69

	
26.81

	
97.56

	
33.08

	
−4.597

	
59

	
0.000 *

	
−0.628




	

	

	
WSSDIAS (dyne/cm2)

	
2.97

	
1.06

	
3.48

	
1.36

	
−4.574

	
59

	
0.000 *

	
−0.625




	

	
Right

	
PSV (cm/s)

	
53.90

	
12.42

	
54.73

	
11.86

	
−0.628

	
32

	
0.267

	
0.109




	

	

	
EDV (cm/s)

	
17.06

	
5.52

	
17.56

	
4.98

	
−0.735

	
32

	
0.233

	
0.127




	

	

	
VMEAN (cm/s)

	
29.58

	
7.71

	
29.95

	
6.70

	
−0.422

	
32

	
0.338

	
0.073




	

	

	
RI

	
0.68

	
0.06

	
0.68

	
0.06

	
0.629

	
32

	
0.267

	
0.000




	

	

	
PI

	
1.03

	
0.15

	
1.03

	
0.15

	
0.588

	
32

	
0.267

	
0.000




	

	

	
Q (mL/min)

	
148.46

	
50.63

	
217.59

	
88.24

	
−6.771

	
32

	
0.000 *

	
1.178




	

	

	
WSSSYS (dyne/cm2)

	
100.26

	
30.39

	
84.80

	
20.63

	
4.705

	
32

	
0.000 *

	
0.940




	

	

	
WSSDIAS (dyne/cm2)

	
3.16

	
1.22

	
2.71

	
0.80

	
3.081

	
32

	
0.002 *

	
0.602








Note: p < 0.05; 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; * = significant p values.
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Table 4. Effects of geometric dominance on hemodynamic parameters of arterial sites.
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Middle Cerebral Origin

	
Middle Cerebral Distal Trunk




	

	
Source

	
df

	
F

	
p

	
ηp2

	
df

	
F

	
p

	
ηp2






	
PSV

	
PSV

	
1

	
0.266

	
0.607

	
0.003

	
1

	
0.584

	
0.447

	
0.006




	

	
Geometric dominance

	
1

	
2.902

	
0.092

	
0.032

	
1

	
0.663

	
0.418

	
0.007




	

	
PSV* Geometric dominance

	
1

	
4.621

	
0.034 *

	
0.050

	
1

	
2.795

	
0.098

	
0.030




	
EDV

	
EDV

	
1

	
0.055

	
0.815

	
0.001

	
1

	
0.154

	
0.696

	
0.002




	

	
Geometric dominance

	
1

	
0.184

	
0.669

	
0.002

	
1

	
0.613

	
0.436

	
0.007




	

	
EDV* Geometric dominance

	
1

	
2.877

	
0.093

	
0.032

	
1

	
0.484

	
0.488

	
0.005




	
VMEAN

	
VMEAN

	
1

	
0.028

	
0.868

	
0.000

	
1

	
0.162

	
0.689

	
0.002




	

	
Geometric dominance

	
1

	
1.345

	
0.249

	
0.015

	
1

	
0.023

	
0.879

	
0.000




	

	
VMEAN* Geometric dominance

	
1

	
4.382

	
0.039 *

	
0.048

	
1

	
1.079

	
0.302

	
0.012




	
RI

	
RI

	
1

	
0.580

	
0.448

	
0.007

	
1

	
2.441

	
0.122

	
0.026




	

	
Geometric dominance

	
1

	
2.390

	
0.126

	
0.027

	
1

	
4.779

	
0.031 *

	
0.050




	

	
RI* Geometric dominance

	
1

	
0.175

	
0.667

	
0.002

	
1

	
0.331

	
0.566

	
0.004




	
PI

	
PI

	
1

	
0.658

	
0.419

	
0.008

	
1

	
2.242

	
0.138

	
0.024




	

	
Geometric dominance

	
1

	
2.312

	
0.132

	
0.026

	
1

	
4.818

	
0.031 *

	
0.050




	

	
PI* Geometric dominance

	
1

	
0.304

	
0.583

	
0.003

	
1

	
0.273

	
0.603

	
0.003




	
Q

	
Q

	
1

	
0.693

	
0.408

	
0.008

	
1

	
0.188

	
0.665

	
0.002




	

	
Geometric dominance

	
1

	
3.294

	
0.073

	
0.036

	
1

	
3.131

	
0.080

	
0.033




	

	
Q* Geometric dominance

	
1

	
84.636

	
0.000 *

	
0.493

	
1

	
103.905

	
0.000 *

	
0.533




	
WSSSYS

	
WSSSYS

	
1

	
0.939

	
0.335

	
0.011

	
1

	
1.303

	
0.257

	
0.014




	

	
Geometric dominance

	
1

	
1.492

	
0.225

	
0.017

	
1

	
0.005

	
0.945

	
0.000




	

	
WSSSYS* Geometric dominance

	
1

	
33.575

	
0.000 *

	
0.278

	
1

	
43.048

	
0.000 *

	
0.321




	
WSSDIAS

	
WSSDIAS

	
1

	
0.001

	
0.976

	
0.000

	
1

	
0.046

	
0.861

	
0.001




	

	
Geometric dominance

	
1

	
0.109

	
0.742

	
0.001

	
1

	
1.367

	
0.245

	
0.015




	

	
WSSDIAS* Geometric dominance

	
1

	
22.661

	
0.000 *

	
0.207

	
1

	
27.122

	
0.000 *

	
0.230








Note. p < 0.05; 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; * significant p values
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