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Mariève Blanchet, Pierre Guertin, Francine Pilon, Philie Gorce and François Prince

From Neural Command to Robotic Use: The Role of Symmetry/Asymmetry in Postural and
Locomotor Activities
Reprinted from: Symmetry 2021, 13, 1773, doi:10.3390/sym13101773 . . . . . . . . . . . . . . . . 35

Anica Jansen van Vuuren, Michael Saling, Sheryle Rogerson, Peter Anderson, Jeanie Cheong

and Mark Solms

Cerebral Arterial Asymmetries in the Neonate: Insight into the Pathogenesis of Stroke
Reprinted from: Symmetry 2022, 14, 456, doi:10.3390/sym14030456 . . . . . . . . . . . . . . . . . 49

Aleksandra Janowska, Brianna Balugas, Matthew Pardillo, Victoria Mistretta, 
Katherine Chavarria, Janet Brenya, et al.

The Neurological Asymmetry of Self-Face Recognition
Reprinted from: Symmetry 2021, 13, 1135, doi:10.3390/sym13071135 . . . . . . . . . . . . . . . . 63

v





About the Editors

Thierry Paillard

Thierry Paillard is a full professor at University of Pau et Pays de l’Adour, France. He holds a

PhD in sports science (exercise physiology) and a PhD in neuroscience (neurophysiology). In general,

his research focuses on movement and postural balance. More specifically, his research themes are

the plasticity of postural and motor function and electrophysiology. He is currently director of the

Movement, Balance, Performance and Health laboratory (EA 4445).

Sandeep Kumar Singh

Sandeep Kumar Singh (PhD) is Research Scientist at the Indian Scientific Education and

Technology Foundation, India. He holds a PhD Degree in Biotechnology. He has more than 10

year research experience in Neuroscience. In general his research focus on Therapeutic aspects of

Alzheimer’s disease, focus on use of natural compounds and nutraceuticals for the treatment of

Alzheimer’s disease.

vii





Preface to ”Neuroscience, Neurophysiology and

Symmetry”

Human movements and posture often show lateral asymmetries in healthy, young, older, frail

and pathological subjects. Why are there asymmetries in motor behaviour? These asymmetries have

not been fully identified and are likely to stem from different components of motor function, such as

the sensory (perception), central (central integration) and motor (movement command and control)

components. The neural mechanisms involved are also not yet understood at different neurological

levels (peripheral, spinal, subcortical and cortical). Therefore, exploratory research is needed in order

to understand symmetry or asymmetry in terms of human movement and posture. This Special

Issue, “Neuroscience, Neurophysiology and Symmetry”, presents experimental or theoretical data

that provide answers to these questions, focusing mainly on asymmetry in human movement and

posture.

Thierry Paillard and Sandeep Kumar Singh
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Editorial

Asymmetry of Movement and Postural Balance and Underlying
Functions in Humans

Thierry Paillard

Laboratory of Movement, Balance, Performance and Health (MEPS), University of Pau and Pays de l’Adour, E2S,
65000 Tarbes, France; thierry.paillard@univ-pau.fr

Human movements and posture often show lateral asymmetries. Although symmetry
is not systematically observed between two limbs, its presence is likely to influence motor
and postural performance and the risk of injury and falls in sportspeople, healthy, elderly,
and frail subjects during professional, sports and leisure activities, as well as activities in
day to day life [1–3]. A systematic search for possible inter-limb asymmetry in the context
of the optimization of motor performance or the rehabilitation of functional abilities can
be undertaken. Inter-limb symmetry or asymmetry may occur as a function of motor
experience (e.g., high versus low), the nature of movements (e.g., specialized versus non-
specialized), the environmental context (e.g., easy versus difficult motor tasks), individual
or intrinsic factors (e.g., proprioception, hemispheric laterality, motor output) and the limb
dominance effect. The finer details of motor and postural symmetry or asymmetry have
not yet been fully identified in terms of information perception, central integration and
movement command and control [4]. In addition, the neural mechanisms involved are also
not fully understood at the different neurological levels (peripheral, spinal, subcortical and
cortical). Therefore, exploratory research is needed in order to understand symmetry or
asymmetry in terms of human movement and posture. This Special Issue, “Neurosciences,
Neurophysiology and Symmetry”, includes six papers that provide some answers to these
questions, focusing mainly on asymmetry in human movement and posture.

The first paper, by Barbara Dobies-Krześniak et al. [5], tests the hypothesis that func-
tional laterality features are associated with scoliosis incidence (radiologically confirmed as
idiopathic scoliosis). Side dominance was determined by the lateral preference inventory.
The direction, strength and consistency of lateral dominance were evaluated. Lateralization
analysis showed some trends, but the results obtained were not statistically significant.
Thus, the relationship between scoliosis and laterality may not be a simple causal relation-
ship, and needs further investigation.

The second paper is based on the kinematic analysis of lower limb joint asymmetry
during gait in people with multiple sclerosis [6]. The majority of people with multiple
sclerosis (pwMS), report lower limb motor dysfunctions, which may affect postural control,
gait and a wide range of daily activities. While it is quite common to observe a differing
impact of the disease on the two limbs (i.e., one of them can be more affected), less clear
are the effects of such asymmetry on gait performance (kinematic and spatio-temporal
parameters with eight-camera motion capture system). Based on cyclogram orientation and
trend symmetry, the results showed that pwMS exhibit significantly greater asymmetry
in all three joints (hip, knee, ankle) than unaffected individuals. Moreover, the same
parameters were sensitive enough to discriminate individuals of different disability levels.
With few exceptions, all the calculated symmetry parameters were found to be significantly
correlated with the main spatio-temporal parameters of gait and the EDSS (Expanded
Disability Status Scale) score. In particular, large correlations were detected between Trend
Symmetry and gait speed and between trend symmetry and EDSS score. Such results
suggest not only that MS is associated with significantly marked interlimb asymmetry

Symmetry 2023, 15, 759. https://doi.org/10.3390/sym15030759 https://www.mdpi.com/journal/symmetry1



Symmetry 2023, 15, 759

during gait, but also that such asymmetry worsens as the disease progresses and that it has
a relevant impact on gait performances.

Based on the fact that the current literature shows no consensus regarding the dif-
ference between the dominant leg (D-Leg) and the non-dominant leg (ND-Leg) in terms
of postural control, the third paper deals with the effects of limb dominance on postural
balance in sportsmen practicing symmetric and asymmetric sports [7], the hypothesis being
that the lack of consensus could stem from motor experience (i.e., symmetric or asym-
metric motricity) and/or the physiological state induced by physical exercise. The study
by Kadri et al. [7] aimed to investigate the acute effects of fatiguing exercise on postural
control when standing on the D-Leg and the ND-Leg in athletes practicing symmetric (SYM)
and asymmetric (ASYM) sports. Monopedal postural control was assessed for the D-Leg
and the ND-Leg before and after the fatigue period (which consisted of repeating squats
until exhaustion). A force platform was used to calculate the spatio-temporal characteristics
of the displacements of the center of foot pressure (COP). A significant fatigue effect was
observed in both groups on the D-Leg and the ND-Leg for all the COP parameters. There
was a strong tendency (p = 0.06) between the ASYM and SYM groups on the D-Leg, con-
cerning the relative increase in the COP velocity in the frontal plane after the fatigue period.
The fatigue condition disturbed postural control in both the SYM and ASYM groups on the
D-Leg and ND-Leg. This disturbing effect related to fatigue tends to be more marked in
athletes practicing asymmetric sports than in athletes practicing symmetric sports on the
D-Leg. Effects related the nature of sports (SYM and ASYM) and muscle fatigue need to be
confirmed (or negated) by future studies.

The fourth paper is innovative and is entitled “From Neural Command to Robotic Use:
The Role of Symmetry/Asymmetry in Postural and Locomotor Activities” [8]. This article
deepens a reflection on why and how symmetry/asymmetry affects the motor and postural
behavior from the neural source, through uterine development and child maturation, and
how the notion of symmetry/asymmetry has been applied to the design and control of
walking robots. The concepts of morphology and tensegrity are also presented, to illustrate
how the biological structures have been used in both sciences and arts. The development
of the brain and the neuro-fascia-musculoskeletal system seems to be relatively symmetric
from the beginning of life through to complete maturity. The neural sources of movements
(i.e., central pattern generators) are able to produce either symmetric or asymmetric re-
sponses to accommodate environmental constraints and task requirements. Despite the
fact that human development is mainly symmetric, asymmetries regulate neurological
and physiological development. Laterality and sports training could affect the natural
musculoskeletal symmetry. The plasticity and flexibility of the nervous system allows it to
adapt and compensate for environmental constraints and musculoskeletal asymmetries in
order to optimize the postural and movement control. For designing humanoid walking
robots, symmetry approaches have been mainly used to reduce the complexity of the
online calculation. Applications in neurological retraining and rehabilitation should also
be considered.

The following two articles do not deal specifically with motor and postural asymme-
tries, but focus more broadly on cerebral asymmetries and functional abilities. The paper by
Van Vuuren et al. [9] is based on the fact that 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. A new transcranial Doppler
ultrasonography dual-view scanning protocol, with concurrent B-flow and pulsed wave
imaging, acquired multivariate data on neonatal middle cerebral arterial structure and
function. This study documents systematic asymmetries in the middle cerebral artery origin
and distal trunk of healthy term neonates for the first time, 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
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stress was also asymmetric across the midline, and varied according to vessels’ geometry.
They conclude that the arterial structure and blood supply in the brain are laterally asym-
metric 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.

The last paper dealt with the neurological asymmetry of self-face recognition [10].
While the desire to uncover the neural correlates of consciousness has taken numerous
directions, self-face recognition has been a constant in attempts to isolate aspects of self-
awareness. The neuroimaging revolution of the 1990s brought about systematic attempts
to isolate the underlying neural basis of self-face recognition. These studies, including
some of the first fMRI (functional magnetic resonance imaging) examinations, revealed
a right-hemisphere bias for self-face recognition in a diverse set of regions, including the
insula, the dorsal frontal lobe, the temporal parietal junction, and the medial temporal
cortex. This systematic review provides confirmation of these data (which are correlational),
which were provided by TMS (transcranial magnetic stimulation) and patients in which the
direct inhibition or ablation of right-hemisphere regions leads to a disruption or absence
of self-face recognition. These data are consistent with a number of theories, including
a right-hemisphere dominance for self-awareness and/or a right-hemisphere specialization
for identifying significant social relationships, including to oneself.

In conclusion, asymmetries of motor and postural functions and many other organic
functions in humans are likely to be observed at any age, in healthy and pathological
subjects, and deserve to be fully explored in order to better anticipate and (possibly)
prevent them. In this ambition, scientific research in this field is still in its infancy.

Conflicts of Interest: The author declares no conflict of interest.
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Lateralization Direction, Strength, and Consistency in Juvenile
and Adolescent Idiopathic Scoliosis: A Case Control Pilot Study

Barbara Dobies-Krześniak 1,*, Agnieszka Werblińska 1 and Beata Tarnacka 2

1 Rehabilitation Clinic, 1st Faculty of Medicine, Medical University of Warsaw, Spartańska 1,
02-637 Warsaw, Poland; klinreh@wum.edu.pl

2 Rehabilitation Clinic, National Institute of Geriatrics, Rheumatology and Rehabilitation, Spartańska 1,
02-637 Warsaw, Poland; klinika.rehabilitacji@spartanska.pl

* Correspondence: bdobies@wum.edu.pl; Tel.: +48-22-6709481

Abstract: The aim of this study was to assess the hypothesis that functional laterality features are
associated with scoliosis incidence. The study included 59 patients with radiologically confirmed
idiopathic scoliosis (mean age 13 years, 41 girls and 18 boys) and 55 controls (mean age 10.5 years,
38 girls and 17 boys). Side dominance was determined by the Lateral Preference Inventory. Direction,
strength, and consistency of lateral dominance was obtained. Continuous data were compared by
Student’s t-test or U Mann-Whitney test where appropriate. Categorical data were compared by
chi-squared test and Fisher’s exact test. Groups were significantly different in terms of age (p < 0.001)
and dependent variables: height (p < 0.001) and weight (p < 0.001). Lateralization analysis showed
some trends, but the results obtained were not statistically significant. Statistical significance of
lateralization direction are respectively: for hand (p = 0.364); leg (p = 0.277); eye (p = 0.804); ear
(p = 0.938); number of right/left sided participants p = 0.492; p = 0.274; p = 0.387; p = 0.839, and
right/mixed/left sided participants p = 0.930; p = 0.233; p = 0.691; p = 0.804. For laterality consistency
depending on definition used, p = 0.105; p = 0.108; p = 0.380. The relationship between scoliosis and
laterality is not a simple causal relationship and needs further investigation.

Keywords: handedness; sidedness; brain asymmetry; children posture; side dominance

1. Introduction

The human body is built on the principle of lateral symmetry. There are exceptions
to this principle both in the structure of the body and in the functions of individual
organs. Typically, there is clear distribution of functions between sides. Laterality or side
dominance is described as a clear advantage of one side of the body over the other in terms
of usability, precision, and coordination [1]. Laterality is a characteristic that develops
gradually with age and general motor development. The final sensory and motor side
dominance is determined around the age of 7 [1,2]. A reliable and valid assessment of
laterality is important. There are many definitions of lateralization, and often even within a
single definition we may encounter several interpretations [3].

The current literature mainly uses three types of lateralization assessment tools: perfor-
mance tasks, preference tasks, and self-report questionnaires. Performance tasks compare
the quality of tasks performed with both left and right sides. Preference tasks are elici-
tation of motor responses as an indicator of laterality. Self-report questionnaires gather
information about preferences in various motor activities [3]. Due to the heterogeneity of ap-
proaches, no standardized examples of “best practices” for assessing laterality dominance
are available, nor is there a single definition of “laterality” [3]. Self-report questionnaires
are the easiest and most commonly used form of lateralization testing [3].

Asymmetrical spinal load associated with lateral preference is often highlighted as
passible contributing factor to scoliosis pathogenesis [4]. Scoliosis is a tri-planar deformity
of the spine with Cobb angle lateral curvature of at least 10 degrees (according to Cobb
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angle), rotation and deformation of the vertebrae. When no cause for the defect can be
identified, a diagnosis of idiopathic scoliosis (IS) is made. The baseline prevalence of IS is 2
to 3%. It is more common in girls (♀:♂1.4:1 for angles 10–20◦ to 7.2:1 for angles >30◦) [4].
The etiopathogenesis of IS is still a topic of exploration. Familial incidence suggests a
genetic etiology. Among possible causes are abnormalities in estrogen receptor structure
and function, mucopolysaccharide, lipoprotein, melatonin or calmodulin synthesis, ma-
trix metalloproteinase-3 (MMP-3) and interleukin-6 (IL-6) promoter polymorphisms, and
increased expression of the basonuclin 2 (BNC2) gene [4].

Some prior investigations indicate a significant correlation between direction of hand
preference, strength of the asymmetry direction or side preference consistency and incidence
of trunk asymmetry, scoliosis, or curve pattern of scoliosis convexity in children and
adolescents [5–10]. Others did not confirm these observations [11]. Furthermore, there is
no literature on the association between crossed laterality and scoliosis. Crossed laterality
can be identified in people who have dominant organs located on opposite sides of the
body [1]. This property requires intense cooperation between the hemispheres and can
contribute to functional imbalance [1].

This study was designed to try to answer the question: can a significantly different
level of lateralization traits (direction, strength and consistency) be identified in children
with scoliosis?

2. Materials and Methods

2.1. Study and Control Group Background

The study group was recruited among patients of the Orthopedic and Rehabilitation
Centre for Children and Youth admitted between January 2018 and July 2019. The study
included children and adolescents aged 7–18 years. Patients with IS with Cobb angle ≥10◦
and vertebral rotation on anteroposterior radiograph taken in the last 6 months without
connective tissue disorder in medical history and their legal guardians were approached.
Informed written consent was obtained.

The control group aged 7–15 was recruited from volunteers from St. Francis School
in Warsaw, Poland and was examined from April to June 2019. Children with abnormal
posture diagnosed prior to study inclusion (abnormalities in spinal shape with suggestion of
therapeutic intervention) were excluded. The study protocol was approved by the Warsaw
Medical University Ethic Committee and was conducted in accordance with the Declaration
of Helsinki principles. Study and control groups were matched by sex ratio [8,9].

The demographic and medical data (including medical history, age, sex, weight, hight)
was collected from both groups.

No a priori sample estimation was performed.

2.2. Scoliosis Angular Value

To assess scoliosis in the study group, lateral spinal curve size was measured using
the Cobb method [12]. BDK, using the Radiant Dicom Viewer computer program, drew
lines parallel to the upper border of the upper vertebral body and the lower border of the
body of the lowest vertebra of the structural arch (the vertebra most deviated from vertical),
obtaining the angular value of the scoliosis.

2.3. Lateral Preference Inventory (LPI)

Side dominance was determined by the Lateral Preference Inventory (LPI) [13]. The
Polish version of LPI was translated by the first author and approved by the other authors.
The survey, which consists of items to assess hand, foot, eye, and ear preference was filled
by the subjects. Each item requires the response of “left”, “right”, or “either” [13].

2.3.1. Side Dominance Direction and Strength

To analyze the data from the study, we scored 1 for each “right”, “0” for “either”,
and “−1” for “left” answer, giving a score for each four-item scale from −4 to 4, with
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−4 meaning consistent left-sidedness and 4 meaning consistent right-sidedness for any
index. Then, laterality data were categorized as a dichotomy (R/L; right/left), where R
is the number of “right” responses (1 to 4) and L is the number of “left” (0 to −4), and a
trichotomy (right/ mixed/left; R/M/L) where “R” describes consistent right laterality with
score of 4, “M”—mixed or weak laterality—from 3 to −3, and “L”—consistent left with
score of −4.

2.3.2. Side Dominance Consistency

To compare the prevalence of crossed laterality, study participants were grouped
based on using the opposite sides of the body while performing different tasks with any
combination of hand, eye, foot, or ear [14]. We considered three used definitions of crossed
laterality. Consistent (absolute) crossed laterality with at least one score of consistent right
(=4), and at least one consistent left (score of −4). Secondly, we compared prevalence of
strong crossed laterality with at least one result of strong right (3/4 tests marked “1”) and
at least one strong left (3/4 tests marked “−1”) in both groups. Thirdly, simple (relative)
crossed laterality with at least one “R” (scored from 4 to 1) and one “L” (from 0 to −4) item
was compared between groups.

2.4. Statistics

For statistical analysis, mean value and standard deviation (SD) were used to present
continuous data. Categorical data were presented as a percentage. The Kolmogorov-
Smirnov test was used to verify normal distribution. Continuous data were compared
by Student’s t-test or U Mann-Whitney test where appropriate. Categorical data were
compared by chi-squared test and Fisher’s exact test. For statistical significance, p value
less than 0.05 was considered. The statistician used IBM SPSS Statistics for Windows, v21
(IBM Corp., Armonk, NY, USA)

G*Power software v.3.1.9.4 was used to determine the effect size and conduct a post
hoc analysis of the power of the study.

3. Results

3.1. Basic Statistics of the Studied Groups

The study group consisted of 59 patients with radiologically confirmed IS (mean age
13 years, 41 girls and 18 boys). A control group with 55 subjects (mean age 10.5 years,
38 girls and 17 boys) participated in this study. Basic parameters comparing both groups
are shown in Table 1.

Table 1. Basic parameters of the study and the control groups.

Study Group
(n = 59)

Control Group
(n = 55)

p (<0.05)

Age (years) 13.0 ± 2.4 10.5 ± 2.1 <0.001
Male sex (%) 18 (30.5) 17 (30.9) 0.963
Female sex (%) 41 (69.5) 38 (69.1) 0.972
Weight (kg) 52.3 ± 16.2 35.5 ± 10.4 <0.001
Height (cm) 160.3 ± 13.9 144.3 ± 13.3 <0.001

3.2. Comparative Analysis of Direction of Laterality between the Study Group and the Control Group

Table 2 shows the comparison between the study group and the control group in terms
of laterality for each item and for the summed mean total numerical score (from −4 to 4)
for each four-item scale. In general, we can see a tendency to laterally shift to the left in the
study group for handedness and footedness. This effect did not reach the level of statistical
significance in our study. The only item with statistical significance (identifying the ear
with which the child would listen to the heartbeat) indicates a less pronounced dominance
of the left ear in the scoliosis group.
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Table 2. Comparative analysis of LPI items and mean for each scale.

Lateral Preference
Inventory

Study Group
n = 59 (100%)

Control Group
n = 55 (100%)

p (<0.05) Effect Size

1 0 −1 1 0 −1
Drawing 54 (91.5) 1 (1.7) 4 (6.8) 51 (92.7) 3 (5.5) 1 (1.8) 0.253
Hit a target 40 (67.8) 15 (25.4) 4 (6.8) 43 (78.2) 9 (16.4) 3 (5.5) 0.446
Eraser 47 (79.7) 6 (10.2) 6 (10.2) 49 (89.1) 2 (3.6) 4 (7.3) 0.316
Dealing cards 46 (78.0) 6 (10.2) 7(11.9) 41 (74.5) 8 (14.5) 6 (10.9) 0.775

Handedness 2.8 ± 1.8 3.1 ± 1.4 0.364 d = 0.186
Kicking a ball 46 (78.0) 10 (16.9) 3 (5.1) 42 (76.4) 8 (14.5) 5 (9.1) 0.682
Pick up a pebble 29 (49.2) 27 (45.8) 3 (5.1) 37 (67.3) 15 (27.3) 3 (5.5) 0.119
Stepping on a bug 33 (55.9) 22 (37.3) 4 (6.8) 36 (65.5) 14 (25.5) 5 (9.1) 0.390
Stepping up 45 (76.3) 8 (13.6) 6(10.2) 49 (89.1) 1 (1.8) 5 (9.1) 0.062

Footedness 2.3 ± 1.6 2.7 ± 1.7 0.277 d = 0.242
Telescope 39 (66.1) 9 (15.3) 11 (18.6) 34 (61.8) 6 (10.9) 15 (27.3) 0.492
Looking into 38 (64.4) 8 (13.6) 13 (22.0) 41 (75.5) 4 (7.3) 10 (18.2) 0.427
Keyhole 44 (74.6) 3 (5.1) 12 (20.3) 38(69.1) 1 (1.8) 16 (29.1) 0.392
Sighting a rifle 36 (61.0) 14 (23.7) 9 (15.3) 37 (67.3) 6 (10.9) 12 (21.8) 0.173

Eyedness 1.9 ± 2.7 1.8 ± 3.1 0.804 d = 0.034
Eavesdropping 33 (55.9) 17 (28.8) 9 (15.3) 35 (63.6) 12 (21.8) 8 (14.5) 0.657
Earphone 37 (62.7) 17 (28.8) 5 (8.5) 34 (61.8) 15 (27.3) 6 (10.9) 0.904
Heartbeat 34 (57.6) 19 (32.2) 6 (10.2) 29 (52.7) 11 (20.0) 15 (27.3) 0.044
Clock in the box 37 (62.7) 14 (23.7) 8 (13.6) 42 (76.4) 9 (16.4) 4 (7.3) 0.273

Earedness 1.9 ± 1.9 1.9 ± 2.2 0.938 d = 0.000

In dichotomized groups R/L (Table 3), hand and foot dominance items tested showed
a trend to shift to the left in the study group, and eye and ear tended to shift to the right.
Again, these effects did not achieve statistical significance.

Table 3. Comparative analysis of direction of laterality.

Dominance
Study Group
n = 59 (100%)

Control Group
n = 55 (100%)

p (<0.05)

R L R L
Hand 53 (89.8) 6 (10.2) 52 (94.5) 3 (5.5) 0.492
Leg 51 (86.4) 8 (13.6) 51 (92.7) 4 (7.3) 0.274
Eye 46 (78.0) 13 (22.0) 39 (70.9) 16 (29.1) 0.387
Ear 46 (78.0) 13 (22.0) 42 (76.4) 13 (23.6) 0.839

3.3. Comparative Analysis of Strength of Laterality between the Study Group and the Control Group

The influence of laterality strength on the occurrence of scoliosis was assessed. The
trichotomy R/M/L considering patients with pure right or left laterality for hand, leg, eye,
or ear was analyzed. For all four subdomains, more subjects with weak laterality could be
found in the scoliosis group (Table 4), but the effect observed is not statistically significant.

Table 4. Comparative analysis of strength of laterality.

Dominance:
Study Group
n = 59 (100%)

Control Group
n = 55 (100%)

p (<0.05)

R M L R M L
Hand 28 (47.5) 30 (50.8) 1 (1.7) 28 (50.9) 26 (47.3) 1 (1.8) 0.930
Leg 15 (25.4) 43 (72.9) 1 (1.7) 21 (38.2) 34 (61.8) 0 (0.0) 0.233
Eye 27 (45.8) 26 (44.1) 6 (10.2) 28 (50.9) 20 (36.4) 7 (12.7) 0.691
Ear 15 (25.4) 43 (72.9) 1 (1.7) 17 (30.9) 37 (67.3) 1 (1.8) 0.804
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3.4. Comparative Analysis of Crossed Laterality between the Study Group and the Control Group

When analyzing the consistency in preference, we can see a general trend towards
more frequent crossed laterality prevalence in the control group. This observation does not
have statistical significance (Table 5).

Table 5. Comparative analysis of crossed laterality.

Crossed Laterality
Study Group
n = 59 (100%)

Control Group
n = 55 (100%)

p (<0.05)

Consistent 1 (1.7) 5 (9.1) 0.105
Strong 8 (13.6) 14 (25.5) 0.108
Simple 21 (35.6) 24 (43.6) 0.380

4. Discussion

To our knowledge, our study is the only one that examines the prevalence and charac-
teristics of not only hand and leg, but also eye and ear laterality using multi-item inventory
in radiologically confirmed scoliotic patients with a control group.

The prevalence of left-handedness is reported between 1% and 30% depending on
age, sex, handedness testing method, nationality, and sociological characteristics [3]. In
our study, the frequency of left-handedness was 10.2% for the study group and 5.5% for
the control group (Table 3), but the difference was not statistically significant (p = 0.492).
The effect sizes of summed mean total numerical score for hand and leg laterality were
d = 0.186 and d = 0.242 (small effect) and for eye and ear d = 0.034 and d = 0.000 (neglectable
effect). Based on the values obtained, a post hoc analysis of the power of the study was
performed, giving values of ~0.75 for hand and leg and >0.85 for eye and ear.

The main issue may not be the direction of preference alone, but the strength of lateral-
ity. Dominance appears weaker lateralized among younger respondents [15–17]. Children
with clear hand dominance show less coordination problems than their poorly lateralized
peers [18]. Also, early development of strong dominance (regardless of dominating side)
correlate with better coordination [19]. In our study, children with pure laterality for all
items tested appeared more frequently in the control group, despite their younger age
(Table 4). Again, this observation was not supported by statistical significance and is
opposite to observation from the study of Goldberg and Dowling [5].

Crossed laterality is a topic that needs a closer look. Inconsistencies in any pair of
lateral preferences can be noted in 69.2% of healthy adults [15]. Consistency in preference
across different domains increases among older respondents [15–17].

In our study, more subjects with crossed laterality of any dominance pair can be
found in the control group, irrespective of the definition of crossed laterality adopted. This
tendency did not achieve statistical significance (Table 5).

Results should be considered, keeping in mind the age difference in our study. The
study group would be even more left lateralized and even less strongly lateralized when
considering a younger population. In turn, the lateralization intersection difference would
likely lose value when the groups were equalized by age.

There is no consensus in the literature whether the occurrence of scoliosis is directly
related to the side and strength of lateral dominance [5–11].

Grivas et al. examined 8245 children 6 to 18 years old. Significant correlation between
handedness and trunk asymmetry in the group of 2–7◦ mid-thoracic asymmetry was
noted [10]. Chiara et al. examined 1029 Italian children aged 11–14 years. The left-side
dominance was marked as a possible predictor of trunk asymmetry in thoracic and thoraco-
lumbar curves [9].

Milenkovic et al. investigated a group of 2546 children 11 to 14 years old. Co-occurrence
of left-handedness and scoliosis was statistically significant in girls [8]. Goldberg and Dowling
studied 254 girls for scoliosis convexity association with handedness. The correlation of
curve pattern and handedness was noted in 82% of the cases and was statistically significant.
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However, in comparison to normal population proportion of left-handers among IS patients
was typical [6]. The two authors have continued the topic in 1991, examining 159 children
with IS using the questionnaire by Porac and Coren for hand and leg preference. They
concluded that scoliotic patients tend to be more strongly lateralized than healthy peers [5].
In 2006, they published large study of 1636 children, of whom 673 had IS. The work showed
a significant correlation between hand preference and scoliosis pattern [7].

All the papers mentioned differ from ours in terms of methodology. Some identify
scoliosis only in terms of an abnormal Adams test result [8–11] or lateral curvature in
radiogram as low as 5 degrees [6]. Such planning of the studies was probably aimed at
obtaining a larger study group without the burden of the radiological examination.

There is a possibility, that lefthanders trying to adapt to a right-handed world during
their daily activities at home, school, or in their social environment adopt incorrect postures
developing trunk asymmetries with abnormal Adams test, but this effect does not lead to
changes in bone structure of the spine [6].

Identification of dominant side is also inconsistent among studies. It could be caused
by multiplicity of diagnostic methods and the heterogeneity of nomenclature.

In most previous works, only dominant (or writing) hand was identified. The iden-
tification was typically based on a question to the child or parent of which hand is pre-
ferred [6–10]. In only two papers the authors used a survey questionnaire to determine
lateralization. [5,11]. This simplification allowed for larger study groups to be recruited.

In the recommendations, we can find a suggestion that multi-item inventory should
be used [15]. Also, response categories consisting of ‘right’, ‘left’, and ‘no preference’ are
considered sufficiently accurate for the assessment of lateral preferences [15]. LPI was the
only survey indicated to be reliable [15].

Limitations

The most important limitation of the study is the age difference between the two
groups because the mixed-siders are generally younger than both right- and left-siders [15],
but this trend is most relevant when considering children under 7 years of age [16].

The age difference between the groups also explains the statistically significant differ-
ences in weight and height.

For this topic, sample size and survey power are challenging due to the high asymme-
try of the lateral preference itself and the skewed distributions of consistency and strength
of lateral preference. Cobb angle measurement for the study group was performed by one
researcher (BDK) in a single measurement. The intra-rater reliability for this investigator
was 0.706 when assuming a ±1◦ range and 0.941 when assuming a ±2◦ range.

There is a methodological problem across the studies—a lack of agreement for the
definition, instruments, and methods to assess lateral preference.

5. Conclusions

The relationship between radiologically confirmed scoliosis and laterality is inconclusive.
Our study, due to the lack of statistical significance of the observations made, does

not provide clinically relevant conclusions. However, it shows trends that require further
observation in larger study groups, from our calculations for 0.8 power of the study and
p = 0.05 for hand and leg lateralization minimum 359 participants in each group, keeping
in mind the age difference in our study.
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2. Bondi, D.; Prete, G.; Malatesta, G.; Robazza, C. Laterality in Children: Evidence for Task-Dependent Lateralization of Motor

Functions. Int. J. Environ. Res. Public Health 2020, 17, 6705. [CrossRef] [PubMed]
3. Utesch, T.; Mentzel, S.; Strauss, B.; Büsch, D. Chapter 4—Measurement of laterality and its relevance for sports. In Laterality

in Sports. Theories and Applications; Loffing, F., Hagemann, N., Strauss, B., MacMahon, C., Eds.; Elsevier: Amsterdam, The
Netherlands; Academic Press: Cambridge, MA, USA, 2016; pp. 65–86. [CrossRef]

4. Negrini, S.; Donzelli, S.; Aulisa, A.G.; Czaprowski, D.; Schreiber, S.; de Mauroy, J.C.; Diers, H.; Grivas, T.B.; Knott, P.;
Kotwicki, T.; et al. 2016 SOSORT guidelines: Orthopaedic and rehabilitation treatment of idiopathic scoliosis during growth.
Scoliosis Spinal Disord. 2018, 13, 3. [CrossRef] [PubMed]

5. Goldberg, C.J.; Dowling, F.E. Idiopathic scoliosis and asymmetry of form and function. Spine 1991, 16, 84–87. [CrossRef] [PubMed]
6. Goldberg, C.; Dowling, F.E. Handedness and scoliosis convexity: A reappraisal. Spine 1990, 15, 61–64. [CrossRef] [PubMed]
7. Goldberg, C.J.; Moore, D.P.; Fogarty, E.E.; Dowling, F.E. Handedness and spinal deformity. Stud. Health Technol. Inform. 2006,

123, 442–448. [PubMed]
8. Milenkovic, S.; Kocijancic, R.; Belojevic, G. Left handedness and spine deformities in early adolescence. Eur. J. Epidemiol. 2004,

19, 969–972. [CrossRef] [PubMed]
9. Arienti, C.; Buraschi, R.; Donzelli, S.; Zaina, F.; Pollet, J.; Negrini, S. Trunk asymmetry is associated with dominance preference:

Results from a cross-sectional study of 1029 children. Braz. J. Phys. Ther. 2019, 23, 324–328. [CrossRef] [PubMed]
10. Grivas, T.B.; Vasiliadis, E.S.; Polyzois, V.D.; Mouzakis, V. Trunk asymmetry and handedness in 8245 school children. Pediatr.

Rehabil. 2006, 9, 259–266. [CrossRef] [PubMed]
11. Fernandez, M.; Fernandez, R.; Zurita, F.; Jimenez, C.; Almagia, A.; Yuing, T.; Curilem, C. Relationship between Scoliosis, Sex and

Handedness in a Sample of Schoolchildren. Int. J. Morphol. 2015, 33, 24–30.
12. Cobb, J.R. The problem of the primary curve. J. Bone Joint Surg. Am. 1960, 42, 1413–1425. [CrossRef] [PubMed]
13. Coren, S. The Lateral Preference Inventory for measurement of handedness, footedness, eyedness, and earedness: Norms for

young adults. Bull. Psychon. Soc. 1993, 31, 1–3. [CrossRef]
14. Ferrero, M.; West, G.; Vadillo, M.A. Is crossed laterality associated with academic achievement and intelligence? A systematic

review and meta-analysis. PLoS ONE 2017, 12, e0183618. [CrossRef]
15. Tran, U.S.; Stieger, S.; Voracek, M. Evidence for general right-, mixed-, and left-sidedness in self-reported handedness, footedness,

eyedness, and earedness, and a primacy of footedness in a large-sample latent variable analysis. Neuropsychologia 2014, 62, 220–232.
[CrossRef] [PubMed]

16. Greenwood, J.G.; Greenwood, J.J.; McCullagh, J.F.; Beggs, J.; Murphy, C.A. A survey of sidedness in Northern Irish schoolchildren:
The interaction of sex, age, and task. Laterality 2007, 12, 1–18. [CrossRef] [PubMed]

17. Suar, D.; Mandal, M.K.; Misra, I.; Suman, S. Lifespan trends of side bias in India. Laterality 2007, 12, 302–320. [CrossRef] [PubMed]
18. Hill, E.L.; Bishop, D.V. A reaching test reveals weak hand preference in specific language impairment and developmental

co-ordination disorder. Laterality 1998, 3, 295–310. [CrossRef] [PubMed]
19. Gabbard, C.; Hart, S.; Kanipe, D. Hand preference consistency and fine motor performance in young children. Cortex 1993,

29, 749–753. [CrossRef]

11





symmetryS S

Article

Kinematic Analysis of Lower Limb Joint Asymmetry During
Gait in People with Multiple Sclerosis

Massimiliano Pau 1,*, Bruno Leban 1, Michela Deidda 1, Federica Putzolu 1, Micaela Porta 1, Giancarlo Coghe 2 and

Eleonora Cocco 2

Citation: Pau, M.; Leban, B.; Deidda,

M.; Putzolu, F.; Porta, M.; Coghe, G.;

Cocco, E. Kinematic Analysis of

Lower Limb Joint Asymmetry During

Gait in People with Multiple Sclerosis.

Symmetry 2021, 13, 598. https://

doi.org/10.3390/sym13040598

Academic Editor: Chiarella Sforza

Received: 10 March 2021

Accepted: 1 April 2021

Published: 3 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Mechanical, Chemical and Materials Engineering, University of Cagliari, 09124 Cagliari, Italy;
bruno.leban@dimcm.unica.it (B.L.); m.deidda32@tiscali.it (M.D.); federica.putzolu98@tiscali.it (F.P.);
m.porta@dimcm.unica.it (M.P.)

2 Multiple Sclerosis Centre, Department of Medical Sciences and Public Health, University of Cagliari,
09124 Cagliari, Italy; gccoghe@gmail.com (G.C.); ecocco@unica.it (E.C.)

* Correspondence: massimiliano.pau@dimcm.unica.it; Tel.: +39-070-675-3264

Abstract: The majority of people with Multiple Sclerosis (pwMS), report lower limb motor dys-
functions, which may relevantly affect postural control, gait and a wide range of activities of daily
living. While it is quite common to observe a different impact of the disease on the two limbs (i.e.,
one of them is more affected), less clear are the effects of such asymmetry on gait performance.
The present retrospective cross-sectional study aimed to characterize the magnitude of interlimb
asymmetry in pwMS, particularly as regards the joint kinematics, using parameters derived from
angle-angle diagrams. To this end, we analyzed gait patterns of 101 pwMS (55 women, 46 men, mean
age 46.3, average Expanded Disability Status Scale (EDSS) score 3.5, range 1–6.5) and 81 unaffected
individuals age- and sex-matched who underwent 3D computerized gait analysis carried out using
an eight-camera motion capture system. Spatio-temporal parameters and kinematics in the sagittal
plane at hip, knee and ankle joints were considered for the analysis. The angular trends of left and
right sides were processed to build synchronized angle–angle diagrams (cyclograms) for each joint,
and symmetry was assessed by computing several geometrical features such as area, orientation and
Trend Symmetry. Based on cyclogram orientation and Trend Symmetry, the results show that pwMS
exhibit significantly greater asymmetry in all three joints with respect to unaffected individuals. In
particular, orientation values were as follows: 5.1 of pwMS vs. 1.6 of unaffected individuals at hip
joint, 7.0 vs. 1.5 at knee and 6.4 vs. 3.0 at ankle (p < 0.001 in all cases), while for Trend Symmetry we
obtained at hip 1.7 of pwMS vs. 0.3 of unaffected individuals, 4.2 vs. 0.5 at knee and 8.5 vs. 1.5 at
ankle (p < 0.001 in all cases). Moreover, the same parameters were sensitive enough to discriminate
individuals of different disability levels. With few exceptions, all the calculated symmetry parameters
were found significantly correlated with the main spatio-temporal parameters of gait and the EDSS
score. In particular, large correlations were detected between Trend Symmetry and gait speed (with
rho values in the range of −0.58 to −0.63 depending on the considered joint, p < 0.001) and between
Trend Symmetry and EDSS score (rho = 0.62 to 0.69, p < 0.001). Such results suggest not only that
MS is associated with significantly marked interlimb asymmetry during gait but also that such
asymmetry worsens as the disease progresses and that it has a relevant impact on gait performances.

Keywords: gait; kinematics; spatio-temporal; multiple sclerosis (MS); cyclograms; angle-angle
diagrams; symmetry

1. Introduction

Multiple Sclerosis (MS) is a chronic immunomediated and neurodegenerative disease
of the central nervous system, which represents the most frequent cause of disability among
young adults [1–3]. Being characterized by symptoms such as weakness, fatigue and spas-
ticity, MS can significantly compromise the efficient performance of several basic motor
functions, including postural control [4], locomotion [5], upper extremity capabilities [6]
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and, in general, several common activities of daily living (ADL [7]). In people with MS
(pwMS), lower limb motor dysfunctions, although present in both limbs, are usually asym-
metrical in magnitude. This is especially true regarding self-perceived weakness, muscular
strength and activity, power and limb loading [8,9], but spasticity is also characterized by
unilateral presentation in a non-negligible percentage (estimated between 10 and 16%) of
pwMS [10].

Since pwMS primarily complain about weakness, a relevant number of studies have
attempted to objectively quantify the existence of actual interlimb muscle strength asym-
metries. These were indeed almost unanimously found, especially at knee level [11–15].
However, it remains unclear how, and to what extent, they impact motor tasks that rely on
optimal bilateral coordination such as balance and gait. As pointed out in the recent review
by Rudroff and Proessl [9], although some studies report significant associations between
muscle function asymmetries, postural stability and walking performance, others do not. It
has been suggested that such inconsistencies are due to wide variability in asymmetry assess-
ment methods [9] but it is also to be considered that in many cases, asymmetry assessment is
separately performed with respect to the specific motor task that is supposedly affected by it.
Thus, the role of muscle function cannot be analyzed in a true ecological context.

In contrast, less explored appears the effect of the disease in terms of joint kinematics
asymmetry as, to the best of our knowledge, only a few studies have explicitly investigated
the existence of possible differences in mobility of lower limb joints. Daunoraviciene
et al. [16] employed inertial sensors to assess asymmetry of lower limb joints in pwMS who
carried out the heel-to-shin test, while Filli et al. [17] analyzed the existence of interlimb
differences in the range of motion (ROM) at hip, knee and ankle joints during a gait analysis
using an optical motion capture system in a study aimed to profile walking dysfunctions on
pwMS. Crenshaw et al. [18] employed the angular trend waveforms in the sagittal plane for
hip, knee, and ankle joints during gait to determine several gait symmetry measures (i.e.,
trend similarity, phase shift, minimum trend similarity, range amplitude ratio, and range
offset) using an eigenvector approach. They reported that pwMS were generally more
asymmetrical than unaffected individuals and that asymmetry parameters worsened in the
fatigued condition. Since knowledge of lower limb kinematics has been recognized as an
essential factor in better understanding the underlying mechanisms of walking disability
in MS, [18], it is reasonable to hypothesize that the availability of data on joint movement
asymmetry would be extremely pertinent to quantify the magnitude of its impact on
walking performance.

1.1. Characterization of Gait Asymmetry in PwMS: Methods Based on Discrete Values

The study of gait asymmetry in pwMS is usually performed through analysis of
differences between more affected and less affected limbs in terms of spatio-temporal
parameters. To this end, symmetry is quantified by means of several parameters, among
which the most used is represented by the Symmetry Index (SI, originally proposed by
Robinson et al. [19]), which is expressed by the following equation:

SI =
2 × (Vla − Vma)

(Vla + Vma)
× 100 (1)

where Vla and Vma represent the values of the gait variable of interest (usually step time,
step length, or duration of stance, swing and single and double support phases), calculated,
respectively, for the less affected and the more affected limb or, in a more general formula-
tion, for the left and right side. When no differences are measured between the two limbs,
SI becomes null and gait is considered perfectly symmetric, while as SI increases, asym-
metry increases. The original formulation by Robinson has been subsequently modified
by other authors (see the review by Viteckova et al. [20] for details) to adapt it to different
gait variables. Values of SI during gait for pwMS have been reported as regards studies
on the characterization of gait pattern for different MS phenotypes [21] and as outcome of
rehabilitative treatments [22].
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It is noteworthy that other sophisticated approaches, such as nonlinear ones based
on either multiresolution entropy [23] or cross-fuzzy entropy [24], have been proposed to
investigate lower limb symmetry in individuals affected by neurologic conditions. Like
discrete methods, nonlinear methods are based on the calculation of discrete variables
extracted from a continuous signal to perform the assessment of symmetry, through
evaluation of the evolution of a discrete variable over a set of consecutive gait cycles [20].

1.2. Waveform-Based Methods to Assess Interlimb Symmetry During Gait

Since discrete approaches previously described focus on a single or a limited set
of events, they are unable to provide information on the way a certain kinematic vari-
able (and thus asymmetry) evolves over time. This drawback can be overcome by using
waveform-based methods that exploit all kinematic information contained in the curve
of variation of the lower limb joint angles with time during a complete gait cycle. How-
ever, this increase in information content and accuracy comes at a cost: waveform-based
techniques are more complex to implement and time-consuming. Moreover, interpretation
of the parameters they provide is not so straightforward as occurs with classic symmetry
indexes. However, several studies carried out in the last decade on individuals affected
by neurologic (neuropathies, stroke, Parkinson’s disease [25–27]) and orthopedic condi-
tions [28–30] demonstrated that such an approach is versatile and allows a more accurate
and thorough analysis of gait symmetry, thus proving to be of great relevance in all condi-
tions characterized by subtle, not easily detectable alteration of gait with the conventional
discrete indices.

One of the best-known and most widespread methods for investigating symmetry
either between the same joint of left and right lower limb or between two joints of the same
limb is based on analysis of angle–angle diagrams, also known as “cyclograms”. Originally
proposed by Grieve in 1968 [31], they rapidly attracted the interest of researchers and
clinicians, since symmetry was graphically and mathematically expressed through simple
geometrical properties of the figures generated by the angle–angle comparison such as
area, perimeter, etc. In the last two decades, more refined mathematical approaches have
been formulated to make the method sensitive to even relatively low asymmetries.

Surprisingly, although the impact of asymmetry issues associated with MS is extremely
relevant, the literature reports only one study (carried out on a small sample of 13 pwMS)
in which angle–angle diagrams and associated summary parameters were used [32]. Its
major findings were a more marked asymmetry of pwMS with respect to unaffected
individuals and the absence of significant relationships between the level of disability
and the symmetry parameters. Considering the informative potential of this approach
and the substantial lack of data, we propose here a retrospective study performed on a
large cohort of pwMS who underwent a computerized 3D gait analysis during a 5-year
period. In particular, the main purposes of the research are as follows: (1) to employ
waveform-based methods to assess lower-limb joint kinematics asymmetry during gait in a
cohort of pwMS and verify whether the values of the calculated symmetry parameters are
significantly different from those of unaffected individuals or not; (2) to assess the existence
of possible differences in asymmetry between pwMS characterized by different levels of
disability; and (3) to verify the existence of possible relationships between asymmetry
parameters and spatio-temporal parameters of gait and disability level. A secondary goal
of the study is to compare the ability of different indicators associated with angle–angle
diagrams to correctly discriminate pwMS from unaffected individuals and pwMS between
them depending on their level of disability.

2. Materials and Methods

2.1. Participants

In the period May 2014 February 2020, 236 pwMS followed at the Regional Multiple
Sclerosis Center of Sardinia (Cagliari, Italy) underwent a computerized three-dimensional
gait analysis at the Laboratory of Biomechanics and Industrial Ergonomics of the University
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of Cagliari (Cagliari, Italy). They had previously been diagnosed with MS by a neurologist
expert in MS (E.C., G.C.) according to the 2010 revised criteria [33,34] and tested in the
laboratory to either characterize and monitor alterations of gait associated with the disease
progression or assess the effect of pharmacologic and rehabilitative treatments [35–37]. For
the purposes of the present study, only pwMS able to ambulate autonomously (i.e., without
the support of canes, crutches or walking frames) for at least 100 m and free from any
other condition potentially able to severely affect gait or balance were considered. Such
a selection, which resulted in a sub-group composed of 101 unique pwMS (55 women,
46 men, mean age 46.3 years) was carried out to remove any possible confounding effects
on gait kinematics associated with the presence of walking aids [38,39]. In the case of
pwMS who were recruited for interventional studies, the test condition considered for the
present analysis was the “pre-intervention”.

Participants were stratified into two groups depending on their disability level as-
sessed through the Expanded Disability Status Scale (EDSS) score as follows:

• Low-mild disability (EDSS ≤ 3.5, n = 59)
• Moderate-severe disability (EDSS > 3.5, n = 42)

Eighty-one unaffected individuals age- and sex-matched recruited among nurses and
staff of the MS Center and the University of Cagliari served as the control group. The main
anthropometric and clinical features of all participants are reported in Table 1.

Table 1. Anthropometric and clinical features of participants. Values are expressed as mean (SD).

Healthy
Controls

All MS
MS Low-Mild

Disability
(EDSS ≤3.5)

MS Moderate-
Severe

Disability
(EDSS >3.5)

Participants (M, F) 81 (44F, 37M) 101 (55F, 46M) 59 (33F, 26M) 42 (22F, 20M)
Age (years) 48.9 (15.2) 46.3 (10.4) 44.2 (10.3) 49.3 (9.7)

Body Mass (kg) 65.2 (11.4) 64.7 (12.0) 66.1 (12.5) 62.8 (11.1)
Height (cm) 167.2 (9.1) 166.3 (9.3) 166.7 (9.6) 165.8 (9.0)
EDSS Score – 3.5 (1.7) 2.4 (1.0) 5.2 (1.0)

EDSS: Expanded Disability Status Scale; MS: Multiple Sclerosis.

All data presented here wer obtained within several studies conducted according
to the principles expressed in the World Medical Association Declaration of Helsinki
and formally approved by the local Ethics Committee (authorization numbers 180/2014,
102/2018 and 198/2019). In all cases, participants signed an informed consent agreeing
to participate.

2.2. Spatio-Temporal and Kinematic Data Collection and Processing

An optical motion-capture system (Smart-D, BTS Bioengineering, Italy) composed
of 8 infrared cameras set at 120 Hz frequency was employed to acquire the trajectories
of 22 spherical retro-reflective passive markers (14 mm diameter) placed on the skin
of participants’ lower limbs and trunk at specific landmarks according to the protocol
described by Davis et al. [40]. After the acquisition of main anthropometric data (i.e.,
height, weight, anterior superior iliac spine (ASIS) distance, pelvis thickness, knee and
ankle width and leg length) and the markers’ placement, participants walked at a self-
selected speed in the most natural manner possible on a 10 m walkway at least 6 times,
interspersed with suitable rest times.

The raw data were first processed with the dedicated Smart Analyzer software (BTS
Bioengineering, Italy) to calculate the main spatio-temporal parameters of gait (speed,
stride length, cadence, step width, stance, swing and duration of double support phases)
and derive the mean value of the angles at hip, knee and ankle joint during the gait cycle
calculated on the basis of the six trials. Such curves were then exported as ASCII files for
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further processing with a custom routine developed under Matlab ® environment (see
Appendix A), which calculated interlimb symmetry as described later in detail.

2.3. Gait Symmetry Quantification by Means of Cyclograms

Synchronized bilateral cyclograms were generated according to the procedure de-
scribed by Goswami [41]. To this end, right and left limb angle values acquired during the
gait cycle were used to build angle–angle diagrams for each joint of interest (i.e., hip, knee
and ankle). A number of geometrical features of cyclograms were then extracted as follows
(see also Figure 1 for a graphical explanation):

• Cyclogram area (degrees2) represents the area of the closed curve obtained from each
angle–angle diagram [42]. Since a perfectly symmetrical gait is achieved when both
left and right joints are positioned at the same angle for a certain time of the gait cycle
(i.e., all the cyclogram points stand on a 45◦ line in the diagram and thus the area is
null), the interpretation of this parameter is quite straightforward; that is, the smaller
the area, the more symmetrical the gait.

• Cyclogram orientation (degrees): this feature is identified by the absolute value of
angle φ formed by the 45◦ line, which corresponds to perfect interlimb symmetry and
the orientation of the principal axis of inertia, which corresponds to the minimum
moment of inertia of the cyclogram [41,43]. The latter was calculated as the direction
of the eigenvector of the matrix of inertia of the cyclogram points distribution in the
x-y (i.e., left joint angle–right joint angle) reference system. Smaller values of this angle
indicate higher interlimb symmetry.

• Trend Symmetry: this dimensionless parameter quantifies the similarity between two
waveforms (in our case time-normalized right leg and left leg angular trend across the
gait cycles for each joint of interest) using an eigenvector analysis (see [44] for details
of the mathematical procedure). In particular, it is obtained by dividing the variability
about the eigenvector to the variability along the eigenvector, and it is not influenced
by the presence of a shift or by magnitude differences in two waveforms. Even in this
case, the interpretation of this parameter is quite simple; a 0 value indicates perfect
symmetry, and asymmetry increases as the Trend Symmetry value increases.

Figure 1. Graphic representation of a cyclogram and its main features considered for the present study.

2.4. Statistical Analysis

Parametric statistical analysis was adopted after preliminarily checking data for nor-
mality (using the Shapiro–Wilk’s test) and homogeneity of variances (Levene’s test). The
existence of possible differences in symmetry introduced by the presence of MS was in-
vestigated using two distinct one-way multivariate analyses of variance (MANOVA). The
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first one, which investigated the differences between spatio-temporal parameters of pwMS
and unaffected individuals, was performed by considering the participant’s status (i.e.,
unaffected and pwMS with low–mild or moderate–severe disability) as independent vari-
ables and the 7 spatio-temporal parameters previously mentioned (speed, stride length,
cadence, step width, stance, swing and duration of double support phases) as dependent
variables. In the second MANOVA, we analyzed the effect of the presence of MS on sym-
metry parameters. In this case, the independent variable was once again the participant’s
status (i.e., unaffected and pwMS with low-mild or moderate-severe disability), while the
dependent variables were the 3 previously listed symmetry indexes calculated at hip, knee
and ankle joints. Two additional analyses were carried out by pooling all the pwMS in a
single group.The level of significance was set at p = 0.05, and the effect sizes were assessed
using the eta-squared (η2) coefficient.

Univariate ANOVA was carried out as a post hoc test by reducing the level of signifi-
cance to p = 0.007 (0.05/7) for spatio-temporal parameters and p = 0.017 (0.05/3) for the
symmetry indexes after a Bonferroni correction for multiple comparisons. When necessary,
a post hoc Holm-Sidak test for pairwise comparison was carried out to assess intra- and
inter-group differences. Data were checked for normality (using the Shapiro–Wilk test) and
homogeneity of variances (by means of Levene’s test) before any ANOVA.

Moreover, for the group of pwMS only, we also explored the existence of a relationship
between gait symmetry parameters, spatio-temporal parameters of gait and disability level
using Spearman’s rank correlation coefficient rho by setting the level of significance at
p = 0.05. Rho values of 0.1, 0.3 and 0.5 were assumed to be representative of small, moderate,
and large correlations, respectively, according to Cohen’s guidelines [45]. All analyses were
performed using the IBM SPSS Statistics v.20 software (IBM, Armonk, NY, USA).

3. Results

The results of the comparison between pwMS and unaffected individuals as re-
gards spatio-temporal parameters of gait and symmetry indexes are summarized in
Tables 2 and 3.

Table 2. Comparison between spatio-temporal parameters of gait of people with MS and unaffected
individuals. Stance, swing and double support phases duration are expressed as percentage of the
gait cycle. Values are expressed as mean (SD).

Healthy Controls All MS
MS Low-Mild

Disability
(EDSS ≤3.5)

MS
Moderate-Severe
Disability (EDSS

>3.5)

Gait Speed (m/s) 1.23 (0.19) 0.85 (0.34) a 1.00 (0.31) a 0.65 (0.27) a,b

Stride Length (m) 1.29 (0.13) 1.02 (0.25) a 1.09 (0.22) a 0.92 (0.24) a,b

Cadence
(steps/min)

113.07 (10.34) 96.49 (20.26) a 104.48 (17.06) a 85.26 (19.17) a,b

Step Width (m) 0.20 (0.03) 0.22 (0.04) a 0.21 (0.03) 0.23 (0.04) a

Stance Phase 59.09 (2.80) 63.63 (4.82) a 62.51 (4.03) a 65.22 (5.41) a,b

Swing Phase 40.45 (1.76) 35.78 (4.78) a 37.22 (4.01) a 33.75 (5.08) a,b

Double Support 19.86 (3.60) 29.38 (10.72) a 25.58 (8.24) a 34.7 (11.60) a,b

The symbol a indicates significant difference vs. Healthy Controls after Bonferroni correction. The symbol b

indicates significant difference vs. people with MS with low-mild disability after Bonferroni correction.
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Table 3. Comparison between symmetry indexes of people with MS and unaffected individuals.
Values are expressed as mean (SD).

Cyclogram
Parameter

Healthy
Controls

All MS
MS Low-Mild

Disability
(EDSS ≤ 3.5)

MS
Moderate-Severe
Disability (EDSS

>3.5)

Area
Hip

108.17 (98.54) 195.52 (190.40)
a 144.16 (163.77) 267.68 (203.34) a,b

Orientation φ 1.58 (1.34) 5.09 (7.06) a 2.28 (2.64) 9.05 (9.18) a,b

Trend Symmetry 0.26 (0.43) 1.74 (2.97) a 0.66 (0.98) 3.27 (4.02) a,b

Area

Knee

270.60 (192.50) 311.18 (269.64) 262.71 (259.20) 379.28 (272.33)
Orientation φ 1.51 (1.57) 6.99 (9.60) a 2.22 (2.46) 13.71 (11.71) a,b

Trend Symmetry 0.48 (0.41) 4.19 (6.89) a 1.26 (2.01) 8.29 (8.98) a,b

Area

Ankle

76.45 (62.25) 91.07 (82.40) 74.50 (68.90) 114.33 (94.33)
Orientation φ 3.05 (2.80) 6.45 (6.48) a 4.88 (5.38) a 8.65 (7.28) a,b

Trend Symmetry 1.51 (1.58) 8.46 (10.00) a 5.40 (9.70) a 12.77 (8.84) a,b

The symbol a indicates significant difference vs. Healthy Controls after Bonferroni correction. The symbol b

indicates significant difference vs. people with MS with low-mild disability after Bonferroni correction.

3.1. Spatio-Temporal Parameters of Gait

Parameters that were separately calculated for right and left limb (i.e., stride length
and duration of stance, swing and double support phases) were preliminarily screened
using an independent sample t-test to verify the existence of significant differences between
the limbs. Since this was not the case, their average value was calculated and considered
representative of a certain participant.

The statistical analysis revealed a significant effect of the individual’s status (F (14,346)
= 10.70, p < 0.001, Wilks λ = 0.49, η2 = 0.30) on spatio-temporal parameters of gait. In
particular, the follow-up analysis detected the existence of significant differences between
the three groups in all the parameters investigated except for step width. In this case,
no significant differences were found between unaffected individuals and pwMS with
low–mild disability, while those with moderate–severe disability exhibited a step width
significantly higher with respect to healthy controls (0.23 m vs. 0.20 m, p = 0.007).

3.2. Gait Symmetry Indexes

MANOVA detected a significant effect of the individual’s status on symmetry indexes
in all three joints investigated. In particular, for hip [F (6354) = 13.48, p < 0.001, Wilks
λ = 0.66, η2 = 0.19], for knee (F (6354) = 21.35, p < 0.001, Wilks λ = 0.54, η2 = 0.27) and for
ankle (F (6354) = 12.28, p < 0.001, Wilks λ = 0.68, η2 = 0.17). From the post hoc analysis, it
was observed that in the case of cyclogram area no significant differences were observed
between the groups as regards knee and ankle joints, while in the case of the hip joint, pwMS
with moderate–severe disability exhibited significantly larger areas in comparison with
both unaffected individuals and pwMS with low–mild disability. The orientation and Trend
Symmetry indexes were found significantly different in the three groups at the ankle joint.
In the case of hip and knee, significant differences were observed between the moderate–
severe disability group with both low–mild disability and unaffected individual groups.
Figure 2 shows an example of the different shapes and orientations of the cyclograms for
pwMS of different disability levels and unaffected individuals.
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Figure 2. Example of comparison between cyclograms of unaffected individuals and people with MS
of different disability levels. The diagram refers to the hip joint.

3.3. Relationship between Symmetry Indexes and Spatio-Temporal Parameters of Gait

Table 4 summarizes the results of the correlation analysis between disability level,
spatio-temporal parameters of gait and symmetry indexes for pwMS. Significant corre-
lations were found between all the variables investigated, with a few exceptions, which
involved the cyclograms’ area. For this parameter, we generally observed the weakest
associations with spatio-temporal parameters of gait or (as in the case of the ankle joint) no
correlations at all, except for a low one with EDSS score. Instead, Trend Symmetry was
the index that exhibited the largest coefficient of correlation with EDSS score (rho ranged
from 0.62 to 0.69 depending on the joint: p < 0.001), gait speed (−0.58 to −0.63, p < 0.001),
stride length (−0.52 to −0.55, p < 0.001) and double support phase duration (0.50 to 0.57,
p < 0.001) in all three joints.

Table 4. Spearman’s coefficients for the correlations between spatio-temporal parameters of gait,
symmetry indexes and disability level in people with MS.

EDSS
Score

Speed
Stride
Length

Cadence
Step

width
Double
Support

Area
Hip

0.433 ** −0.268 ** −0.245 * −0.240 * 0.147 0.321 **
Orientation φ 0.509 ** −0.511 ** −0.475 ** −0.403 ** 0.262 ** 0.426 **

Trend Symmetry 0.619 ** −0.581 ** −0.519 ** −0.493 ** 0.349 ** 0.568 **
Area

Knee

0.314 ** −0.225 * −0.322 ** −0.093 0.318 ** 0.228 *
Orientation φ 0.644 ** −0.590 ** −0.486 ** −0.517 ** 0.473 ** 0.524 **

Trend Symmetry 0.687 ** −0.634 ** −0.546 ** −0.547 ** 0.419 ** 0.532 **
Area

Ankle

0.223 * −0.136 −0.046 −0.114 0.124 0.100
Orientation φ 0.391 ** −0.439 ** −0.354 ** −0.464 ** 0.281 ** 0.376 **

Trend Symmetry 0.636 ** −0.627 ** −0.512 ** −0.573 ** 0.465 ** 0.509 **
* p < 0.05; ** p < 0.01; EDSS: Expanded Disability Status Scale.

4. Discussion

4.1. General Considerations

The general aim of this study was to assess the magnitude of interlimb asymmetry
during gait in pwMS in terms of joint kinematics and compare it with those of unaffected
individuals using waveform-based methods. Such information is of great importance in the
analysis of motor dysfunctions associated with MS because symmetry has been recognized
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as one of the domains that significantly influences gait quality and efficiency [46], together
with pace, rhythm, variability and complexity. Although the analysis based on cyclograms
is somewhat complex and requires full kinematic data (which can be typically extracted
only from laboratory tests) it may provide a better insight into the mechanisms that lead to
altered gait in pwMS. Moreover, it represents an effective way to quantify the deviation from
a “normal” gait through parameters easy to interpret and thus may be useful, for instance, to
quickly verify the effects of rehabilitation, or training exercise, on a joint-by-joint basis.

Our results show that pwMS exhibit a significantly larger asymmetry with respect
to unaffected participants for hip, knee and ankle joints when considering cyclogram
orientation and the Trend Symmetry parameter. In contrast, a more conventional parameter
such as the cyclogram area was able to discriminate pwMS from controls only as regards the
hip joint. The approach employed also appears capable of detecting asymmetry differences
associated with the disability level of pwMS since all investigated parameters (with the
same exceptions involving the cyclogram areas) were found significantly higher in pwMS
with moderate–severe disability with respect to those with low–mild disability. In contrast,
the analysis generally failed in discriminating pwMS with EDSS ≤3.5 from unaffected
individuals, even though some significant differences were observed at the ankle joint as
regards the cyclogram orientation and Trend Symmetry. Such phenomenon suggests that
the ankle joint might play a specific role in gait alterations. This seems also confirmed
by recent studies [47], which reported greater ankle muscle coactivation (with respect to
unaffected individuals) and alterations in ankle joint kinematics during gait occurring
especially at early stages of the disease in pwMS and that might serve as biomarker of
neurodegeneration. It is also possible that the absence of significant differences between
the two groups of pwMS depends on the specific EDSS score cut-off selected to stratify the
participants. Further studies are thus necessary to clarify such aspects.

On one hand, the findings of the present study confirm those reported by Crenshaw
et al. [30] for a small cohort of pwMS, but further extend them, as they indicate that
asymmetry tends to be more marked as the disability level worsens. Generally speaking,
several previous studies on gait of pwMS included some form of asymmetry analysis,
but this is often restricted to few spatio-temporal parameters. In this regard, there is
strong evidence that pwMS exhibit clinically relevant asymmetries in terms of gait cycle
duration, stride/step length and time and stance/swing phase duration [21,48–50]. To the
authors’ knowledge, only two studies [17,51] specifically investigated asymmetry for lower
limb joint kinematics during gait, even when using discrete values of ROM (typically the
maximum value observed within the entire gait cycle). Consistent with our results, they
both reported higher asymmetries in pwMS with respect to unaffected individuals at hip,
knee and ankle joints.

The existence of interlimb asymmetry in terms of joint kinematics can be attributed
to several factors. Firstly, the differences in muscular function, due to corticospinal tracts
involvement, between more affected and less affected limb (which has been repeatedly
observed in pwMS in terms of strength, torque and metabolism [9]) may introduce some
kind of unbalance even on joint movement control. This can be further exacerbated by the
presence of compensatory mechanisms unconsciously adopted to overcome the uneven
supporting and propulsive action of the two limbs. Secondly, the reduced capability to
optimally coordinate left and right limbs during gait might be due to reduced efficiency in
the neural communication pathways between the two cerebral hemispheres, particularly
as regards the fiber bundle connecting the primary motor cortices [52]. Moreover, imaging
studies have highlighted the existence of a significant correlation between asymmetries
in electrophysiological deficits for both arms and legs and asymmetric anatomic changes
in the spinal cord’s normal-appearing white matter, thus suggesting that the functional
asymmetries are associated with microstructural damage of the spinal cord [53]. Finally,
Filli et al. [17] hypothesized that the loss of inter- and intralimb coordination, particularly at
the distal level, might be due to the altered integrity of the long ascending and descending
myelinated fiber tracts of cortical, cerebellar and brainstem systems.
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4.2. Relationship between Interlimb Asymmetry, Spatio-Temporal Parameters of Gait and
Disability

As previously mentioned, one of the most debated issues related to lower limb asym-
metry in MS involves assessment of its actual impact on gait performance. In this regard,
the findings of the present study suggest the existence of a close relationship between
gait efficiency and interlimb asymmetry of joint kinematics, especially when the latter
is expressed in terms of cyclogram orientation and Trend Symmetry. This link appears
similar in strength regardless of the joint considered for gait speed and stride length (and
consequently for cadence). However, we also detected moderate to large correlations
between asymmetry parameters and other aspects of gait more specifically associated with
dynamic balance, such as step width and double support phase duration.

The recent reviews by Rudroff and Proessl [9] and Ramari et al. [54], which analyzed
the effect of asymmetries in muscular strength and limb loading on walking capabilities
of pwMS (in particular gait speed and performance on timed tests) raised strong doubts
about the possibility of defining a clear relationship between them. However, recent studies
that investigated asymmetry through calculation of the phase relationship between the
step timing of the left and right legs (the so-called Phase Coordination Index, PCI [55])
reported that bilateral coordination of gait was negatively correlated with gait speed and
performance in 6 m and Timed 25-foot walking tests [52,56]. Even from a quantitative point
of view, such results are fully consistent with those of the present study, thus suggesting
that even when assessed with completely independent methods, bilateral coordination neg-
atively affects gait speed and stride length [49]. Interestingly, we also observed significant
positive correlations between symmetry parameters and step width and double support,
the latter being stronger. Although there are no data available for comparison, it has been
suggested that in pwMS, asymmetries in muscle strength may result in a wider base of
support and prolonged double support phase duration during gait [15]. Although in this
study we did not investigate muscular strength, it appears reasonable to hypothesize that
even the asymmetry in kinematics of lower limb joints (through a combined or superposed
effect with those of muscle function) plays a crucial role in the establishment of adaptative
strategies that pwMS are forced to employ to counteract the negative effects associated
with uneven motor functions of the two limbs.

Finally, it is to be mentioned that all asymmetry parameters were found positively
correlated with the EDSS score, thus indicating the strict relationship existing between
bilateral coordination and disease progression, whose nature deserves further in-depth
investigations. This result was not completely surprising, since gait deterioration represents
one of the distinctive hallmarks of the disease, but it is noteworthy that similar findings
were also found by Plotnik et al. [56], who, as previously mentioned, calculated a different
index of asymmetry (i.e., the previously mentioned PCI).

Some limitations of the study are to be acknowledged. Firstly, in our research, the
waveform-based method was employed only to explore interlimb symmetry, but the
same approach might be advantageously exploited to investigate intralimb coordination
considering the different combination of joints (i.e., hip vs. knee, knee vs. ankle, etc.).
This would provide further important data regarding the possible impact of the degree
of coordination (or incoordination) between the two limbs on the quality of coordination
between the joints and vice versa, thus allowing assessment of the existence and type of
compensatory mechanisms. Furthermore, in the present study, men and women were
pooled in a single group, even though recent studies point out that several sex-related
differences exist in lower limb kinematics during gait for pwMS [57]. At last, it should be
considered that all the walking tests performed for the present study refer to a relatively
short distance (i.e., 10 m), but the literature reports that, in pwMS, asymmetry of gait
(calculated in terms of spatio-temporal parameters of gait) tends to worsen in case of longer
distance due to fatigue effects [48–50]. It would be, thus, interesting to verify if a similar
phenomenon would be present also as regards the joint kinematics symmetry.
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5. Conclusions

The analysis of asymmetry of lower limb joint kinematics during gait of pwMS shows
that bilateral coordination is impaired in those with moderate–severe disability at hip,
knee and ankle levels, while individuals characterized by low–mild disability exhibit
anomalous values of asymmetry at ankle level only. Moreover, the existence of moderate-
to-large correlations between symmetry and gait parameters suggest that the former (which
increases as the disease progresses) has a direct influence on gait quality and efficiency
since pwMS with the poorest symmetry indexes are characterized by reduced gait speed
and stride length and increased step width and double support phase duration. While
confirming that MS differentially alters most aspects of lower limb motor functionality,
the findings of the present study also suggest that the asymmetries of spatio-temporal
parameters reported by many studies on gait of pwMS are likely to reflect the combined
effect of muscular and joint kinematics asymmetries. In such a context, the use of waveform-
based methods to assess interlimb (and possibly interlimb) symmetry may provide useful
insights not only to better understand the impairments in motor control associated with
the presence of MS, but also to accurately assess the effect of physical therapy and exercise
training programs, which have been shown to have a positive effect on gait and balance
asymmetries of individuals with MS as well as other chronic neurologic conditions [58].
However, future studies (possible longitudinal) are necessary to clarify the evolution of
asymmetry during the disease progression, to identify specific peculiarities associated with
MS type and with the sex of the affected individual and to assess the effects of fatigue.
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Appendix A

Matlab pseudocode for the calculation of symmetry parameters (see ref. [44] for
details)

function [TS, CO, m_T] = symm_pars(X, Y)

% symm_pars calculates inter-limb joint cyclogram symmetry parameters.

% input:

% X = column array of Left joint data.

% Y = column array of Right joint data.

% Output:

% 1 - TS = Trend Symmetry, as defined by Crenshaw et al.(2006) [44]

% 2 - CO = Cyclogram Orientation (degrees).

23



Symmetry 2021, 13, 598

% 3 - m_T = Angular coefficient of the trend line.

XT = X - mean(X);

YT = Y - mean(Y);

M = [XT YT];

S = (M’)*M;

[V, D, W] = eig(S); % eig function returns full matrix W whose columns

are the corresponding left eigenvectors, so that W’*A = D*W’.

eigVals = sum(D); % array containing the eigenvalues or Inertia matrix

[emax, pos_emax] = max(eigVals); % emax = maximm eigenvalue (i.e.

maximum variability; pos_emax = position of emax in array eigVals;

[emin, pos_emin] = min(eigVals); % emin = minimum eigenvalue (i.e.

minimum variability; pos_emax = position of emax in array eigVals;

e1 = V(:,pos_emax); % eigenvector parallel to the direction maximizing

the variability (along which the variability is maximum)

% NOTE:

% from the mathematical point of view, the eigenvalues and the

eigenvectors

% of matrix M represent, respectively, the principal inertia moments

and

% the direction of principal axis of inertia of the cyclograms point

distribution

TS = (emin/emax)*100; % Trend Symmetry: the ratio of the minimum to

the maximum variability expressed as percentage;

% in condition of perfect symmetry, the direction of e2 is 45◦ with

respect

% to the reference axis. "delta_THETA_I", i.e. the difference between

the orientation of e1 and

% 45◦, is a measurement of the asymmetry of the cyclogram points

CO = 45 - (180/pi)*atan(e1(2)/e1(1)); % angle between the eigenvector e2

and 45 degrees

m_T = (e1(2)/e1(1)); % Angular coefficient of the trend line

Fig1 = figure;

p1 = plot(XT, YT, ‘or’); %Cyclogram

axis equal

grid on

hold on

p2 = plot(XT, XT, ‘-k’); % 45◦ line

p3 = plot(XT, m_T.*XT, ‘-r’); % principal axis

legend(‘cyclogram’, ‘45◦ line’, ‘linear regression’, ‘principal axis’);

xlabel(‘left joint (deg)’, ‘fontsize’, 5);

ylabel(‘right joint (deg)’, ‘fontsize’, 5);

title(‘syncronized cyclogram’);

end
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Abstract: The current literature shows no consensus regarding the difference between the dominant
leg (D-Leg) and the non-dominant leg (ND-Leg) in terms of postural control. This lack of consensus
could stem from motor experience (i.e., symmetric or asymmetric motricity) and/or the physiological
state induced by physical exercise. This study aimed to investigate the acute effects of fatiguing
exercise on postural control when standing on the D-Leg and the ND-Leg, in athletes practicing
symmetric (SYM) and asymmetric (ASYM) sports. Thirty healthy male participants were recruited
and divided into two groups, (SYM n = 15) and (ASYM n = 15, on the basis of the motricity induced
by the sport they practice. Monopedal postural control was assessed for the D-Leg and the ND-Leg
before and after the fatigue period (which consisted of repeating squats until exhaustion). A force
platform was used to calculate the spatio-temporal characteristics of the displacements of the center
of foot pressure (COP). A significant fatigue effect was observed in both groups on the D-Leg and
the ND-Leg for all the COP parameters. There was a tendency (p = 0.06) between the ASYM and
SYM groups on the D-Leg, concerning the relative increase in the COP velocity in the frontal plane
after the fatigue period. The fatigue condition disturbed postural control in both the SYM and ASYM
groups on the D-Leg and ND-Leg. This disturbing effect related to fatigue tends to be more marked
in athletes practicing asymmetric sports than in athletes practicing symmetric sports on the D-Leg.

Keywords: dominant leg; acute exercise; fatigue; sport practice

1. Introduction

Leg dominance can be determined through the use of functional tests, such as ball
kick, hop, or step up [1–3]. Most people use the dominant leg (D-Leg) to perform motor
tasks, while using the non-dominant leg (ND-Leg) to support the body and stabilize
posture [4]. Even though differences in terms of postural control have been reported
between the D-Leg and the ND-Leg in athletes [5–8], other studies concluded that postural
control was similar between the D-Leg and the ND-Leg among different athletes [9–13].
Paillard [14] hypothesized that this lack of consensus about the impact of limb dominance
on monopedal postural control could stem from the nature of the sport practiced. With
asymmetric activities that require frequent phases of monopedal posture on the ND-Leg
to perform technical movements with the D-Leg (e.g., passing and kicking in soccer), the
ND-Leg can display better postural control than the D-Leg [8,14,15]. In contrast, symmetric
activities that use the two limbs similarly do not produce such an asymmetry of postural
control [14]. Nevertheless, such a hypothesis still needs to be confirmed, since, to our
knowledge, only two studies have been conducted to compare monopedal postural control
in the D-Leg and the ND-Leg of expert athletes involved in asymmetric (ASYM) and
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symmetric (SYM) sports [6,15]. Moreover, the physiological state in which the subjects are
evaluated can also act as a confounding factor by modulating the difference between the
two legs [4,14]. Even though muscle fatigue negatively affects the perception of sensory
information and control of the motor command of the postural system of both the D-Leg
and ND-Leg [16,17], some studies performed with athletes showed that postural control
was less affected by muscle fatigue on the ND-Leg than on the D-Leg [5,18], thus illustrating
that the differences in postural control between the D-Leg and the ND-Leg could only be
observed after the performance of a fatiguing exercise.

Hence, the present study was undertaken in order to accurately determine the effects
of physiological states induced by fatiguing exercise on leg dominance in postural control,
comparing athletes practicing SYM and ASYM sports. The latter were found to be more
likely to be more sensitive to these acute effects [14]. It was hypothesized that, following
the completion of fatiguing exercise, the dominant leg and the non-dominant leg could
exhibit greater differences in postural control in athletes who participate in ASYM sports
than those who participate in SYM sports.

2. Methods

Participants: Thirty healthy male athletes aged from 18 to 31 years old were recruited
to participate in the experiment. They were divided into 2 groups, asymmetric (ASYM,
n = 15) and symmetric (SYM, n = 15), based on the type of motricity in their sport practice,
i.e., whether the movements carried out by the right and left side are symmetric or asym-
metric. Age, morphological characteristics and details about sports participation for both
ASYM and SYM groups are presented in Table 1. Volunteers likely to have musculoskeletal,
vestibular, cardiovascular, ankle, knee or hip injuries in the last two years were excluded
from the protocol. We asked the participants to avoid strenuous activity and not to eat or
drink exciting substances 24 h prior to the data collection sessions. All participants gave
their informed consent to participate in the experiment in accordance with the Declara-
tion of Helsinki. The work has been approved by the Ethics Committee of the university
authorities (14062014 Annaba).

Table 1. Participants’ morphological characteristics expressed in median (IQR), sport practiced and
expertise level of both ASYM and SYM groups.

Groups

Morphological
Characteristics

ASYM SYM

Age (years) 19 (5) 20 (7)
Height (cm) 175 (8) 174 (7)

Body weight (kg) 68.30 (10) 66.60 (10)
Body Mass Index (kg·m−2) 21.97 (2.28) 22.60 (2.57)

Foot size (cm) 28.38 (1.32) 28.38 (1.32)

Sport practiced

Soccer (n = 5) Track and field 800 m (n = 3)
Handball (n = 2) Track and field 1500 m (n = 1)
Basketball (n = 1) Trail running (n = 2)

Rugby (n = 1) Triathlon (n = 2)
Tennis (n = 3) Biking (n = 4)

Fencing (n = 2) Swimming (n = 3)
Pelota (n = 1)

Sport competition level
Local n = 4 n = 3

Regional n = 8 n = 9
National n = 2 n = 2

International n = 1 n = 1
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Experimental Design: The experiment consisted of assessing postural control in a
one-legged stance on the D-Leg and the ND-Leg (the dominant leg was defined as the leg
used to kick a ball) for the ASYM and SYM groups in the following two conditions: (1) in
an initial reference condition (REF condition), and (2) after a fatigue exercise (POST_FAT
condition). In each condition and for each group, the D-Leg and ND-Leg were assessed in
a counterbalanced order (Figure 1).

Figure 1. Chronological order of the protocol for both groups (ASYM and SYM).

Postural control assessment: Participants stood barefoot on a force platform (Stabilotest®

Techno Concept, Mane, France; 40 Hz sampling frequency) that recorded the center of
foot pressure (COP) displacements (spatio-temporal characteristics) with the PosturoWin
v4 software. They were asked to sway and move as little as possible in a monopedal stance
for 25 s with their arms alongside their body, while looking at a fixed target positioned 1 m
in front of them at eye level. The unsupported leg (i.e., the free leg) was raised with a 90◦
joint flexion at the knee joint.

Reference condition: Participants performed 3 postural test trials on each leg with a
30 s rest between trials in order to achieve a stable postural score on monopedal stance
and thus avoid learning effect between trials [19]. The third trial was recorded and corre-
sponded to the REF condition.

Fatigue exercise: The fatigue exercise protocol consisted of repeating body-weight
squats (i.e., without barbell) at a fixed and determined 0.5 Hz frequency (given by a
metronome’s sound beeps) until exhaustion, i.e., the inability to continue the squat exercise.
Participants received verbal encouragements. The exercise had to be performed at 70◦ of
knee flexion, which was determined with a goniometer (Comed®, Strasbourg, France). A
rope was placed under the participants according to the 70◦ knee flexion angle and they
were asked to touch it with their buttocks during each flexion in order to normalize the
amplitude of the squat movements. A final postural control assessment was immediately
performed at the end of the fatigue exercise on the D-Leg or the ND-Leg in POST_FAT
condition in order to limit recovery, which can quickly impact postural control during the
first 30 s following the exercise [17,20]. Since both legs could not be assessed consecutively
during a 30 s period, the fatigue exercise was restarted before assessment of the following
leg. The first and second durations of the fatigue exercise were recorded.

Data analysis: The COP surface area (90% confidence ellipse in mm2) and mean COP
velocity (sum of the cumulated COP displacement divided by the total time in mm·s−1) on
the medio/lateral (frontal) and antero/posterior (sagittal) axes (COPx velocity and COPy
velocity) were calculated as parameters that characterized postural control [21].

The relative increases between the REF and the POST_FAT conditions were calculated
for all the parameters concerning the D-Leg and the ND-Leg as follows:

POST_FAT increase = [(POST_FAT − REF) ÷ REF] × 100

Statistical analysis: Normality of the data was tested with the Shapiro–Wilk test. Non-
parametric tests were used since the variables did not meet the assumption of normal
distribution. Mann–Whitney tests for unpaired data were used to compare the morpholog-
ical characteristics and the duration of the fatigue exercise protocol between the SYM and
ASYM groups.

Paired samples Wilcoxon signed-rank tests were performed to compare COP parame-
ters between the REF and POST_FAT conditions in order to determine a fatigue effect for
the D-Leg and the ND-Leg in both ASYM and SYM groups. In order to test a potential
effect of leg dominance, paired samples Wilcoxon signed-rank tests were performed within
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each group and in the two conditions to compare the values of COP parameters of the
D-Leg and ND-Leg. Mann–Whitney tests for unpaired data were performed to compare
the relative increases in all the COP parameters between the ASYM and SYM groups in
order to determine a group effect. Results were considered significant at the level of 5%.

3. Results

Table 1 presents the morphological characteristics, sport specialty, and expertise level
of the participants in the ASYM and SYM groups. Figure 2 presents the postural parameters
of the D-Leg and the ND-Leg for the two groups in the two conditions. Figure 3 presents the
relative increases in the postural parameters between the REF and POST_FAT conditions
of the D-Leg and ND-Leg for the two groups.

Figure 2. Boxplot representation with individual data points of postural parameter values on the
D-Leg and ND-Leg in the ASYM and SYM groups in REF and POST_FAT conditions. Note, ** denotes
a significant fatigue effect (p < 0.01) from the comparison between the REF and POST-FAT conditions.
No significant differences were observed between the two legs.
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Figure 3. Boxplot representation with individual data points of the relative increases in the postural
parameter values on the D-Leg and ND-Leg in the ASYM and SYM groups. Note, † indicates a
tendency (p = 0.06) between the ASYM and SYM groups.

Fatigue effect: The COP surface, the COPx, and the COPy velocities increased more in
the POST_FAT condition compared to the REF condition (Figure 2).

There were no differences between the groups with respect to the duration of the fa-
tigue exercise protocol (ASYM, first period: 30.71 ± 22.56 min, second period:
3.09 ± 1.36 min; SYM, first period: 32.50 ± 28.47 min, second period: 3.94 ± 3.69 min
(mean ± SD)).

Leg dominance effect: Statistical comparisons between the D-Leg and ND-Leg showed
no difference in the two conditions for both the ASYM and SYM groups.

Group effect: No differences were initially observed between the ASYM and SYM
groups under each condition. A strong tendency could be observed in the relative increase
in COPx velocity on the D-Leg in the POST_FAT condition (Figure 3), which tended to be
higher in the ASYM group than the SYM group (p = 0.06).

4. Discussion

The present pilot study was the first study to focus on differences in postural control
between the D-Leg and the ND-Leg, following physiological states induced by fatiguing
exercise, among ASYM and SYM athletes. The fatiguing exercise had a disturbing effect on
monopedal postural control regardless of the leg used and the nature of sport practiced.
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This disturbing effect related to fatigue tended to be more marked on the D-Leg in athletes
practicing asymmetric sports than in athletes practicing symmetric sports.

The result of this study showed that a voluntary fatiguing exercise adversely affected
postural control on both the D-Leg and the ND-Leg in both the SYM and ASYM groups.
This supports previous studies that reported a deterioration of postural control regardless
of the leg on which the subjects were assessed [16,22]. The fatigue exercise employed in the
present study, which consisted of repeating squats until exhaustion, can be considered as a
global exercise that solicits a large part of the body musculature [17]. With a mean total
duration that exceeded 30 min in both the ASYM and SYM groups, fatigue induced by this
type of exercise is likely to generate peripheral and central fatigue, which can alter sensory
inputs (i.e., disturbance of proprioceptive myotatic information specifically related to the
fatigue engendered at the level of the extensor muscles of the lower limb, and disturbance
of the vestibular sensitivity specifically related to the organic and vestibular dehydration
induced), their central integration (i.e., degradation of programming, command, and
control of movement), and the motor output (i.e., decrease in muscle strength) of the
postural function (for a review, see Paillard [17]). Further studies have shown that postural
control is less affected by muscle fatigue on the ND-Leg than on the D-Leg, especially with
athletes involved in ASYM activities, such as netball [18], basketball [5], or soccer [23].
Our results display concordant findings, since postural control on the D-Leg in the frontal
plane tended to be impacted more in the presence of fatigue in the ASYM group than in
the SYM group (COPx velocity, p = 0.06). Even if the sample sizes should have been larger,
in order to expect clear significant results—since Cohen’s index [24] only gave a small to
medium effect size: d = 0.41— this result would be in line with the hypothesis formulated
by Paillard [14], who postulated that the impact of limb dominance on monopedal postural
control could be exacerbated by the specificity of motor experience (i.e., the practice of
symmetric vs. asymmetric sports), and could be highlighted in the context of a negatively
affected physiological condition, such as fatigue, and in the plane (frontal) in which
monopedal posture is the most difficult to control. Indeed, there was initially no difference
between the two groups on both the D-Leg and the ND-Leg (REF condition), and the
tendency on the D-Leg between the SYM group and the ASYM group was only observed
after the fatigue exercise in a lessened physiological condition (POST_FAT condition).

With asymmetric activities that require frequent phases of monopedal posture on
the ND-Leg to perform technical movements with the D-Leg (e.g., passing and kicking in
soccer), the ND-Leg can display better postural balance than the D-Leg [8,9,14]. In contrast,
symmetric activities that use the two limbs similarly do not produce such an asymmetry of
postural control [14]. This author inferred that particular motor tasks, regularly repeated,
induce specific structural and functional adaptations at the central nervous system level,
which generates durable modifications of motor and postural behaviors through a learning
effect. As part of the study of cross-education, which attests that the motor output of the
untrained limb (i.e., the contralateral limb) is improved after unilateral exercise training
(i.e., the ipsilateral limb), it was reported that structural and/or functional differences at
the cortical, subcortical and spinal levels were linked to the motor command between the
dominant leg and the non-dominant leg [25,26]. For a given motor task, in its execution,
the specialized limb (trained limb) would provide a better reference of motor information
in the cortex, and would induce a better pattern of muscle activation (e.g., coordination of
agonists and antagonists, synergist muscle activity, motor control) than the non-specialized
limb (untrained limb in the execution of the considered motor task) [27]. These neuro-
physiological adaptations could enable postural control to be less affected on the ND-Leg
(specialized leg) than on the D-Leg (non-specialized leg) in athletes practicing ASYM
activities in adverse physiological conditions (fatigue), and in the direction (medio-lateral)
that is the most difficult to control.

Thus, fatiguing exercise disturbed postural control on the D-Leg and ND-Leg in
both the SYM and ASYM groups. This disturbance tended to be more marked on the
D-Leg in athletes practicing asymmetric sports than in athletes practicing symmetric
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sports. However, this pilot study presents a certain limitation, and thus cannot provide
a clear-cut answer to the question asked. At this end, future works dealing with the pos-
sible differences between the D-leg and the ND-leg, in terms of postural control, should
be carried out with larger sample sizes, in order to possibly obtain clear and meaning-
ful results. These future studies could also include additional experimental analyses,
such as, for example, electromyographic measurements, in order to answer the question
more precisely.

This article reports an innovative protocol including the nature of sport practiced and
the physiological states in which the subjects were evaluated, in order to determine the
possible differences between the D-Leg and the ND-Leg in terms of postural control. The
D-Leg seems to be more sensitive than the ND-Leg in athletes practicing asymmetric sports
than in athletes practicing symmetric sports. Therapists and trainers should be aware of
the possible difference between the dominant leg and the non-dominant leg during their
intervention protocol based on monopedal postural tasks, especially when the athletes are
evaluated in a lessened physiological condition (e.g., immediately after strenuous exercise
and/or a sports competition).
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Abstract: This article deepens a reflection on why and how symmetry/asymmetry affects the motor
and postural behavior from the neural source, uterine development, child maturation, and how the
notion of symmetry/asymmetry has been applied to walking robot design and control. The concepts
of morphology and tensegrity are also presented to illustrate how the biological structures have been
used in both sciences and arts. The development of the brain and the neuro-fascia-musculoskeletal
system seems to be quite symmetric from the beginning of life through to complete maturity. The
neural sources of movements (i.e., central pattern generators) are able to produce both symmetric or
asymmetric responses to accommodate to environmental constraints and task requirements. Despite
the fact that the human development is mainly symmetric, asymmetries already regulate neurological
and physiological development. Laterality and sports training could affect natural musculoskeletal
symmetry. The plasticity and flexibility of the nervous system allows the abilities to adapt and
compensate for environmental constraints and musculoskeletal asymmetries in order to optimize the
postural and movement control. For designing humanoid walking robots, symmetry approaches have
been mainly used to reduce the complexity of the online calculation. Applications in neurological
retraining and rehabilitation should also be considered.

Keywords: symmetry; asymmetry; human; development; locomotion; posture; walking robot

1. Introduction

In order to achieve locomotor activity with a high level of symmetry [1–4], we can
ask ourselves whether the components of our musculoskeletal system absolutely need
to be symmetrical and whether the neural control that activates the functionality of our
muscles should also be symmetrical. Figure 1 presents the conceptual elements taken
into consideration in how we approach the notion of symmetry/asymmetry in the control
of posture and locomotion. In this article, we will introduce the concepts of tension
imbalance, tensegrity, and dysmorphism to illustrate how the biological structures have
been influenced and altered during growth and maturation, the development of laterality,
as well as the influence of task requirements and the environmental constraints. This
article will also deepen the reflection on why and how symmetry/asymmetry affects
locomotor and postural behaviors. Finally, we will present how the neural source for
locomotion and the early humanoid walking robot commands were assuming symmetry
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and how this command was adapted to more human-like environmental constraints and
task-oriented requirements.

Figure 1. Conceptual elements taken into consideration in the symmetry/asymmetry approach in the control of posture
and locomotion. CPG: central pattern generator.

2. Symmetry/Asymmetry in Human as Seen from Arts and Functional Anatomy

What is beautiful is symmetrical. From an aesthetic point of view, this is undoubtedly
true. In general, symmetry is seen as attractive. In the classical Greek period, the Greeks
possessed a sense of beauty. Indeed, Greek sculptures from the classical period such as
the Lancelotti Discobolus (National Museum Rome) clearly demonstrate this sense of
beauty. Greek statues and Renaissance sculptures, not to mention Leonardo da Vinci′s
Vitruvian Man, represent perfectly symmetrical human forms. It has long been the human
morphological standard, and perhaps still is. During the Renaissance, Michelangelo′s
sculpture of David captured balance and harmony of forms and brought to the fore the
notion of ideal form. Even to this day, bipedal postural analysis is based on this right/left
symmetry of form as well as straightness and divergence of lines. Additionally, according
to the principle of tensegrity (contraction of the words tension and integrity), a structure is
stabilized by a continuous tension applied to discontinuous elements in compression. The
architectural principle called “tensegrity” and put forward by Buckminster Fuller in the
1960s was inspired by a sculpture made by sculptor Kenneth Snelson in 1948 (the X-Piece).
This principle is opposed to the traditional principle of man-made structures involving con-
tinuous gravitational compression. This implies that in weightlessness, these structures can
lose their shape while the tensegrity structures retain it. Inter-limb symmetry/asymmetry
may occur as a function of motor experience (e.g., high versus low), the nature of move-
ments (e.g., specialized versus non-specialized), the environmental context (e.g., easy vs.
difficult motor tasks), individual/intrinsic factors (e.g., afferences, hemispheric laterality,
and motor output), and the limb dominance effect. However, on the one hand, the finer
details of motor and postural symmetry/asymmetry have not yet been fully identified
in terms of information perception, central integration, and movement command and
control. On the other hand, the neural mechanisms involved are also not fully understood
at the different neurological levels (peripheral, spinal, subcortical, and cortical). Therefore,
exploratory research is needed in order to understand symmetry/asymmetry in terms of
human movement and posture.

The perfect shape is desired by nature, and as long as the tensor elements, which are
the skin, muscles, and fascia, have an optimal length, the symmetry of the shape will be
respected. But what is it from a functional point of view? Why is right/left inter-limb
symmetry so particular to human movement and posture?
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First of all, where did the idea of symmetry come from? The notion of left/right
symmetry has been a very well-defined concept, especially in the case of the human
body, since the mid-1900s [5]. The common meaning given to bilateral symmetry is
based on the notion of proportionality, balance, and concordance between the parts in
order to form a whole. Looking at a given population, it is difficult to conceive that
there is a single human morphology, a theoretical ideal shape that expresses left/right
symmetry. However, in 1949, Françoise Mézières entertains the notion that there is a
human morphology known as “normal” and symmetrical and all forms deviating from this
human morphology constitute a set of characteristics allowing identifying dysmorphisms
called biotypes [6]. In our classical language, there is no so-called “normal” morphology,
but only various morphotypes such as ectomorph, endomorph, and mesomorph used
to define persons according to their genetics. We can therefore consider that the human
morphological phenotype is the expression of all genes. If human morphological symmetry
exists, where does it come from? How is it defined?

“The molecules that make up cells and cells that make up tissues are continually
renewing and the maintenance of the integrity of this behavior is living. This behavior
is a manifestation of structure and structural stability and resulted in the establishment
of spatial relationships that balance the individually destabilized structural elements” [7].
Undeniably, at the level of its neuro-fascia-musculoskeletal system, the human body
corresponds to the definition of symmetry, namely, the right side is the identical reflection
of the left side. We find exactly the same bone structures and the same myofascial structures
on both sides of the body. In the frontal plane, the median axis of the body divides the
body in two and highlights this symmetry whether the gaze is projected on the anterior
or posterior part of the body. Symmetry brings a certain stability. Symmetrical structures
therefore make it possible to distribute forces equally throughout the neuro-musculo-
skeletal system. The anatomical continuities between the different muscles allow reciprocal
feedback to take place through multiple mechanical and nervous pathways, activation time,
intensity, duration, and release of tissue deformation, the latter being precisely controlled
by a variety of sensory inputs such as proprioceptors located in connective tissue.

The introduction of new concepts such as those related to the fascia system caused the
musculoskeletal duality to become obsolete and replaced by the notion of the mesokinetic
system binding bones, muscles, and connective tissues into a symmetrical and functional
unit [8,9]. The mesokinetic system is a unifying structural whole. In this unifying whole,
we find junctions (i.e., joints) of remarkable precision that intertwine with each other in
order to provide a dynamic of free, flexible movement [10,11]. Because the entire system
works as a whole, the functioning of the body can be revealed, regardless of the situation
or position. Thus, the entire system from the cytoskeleton to the mesokinetic system plays
a unifying role in the common goal of structural integrity and movement [12]. However,
observation of human morphology reveals a more asymmetric aspect.

Human beings are complex organisms and at the same time have a relatively simple
geometry constituting a complete functional unit. At the heart of this functional unity lies
the very notion of symmetry. What the left/right morphological asymmetry represents in
typical human adults is dysmorphisms and tension imbalances in the myofascial elements,
not structural asymmetry. The tension imbalances in the myofascial elements could be
explained, in part, by the directional asymmetry of internal organs. According to Klingen-
berg [13], the internal organs of the human body are organized according to a directional
asymmetry, that is, the traits develop differently on the left and right side of the body, for
example, the lungs, which have three lobes on the right side and two lobes on the left side.
Moreover, the developmental rhythm of neuro-fascia-musculoskeletal system could also
impose a certain form of asymmetry, but dysmorphism and tension imbalances should
be considered the main sources of morphological and functional asymmetries. In this
section, we have shown that structurally, the human body is developed with a symmetrical
pattern. Morphological asymmetries are the results of myofascial imbalances and produce
functional asymmetries in posture and locomotion.
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Symmetry and Asymmetry in Humans: From Uterine Development to Adult Life

From the beginning of intrauterine life, symmetry/asymmetry regulates development.
The third trimester promotes the flexed position when the infant is crowded by the uterine
environment and experiences rapid brain growth, mediating flexion (arms and legs bent
and trunk tucked forward) [14]. Despite this temporal frame corresponding to non–goal-
directed fetal motility [15], positioning in physiological flexion (flexion of the shoulders,
hips, and knees, scapular protraction, and posterior pelvic tilt) is the ideal position of the
newborn, as it promotes proper symmetrical joint alignment, supports neuromuscular de-
velopment, and promotes self-soothing and behavioral organization [16,17]. Interestingly,
the innate genetic instructions indicated an asymmetric anterior/posterior development
where the antigravity muscles responsible for antagonist movements (extensor posterior
postural adjustments) mature earlier compared to the flexors [15]. Indeed, many studies
showed that tibialis anterior (TA) (ankle flexor muscles) plays a different role in the pos-
tural control of children compared to adults [18,19]. Berger’s group [20] explained this
ontogenetic difference by a more central regulation of flexor muscle activity compared
to the extensor, which has an effective circuitry in the lower levels. Furthermore, the
pathways that innervate TA muscles mature later than gastrocnemius (posterior muscle)
pathways despite their similar distal localization with respect to the ankle [19] and create
asymmetries in motor and postural behaviors.

During growth, a gradual symmetry in the body, organ, and tissue (lengths, areas,
and volumes) can be observed. The development of the human brain is also a long-lasting
process, which is mirrored by a multitude of developmental changes such as in motor be-
havior [15]. In fact, these neurological mechanisms evolve over time in a non-linear way in
which we can observe a sudden rather than a gradual change with age [21]. The functional
symmetrical topography of the brain is primarily driven by genetic instructions, the start-
ing point for epigenetic cascades that allow abundant interactions with the environment
and activity-dependent processes [22,23]. The interaction is bidirectional where experience
affects gene expression and genes affect how the environment is experienced [23]. The
environment and activity-dependent processes shape the brain, and a certain asymmetry
could appear especially in the cortical homunculus mapping (for example, in the musician).
The abundance of cerebral connectivity is the neural basis of human behavioral variability,
i.e., the ability to select, from a large repertoire of behavioral solutions, the one most ap-
propriate for a specific situation [15]. This flexible and adaptative neurological capacity
allows the possibility to adapt their movement responses to the symmetric/asymmetric
biomechanical demands from the task requirements and the environmental constraints.
The period when major and rapid postural symmetric/asymmetric of growth changes oc-
cur corresponds to the time when the cerebral plasticity is increased (i.e., before adult age).
Indeed, childhood and adolescence are sensitive developmental periods associated with an
increasing sensorimotor experience leading to a different effect on motor behavior [24,25].

The non-monotonic pattern that dictates the rhythm of motor development of sev-
eral parameters has been reported in studies assessing reactive postural adjustments [26],
postural control adjustments during self-initiated unloading [27], goal-directed arm move-
ments [28], stability limits [29], and quiet standing tasks [21,30–33]. Increasing evidence
indicates that this period corresponds with a critical transition period for maturation
(around 6 or 7 years of age).

One important hypothesis that has been proposed to explain these sudden changes in
movement and postural control during the transition period is associated with nervous
system adaptations in which the effectiveness of the processing and integration of multi-
modal sensory information increase and evolve from an en bloc strategy (also named the
ballistic strategy) from 0 to 5 years of age toward a sensory strategy that is mastered over
8 years [32,34]. However, it is possible that the transition period was a necessary sensory
recalibration period after rapid development of the body segments in order to update the
internal model (body image).
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In fact, the growth of the different segments is not uniform and symmetrical. Surpris-
ingly, a certain genetic asymmetry regulates the course of the lower limb. For example, the
analysis of 354 unaffected hip–knee–ankle angles with anteroposterior full-length standing
radiographs revealed that participants aged from 1 to 2 years old were naturally in varus
(+3.6◦) during the emergence of locomotor functions. However, the following year (2 to
3 years old) undergoes a drastic change in the hip–knee–ankle angles from 6.1◦ in the
opposite direction in order to reach a valgus posture (means, −2.5◦) [35]. This period
corresponds to the development of dynamic postural control mechanisms, which allows
controlling bipedal body posture during displacement and during active movements [36].
Postural control is intimately linked to motor control: dynamic motor actions cannot be
performed without first stabilizing body posture [37]. In order to compensate for this asym-
metric postural development and inexperience, children select the en bloc strategy that
allowed the possibility to limit the degrees of freedom and facilitate the direction-specific
postural muscles recruitment [15]. The en bloc strategy is dominant often between the
ages of 9 months and 2.5 years old and is largely used until the transition period [19,34],
corresponding with the drastic change in the lower limbs angle configuration. After the
transition period, around the age of 8 years old, the lower limbs angle reaches the one of
adults (i.e., varus posture of +11.2◦) [35], and both populations use the sensory strategy [34].

During skeletal development, bones increase in size and mineral mass while their
morphology adapts according to genetics and to mechanical constraints from the task
demands and environmental factors [38].

Similarly, when researchers compared the bone mineral content and the bone density
at a stressed bone site (the dominant arm in a tennis or squash player) with little or no bone
solicited from the site of their non-dominant arm, the results show differences ranging
from 10% to 15% after only a few years of practice [39].

It is no wonder that the development of laterality (neurological factors) can influence
the development of morphological asymmetries.

Laterality is a complex concept. It is expressed in predominantly manual, ocular, pedal,
and auditory preferences, differences in sensorimotor performance between preferred and
non-preferred effectors, and directional tendencies. It is one of the expressions of functional
hemispherical asymmetries [40] that defines functional superiority on one side. Genetically
determined at birth, the majority of people [41] have a match between the hand used to
write, the foot used to kick the ball, and the eye used to look through a telescope. A typical
young child with a manual predominance will choose the writing hand in a spontaneous
and natural way. It emerges around the age of 3 to 3.5 years [42] and continues to refine
itself until the beginning of adolescence (laterality represented and projected in the absence
of the object or of the person). Laterality is therefore part of the evolution of the bone
growth and of gross and fine motor skills asymmetry.

In light of these postulates, the body representation (internal model) is possibly the
most important link between symmetric/asymmetric morphological changes and their
influence on movement and postural control. It assumes the existence of an internal rep-
resentation of the “geometry of the body”, the ground reaction forces, and its orientation
relative to the vertical [43]. The early perception–action coupling is a fundamental process
that allows the correspondence between the perception of an action, its sensorimotor rep-
resentation, and its realization [44]. This body representation develops during childhood
through the regular and varied interactions of the senses, especially with proprioceptive
information [44,45]. Overall, this highlights the importance of regular and varied experi-
ence for all populations, especially in children, in order to continuously update the body
representation and reinforces the need to avoid early sports specialization.

Body segments, organs, and tissues develop in a symmetrical pattern from uterine
to early childhood periods. Then, laterality and motor skills are developed under the
influence of both environmental constraints and task requirements. Evolution of the early
postural control patterns “en bloc” is progressively modified to a more adaptative and
mature response.
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3. A Central System for Locomotor Rhythm and Pattern Generation: Control of
Symmetrical/Asymmetrical Activities by the Spinal Cord

More than a century ago, Graham Brown provided compelling evidence that locomo-
tion was essentially controlled by a neuronal network located in the spinal cord [46,47]. In
anesthetized cats, rabbits, or guinea pigs, he showed spontaneously occurring hindlimb
stepping movements after a complete transection (Tx) of the spinal cord at the thoracic
level. Given that (1) doses of anesthetic used by Graham Brown were known to abolish
selectively proprioceptive and exteroceptive reflexes and (2) descending commands from
the brain after a Tx could no longer exert control over hindlimb muscle contraction, he
proposed the existence of a spinal command center located in lumbar segments, called
the ‘half-center’, that would be responsible for locomotor rhythm and pattern generation
in the lower limbs. He imagined the network to be composed of two groups of neurons,
reciprocally connected and mutually inhibiting each other in such a way that activity in
the first group (e.g., extensor half-center) would activate extensor muscles while inhibiting
the reciprocal group of neurons (flexor half-center) for the concomitant relaxation of flexor
muscles and execution of the stance phase. After a period of ‘depression’ of the extensor
half-center due to fatigue (due to adaptation or post-inhibitory rebound), the second group
of neurons (flexor half-center) would take over for the next phase of activity—e.g., the
contraction of flexors, relaxation of extensors, and execution of the swing phase.

In the 1970s, the existence of such a central command center, thereafter called the
Central Pattern Generator (CPG) for locomotion, was clearly demonstrated experimentally
by Grillner and Zangger using completely deafferented spinal Tx animals [48,49]. In the
meantime, another group of Swedish researchers obtained the first electrophysiological evi-
dence of its existence in lumbar segments of the spinal cord (lamina VII) using intracellular
recording techniques, L-DOPA injection, and flexion reflex afferent stimulation [50,51]. Still
today, a plethora of studies are being conducted to identify further CPG elements and char-
acteristics. Based on some of them, it is now generally accepted that the CPG is composed
of genetically identified cells such as the HB9, V0, V1, V2, and Shox2 interneurons (for
left—right coordination or rhythm and speed control), intrinsic cellular properties such
as endogenous bursting neurons and Ih current (for pacemaker-like generation), specific
pharmacological properties such as 5-HT1 and D1 receptors (for CPG activation), and
complex network connections that support synaptic interactions as those proposed in the
ring model, flexor burst model, or two-level organization model for distinct and selective
rhythm and pattern adaptation [52].

In normal conditions, basic locomotor gaits such as straightforward walking at low
speed are generally considered to be more or less symmetrically organized—that is, with a
steady rhythm, pattern, and timing of muscle activity. For instance, at the ankle level, the
medial gastrocnemius (extensor) will be typically contracted throughout stance and relaxed
during swing with a rather strict out-of-phase relationship with its direct antagonist,
the tibialis anterior. At other joints of the limb, comparable alternating out-of-phase
relationships will also be found between agonists (extensors) and antagonists (flexors)
unilaterally as well as between homonymous muscles bilaterally (left and right biceps
femoris) during bipedal walking [53]. This said, multiple symmetrical patterns and gaits
exist given that a wide variety of strategies can be used by animals, including humans, to
move from A to B by swimming, flying, using bipedal or quadrupedal walking, running,
or galloping. Yet, clear evidence shows that, among all vertebrate species, all gaits and
forms of stereotyped rhythmic motor behaviors are similarly controlled by central centers
such as the CPG in association with other sets of neurons located in the mesencephalic
locomotor region (MLR) of the brainstem and elsewhere in the nervous system [54].

Otherwise, many conditions also exist for which asymmetrical muscle contraction can
be found. Depending on species, gaits, goals, and/or imposed demands such as patholo-
gies, amputation, overloading, or directional changes, different patterns of muscle activity
have been reported. For instance, rather abnormal and more or less asymmetrical patterns
were found in people diagnosed with the Uner Tan Syndrome expressing quadrupedal
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walking [55]. In four-legged animals, patterns of muscle activity often differ considerably
between slow (walking) versus fast locomotion (trotting, galloping), suggesting, in turn,
the existence of a speed- or task-dependent reorganization of the CPG. For directional
changes, asymmetrical or atypical muscle contraction is found, for example, to turn left
during swimming; specific stimulation of some reticular formation nuclei, the Middle
Rhombencephalic Reticular Nucleus, generally elicits, within a few milliseconds, a C-shape
contraction of the entire body on the side of its new trajectory, momentarily replacing
and resetting the regular left–right rhythmic pattern of axial muscle activity, which has
led to the suggestion of a key role for this brainstem area in directional changes during
locomotion [56]. Stimulation of other brainstem areas and nuclei was also found to trigger
locomotor adaptations such as speed increase (Posterior Rhombencephalic Reticular Nu-
cleus stimulation) or highly specific directional change and asymmetrical pattern (Anterior
Rhombencephalic Reticular Nucleus stimulation for contralateral turns) [57]. Control over
both initiation and speed adaptation has also been shown following stimulation of the
MLR. Russians in the 1960s showed in decerebrated cats that weak stimulation of the MLR
tonically, at the mesopontine junction of the dorsal reticular formation, could elicit walking
in decerebrate cats, whereas stronger stimulation led to greater speeds and hence to gait
alterations such as galloping instead of walking [58,59].

That great flexibility in pattern, speed, and gait enabled by CPG interactions with
other structures including brainstem nuclei is not limited to the CNS. For instance, speeds
can also be partially altered by peripheral-input-induced CPG mediated actions. One of
the most relevant evidence has come from Forssberg and colleagues in the 1980s using Tx
kittens walking on a two-belt treadmill—they showed that increasing speeds of only one
belt did not prevent the other leg from walking ‘normally’ at lower speeds on the other
belt [60]. Comparable observations made recently in adult cats suggest that adaptations of
that nature, probably involving joint afferent inputs, remain possible in mature and chroni-
cally injured animals [61]. Other experiments with Tx cats performed by Forssberg [62]
also showed that one leg perturbed after hurting an obstacle can express a bilaterally coor-
dinated hyperflexion that brings the foot above and over the obstacle in order to maintain
successful walking. Other receptor systems such as the proprioceptors have also been
shown to play a pivotal role in CPG adaptation and asymmetrical control. When stimulated
electrically during locomotion, muscle spindles (Ia afferents) and Golgi tendon organs
(Ib afferents) were shown to enable extensive coordinated corrective responses expressed
throughout the legs bilaterally—a form of temporary cycle-to-cycle asymmetrical adap-
tation in response to a sudden external disturbance (e.g., hole or overload). Only during
locomotion (i.e., not at rest), group I afferents (Ia and Ib) from ankle extensors [63] or group
II afferents from flexors [64], when stimulated briefly (100 ms), lead to CPG-mediated
responses by replacing the correspondent classical reflex actions that promote the activity
of extensors while inhibiting flexors throughout the entire limb in decerebrate cats.

All in all, the findings described above about locomotor-dependent responses (speed
increase, gait alteration, directional change, extension enhancement, step cycle resetting,
obstacle avoidance, hole, etc.) detected or stimulated suddenly by brief activation of
specific peripheral receptor systems (cutaneous, joint, muscle Ia or Ib afferents) and/or
central supraspinal structures (e.g., reticular formation, MLR, visual system, etc.) constitute
examples that provide compelling evidence that the CPG is endogenously all set and
prepared for a wide variety of symmetrical demands and of how these responses can be
adapted with asymmetrical corrections under various environmental conditions and task
requirement circumstances.

4. Symmetry/Asymmetry from Robotic Point of View

Researchers studying human gait have approached its quantitative evaluation through
various parameters: stride speed, stride length, step information (length, width, angle and
time), joint angles, muscle strength, etc.). Regardless of the field of application (rehabili-
tation, sport, or robotics (humanoid or walking robot)) the factors (indices) that allow its
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qualification are static or dynamic balance, stability, and symmetry/asymmetry, either to
find a so-called healthy (or “normal”) gait, maximize performance, or simply reproduce
human walking with a humanoid robot. They are characterized by the trajectory of the
joints, left/right symmetry, center of gravity (CoG), center of pressure (CoP), ZMP, etc.;
international research has provided many works that lead to two different approaches
(or models).

The first is the oldest and most used. It consists of describing walking as a continuous
sequence of cyclic articular rotations of the limbs and trunk [65,66]. This concept is gen-
erally applied, with left/right symmetry as a prerequisite, to robotic systems (to mimic
and reproduce human walking movement). In this context, the stability index is always
estimated by monitoring whether the expected performance remains stable. The imitation
of walking is, however, limited by the complexity of the body structure and its controls.

The second is less widespread and can be defined as the “forward translation” of
the body system through “total locomotion”. This movement results from the interaction
between gravity, inertia, joint rotations, and the cyclic contraction of many muscles [67,68].
In this context, gait balance and symmetry are considered essential to maintaining gait
translation performed by individual parts of the body. However, there is not yet a quantita-
tive index to describe balance and symmetry, although many studies have been performed
in this area.

Regardless of the approach chosen, the problem of asymmetry has often been studied
and/or observed in people with neuromuscular pathology or alteration [65]. However,
studies suggest that able-bodied people also sometimes exhibit asymmetric behaviors [2,69].
Understanding when and why this phenomenon occurs is important for gait research,
where symmetry is typically assumed in order to simplify data collection and analysis.
Many methods exist to quantify asymmetric movement between the right and left legs,
using variables such as stride length [70–72], range of motion of the joints [73–75], velocity
profiles [76] and ground reaction forces (GRF) [77–79], electromyographic profiles [80,81],
limb forces and moments [82–84], or the oscillating center of mass [85,86]. However, the
underlying causes are still the subject of debate. The functional asymmetry of gait hypothe-
sis for able-bodied people suggests that each leg performs different roles, such as vertical
support, medio-lateral (ML) control, and/or anteroposterior (AP) propulsion [2]. Differ-
ences between the roles of the legs have been observed in trials of brisk walking [87,88],
suggesting that difficult locomotor tasks require asymmetric strategies. This is illustrated
by asymmetry ratios in athletic walking [69] and running and cycling [89], which have
been attributed to irregularities in the ground, footwear, and conditioning on the trails’
curves. The most common explanation for functional asymmetry is leg dominance, but
conflicting reports exist for this theory [71].

In the context of robotics (walking robot and humanoid), symmetry essentially con-
stitutes a strong hypothesis for reducing the number of parameters that characterize and
define walking. This is explained by the fact that a humanoid walking model has a high
degree of redundancy that can be solved or bypassed by fixing the values of certain param-
eters, by resorting to optimization, or by adding constraint equations. As a result, being
inspired by human walking can constitute a means of lowering the degree of redundancy
in a simple way, allowing the humanoid to acquire a more natural behavior, and he can
have characteristics of lower consumption of energy on unstructured soil [62,90].

In this context, the management of the balance associated with symmetry is a recurring
and unavoidable problem for the generation of bioinspired walking for humanoids. The
latter can be static or dynamic. In static walking, the projection of the CoM in the horizontal
plane must be permanently inside the support polygon (convex envelope including the
points of contact between the feet and the ground). In the case of dynamic walking,
dynamic stability is obtained by using various criteria, including, among the most used,
ZMP (zero moment point) and CWS (contact wrench sum). The ZMP is the point of
the ground where the resultant of the reaction of the ground produces a zero moment
along the anteroposterior and transverse axes [91–94]. This widely used criterion in the
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dynamic balance control of bipedal robots involves keeping the ZMP within the support
polygon to prevent the foot from tipping over. Li and collaborators proposed a method that
changes the position of the trunk when the ZMP deviates from the trajectory [95]. Other
authors solve the problem of balance by modifying the position of the upper body [96–98]
or the orientation of the trunk [99] or the waist position [100]. We can also note the use
of the center of mass (CoM) to dynamically control a biped. The principle consists of
controlling/regulating the acceleration of the CoM and ensuring a good distribution of
the interaction forces between the segments and the trunk [101–104]. The CP (crossing
point) refers to a virtual point located between the hip line and the ankle with each line
to the left and right, respectively. The CWS was proposed [105] in the context of legged
robots; it is based on the sum of the forces applied to the robot’s CoM: if the sum of the
forces of gravity and inertia applied to the CoM is inside the polyhedral convex cone of the
contact forces between the robot’s foot and the environment, then the balance is guaranteed.
He extended and used this criterion on a humanoid on flat ground, to climb stairs, or on
uneven ground [105]. We can also note the crossing point (CP) proposed by Kim and
collaborators [106] and the foot rotation indicator (FRI) proposed by Goswani and their
colleagues as another index used [107].

Another aspect to consider is that body mechanics are responsible for functional
asymmetry. Simulation work has shown that the momentum and gravity are sufficient
to propel the walking movement on a low slope [108,109]. These passive models reflect
certain characteristics of human walking, such as ballistic movement during the oscillation
phase [110] and energy efficiency on low slopes [111], and therefore act as simple substitu-
tion models for the study of bipedal mechanics. Although the dynamic equations of motion
can give a stable solution corresponding to a symmetrical gait, small changes in the model
parameters can result in qualitatively different behaviors at a bifurcation point, after which
a new asymmetric (stable) solution emerges from the symmetric solution (unstable). The
symmetrical mechanics of these walkers admit two families of solutions, one symmetrical
and the other asymmetrical. However, the functions of these asymmetries have not been
studied, and the period doubling phenomenon has not been shown to extend to more
realistic 3D models that walk on flat ground.

On balance, symmetry/asymmetry serves to simplify and reduce the complexity of
biological reality or a model, making it a powerful tool in robotic applications or related
to computers and analytical modeling. Philosophically, does biological symmetry really
exist? From this point of view, then one can question of the relevance of the models with a
perfect symmetry—are they false for all that?

5. Conclusions

In conclusion, the development of the brain and the neuro-fascia-musculoskeletal
system seem to be quite symmetric from the beginning of life through to complete maturity.
The neural sources of movements, i.e., CPGs, are able to produce both symmetric or
asymmetric responses to accommodate to environmental demands and task constraints.

Although the human development is mainly symmetric, asymmetries already regulate
neurological and physiological development. The laterality and regular sports training
could affect the natural musculoskeletal symmetry. The plasticity and flexibility of the
nervous system allow the abilities to adapt and compensate for environmental constraints
and musculoskeletal asymmetries in order to optimize the postural and locomotor control.
For designing humanoid walking robots, symmetry approaches have been mainly used
to reduce the complexity of the online calculation. With the improvement of computer
power capacity progress, asymmetrical body models might be added in future walking
robot developments. Applications in neurological retraining and rehabilitation should also
be considered.
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Abstract: Neonatal and adult strokes are more common in the left than in the right cerebral hemi-
sphere 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 struc-
ture 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.

Keywords: middle cerebral artery; diameter; blood flow; asymmetry; stroke; shear stress; neonate

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,
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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 dia-
metric 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 diamet-
ric 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, post-
natal 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.
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2.3. Maternal Exclusion Criteria

Exclusion criteria included diagnoses of autoimmune disorders, pre-gestational dia-
betes 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 ex-
cluded 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 per-
formed 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 trans-
ducer 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 bifurca-
tion/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. Lentic-
ulostriate artery sampling in the study was sparse, largely because these vessels are difficult
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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 homoge-
nous 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):

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

Shear stress (τ; dyne/cm2):

τ = 4·μ· V
π·D3

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 aver-
age 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 = 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 [22], is mediated by arterial struc-
ture [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
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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:

Laterality index =
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 hemody-
namic 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.
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Table 1. Neonatal characteristics as a function of geometric arterial asymmetry.

Left-Dominant Right-Dominant No Dominance Total

M (SD) M (SD) M (SD) M (SD)

N a 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.

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.
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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.

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 sig-
nificant 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 (Tables 3 and 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.
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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.

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.

Table 3. Comparisons of hemodynamic parameters between left and arterial sites 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 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
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Table 3. Cont.

Left Hemisphere Right Hemisphere

Artery Dominance Parameter M SD M SD t df p d

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.

Table 4. Effects of geometric dominance on hemodynamic parameters of arterial sites.

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
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Table 4. Cont.

Middle Cerebral Origin Middle Cerebral Distal Trunk

Source df F p ηp2 df F p ηp2

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

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.

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 (Tables 3 and 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.
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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 struc-
tural 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 [30–35].

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 domi-
nance 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 vascu-
lar 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.
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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 atheroscle-
rotic 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 lan-
guage develops might also contain the seeds of its most significant cerebrovascular threat.
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Abstract: While the desire to uncover the neural correlates of consciousness has taken numerous
directions, self-face recognition has been a constant in attempts to isolate aspects of self-awareness.
The neuroimaging revolution of the 1990s brought about systematic attempts to isolate the underlying
neural basis of self-face recognition. These studies, including some of the first fMRI (functional
magnetic resonance imaging) examinations, revealed a right-hemisphere bias for self-face recognition
in a diverse set of regions including the insula, the dorsal frontal lobe, the temporal parietal junction,
and the medial temporal cortex. In this systematic review, we provide confirmation of these data
(which are correlational) which were provided by TMS (transcranial magnetic stimulation) and
patients in which direct inhibition or ablation of right-hemisphere regions leads to a disruption or
absence of self-face recognition. These data are consistent with a number of theories including a right-
hemisphere dominance for self-awareness and/or a right-hemisphere specialization for identifying
significant social relationships, including to oneself.

Keywords: symmetry; self-face recognition; right hemisphere; self-awareness

1. Introduction

The evolution of animal nervous system symmetry is complex, with many resulting
variants [1–5]. Allowing for numerous phenotypic advantages, including those at both an
individual and social/interactive level [6–9], the nervous systems of bilateral organisms
have exploited the benefits of a lateralized nervous system for hundreds of millions of
years [2,10] (but see [11]).

The human brain is no exception [2,12]. The first impression of the human brain
was noted as far back as the Ancient Greeks as two distinct hemispheres. Except in rare
cases of severe abnormal development, a human at any stage post-second trimester will
anatomically have two distinctly visible hemispheres. These anatomical differences have
given rise to functional differences, scientifically noted by Broca, Wernicke, and others
in the late 1800s and early 1900s [13]. While language remains the most well-known
of human brain lateralization, many other functions appear distinctly prominent in one
hemisphere [14–18].

That being said, research concerning left and right hemisphere differences (LH/RH)
in the brain appears to trend from ‘too simplistic’ to ‘explains everything’. While Roger
Sperry’s Nobel Prize in 1981 seemed to cement the legitimacy of exploring hemispheric
differences [19], the popular press has run with mythical notions such as people being
‘right- or left-brained’. The more measured approach is understanding both the ultimate
and proximate reasons for asymmetries.
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For example, the motor asymmetries observed in humans and other primates [12,20–22]
have led to numerous theories the most useful of which include both the mechanisms
and the underlying cost/benefit analyses. An example of this is that human cradling
(mother/infant) is performed employing the left arm the majority of the time [8,23–25].
Such a bias is explained by socio-affective communication being RH dominant, which
clearly taps into evolutionary explanations (i.e., facilitating social bonding) while also
explaining functional brain hemispheric differences. That is, these data help to resolve
why certain aspects of emotional communication may be RH dominant and how right-
handedness itself may have evolved.

Here we describe the evidence that self-face recognition (SFR) is RH dominant and
speculate that it is related to the underlying construct of self-awareness (SA; [26]), and
we provide a review of the literature. It is recognized that while the evidence for RH
dominance is robust [27], thus far the data are suggestive in terms of a link between SFR
and SA [28–30]. In terms of evolution, we know even less. For example, while initial
evidence indicates hemispheric differences in terms of SFR in chimpanzees [31,32], other
animals (particularly the magpie, who may or may not have SFR: [33,34] may have an
entirely different underlying neural structure that supports SFR and, potentially, SA. We
therefore are unable to know at this point whether SFR has evolved independently or in a
more homologous manner [35].

The cone of uncertainty widens in terms of SFR as we move phenotypically and
phylogenetically further from Homo sapiens. In humans, we propose SFR as the benchmark
against which all measures of self-awareness should be tested. We suggest, in fact, that
despite numerous challenges, SFR in the great apes indicates SA, and we predict that
in the near future, homologous neural underpinnings in the RH will be discovered that
sustain SFR. We equally suggest that as we move to cetaceans, corvids, elephants, etc., SFR
becomes more unstable, and both the underlying structures and the underlying indices
of SFR become much less clear. Our purpose here is to highlight the main research that
underlies these claims. While not a thorough review, this summary is intended to provide
a clear and concise overview of SFR.

2. The History of Self-Face Recognition: Measuring Self-Awareness

Questions concerning self-awareness have been posed by almost all humans, including
scientists, for millennia. From the Ancient Greek scholars, all the way through Gallup’s
mirror self-recognition tests in the 1970s, to today’s modern brain imaging techniques,
self-awareness has always been an intriguing topic to study and investigate.

Greek philosophers, including Socrates (b. 470 B.C.E.), believed that introspection
was necessary for humans to be truly cognizant and pure. Plato (b. ca. 428 B.C.E.) took
this concept of self even further and stated that introspection was a human obligation and
that knowledge of “good” and “self” were needed in order to be honorable and principled.
Importantly, Aristotle (b. 384 B.C.E.) took a comparative approach to look at differences
between self-awareness in humans and nonhuman animals through studying cognitive
intelligence. He concluded that both humans and animals had basic functions, such as
sight, smell, taste, etc., but pure intellect was only found in humans, which made a large
distinction between humans and animals. Additionally, Aristotle was one of the first to
attempt to create a relationship between the self, soul, and body [36].

Most famously, the French mathematician René Descartes (b. 1596) took the study
of consciousness further, as he is often considered among the first neuroscientists that
attempted to localize the self. Many of his ideas are still commonly spoken of today,
such as “Cogito, ergo sum” (“I think; therefore, I am”), which speculated that the self can
exist because it can think of its own existence. Outside of just defining the self, Descartes
attempted to actually locate the self in the brain. Although his determination of self
in the brain as being located in the pineal gland (due to its centralized position in the
brain) was ultimately wrong, his comparative look at humans and animals had a lasting
influence [37–40]. Unlike Aristotle, Descartes believed that animals are intelligent but do
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not have a soul or self. He found that animals do not use language, behave on impulses,
and are not adaptable, so they cannot have a self.

The Ancient Greek philosophers and Descartes laid the groundwork for formalizing
scientific investigations of the self under the umbrella of psychology. Most famously,
Sigmund Freud explained the deep, buried unconscious mind by using the self while
simultaneously explaining the self [36]. Carl Jung believed that there were many common
selves that people shared to some degree. Jean Piaget believed that children refine their
self through assimilation and childhood experiences, which, in turn, play a key role in
growing into adulthood. Many philosophers (including Locke, Sartre, Hegel, and Hume)
and psychologists (e.g., Seligman, Beck, and Kohler) examined relationships between
self-awareness and cognition.

It is noted that many individuals were addressing self/other distinctions as other
sciences came into their own. In the 18th century, Carolus Linnaeus, a Swedish botanist,
created a binomial classification system for living organisms. While it is known that many
of his taxonomic names are still used today, such as kingdom, order, species, etc., we note
here that one important classification was grouping humans along with other animals
such as monkeys, apes, and bats as primates. Linnaeus remembered a Latin inscription,
“Nosce te ipsum” (“Know thyself”), translated from the Greek above the Temple of Apollo at
Delphi, from which he assumed that the distinction between humans and other primates is
the capability for self-recognition and self-knowledge. Therefore, he categorized humans
into Homo sapiens, wise men, since he believed that self-awareness was the highest form of
uniquely human intelligence [41,42].

Up until this time, the self was quite an abstract concept with little concrete evidence,
but that slowly changed when the mirror was seen as a tool to be used to measure cognitive
abilities and self-awareness. Grant, in 1828, was the first person to our knowledge to use
a mirror for a self-recognition study. The study found that monkeys, in general, had a
surprised reaction when looking at mirror glass, but orangutans, in particular, had no
emotional response to looking at the glass. The exact reaction of the orangutans was not
recorded, just the lack of reaction, which was unfortunate, but enough of a reaction to record
considering the monkeys’ strong reaction to the mirror. Soon after, Charles Darwin was one
of the first to suggest using mirror recognition as a measure of higher cognitive abilities.
His first recorded mirror test in 1840 examined the behavior of orangutans presented
with a mirror, in which he recorded, and later published in 1876, that the orangutans
would look at the mirror as if they were seeing another animal [43]. This led to Darwin’s
conclusion that self-recognition was not an ability of nonhuman animals. Additionally,
Darwin studied his 10 children as they grew up, starting in 1839, and did mirror tests with
them. His conclusions were that self-awareness and self-knowing were tied to the ability
to self-recognize [44].

In 1878, Maximillian Schmidt reported similar findings to Grant and Darwin (that
orangutans did not have a self-reaction to a mirror but seemed to understand the reflective
properties of the mirror). Schmidt noted that the orangutan was able to identify a human
reflection in the mirror of someone standing nearby [45]. These findings were the norm
in many studies performed around this time with nonhuman mirror tests. Another study
performed by J. von Fischer in 1876 observed monkeys and baboons in front of a mirror
and, once again, a negative mirror self-recognition result was reported. It is noted that in
these studies, rigorous methods to determine SFR were not employed. The general sense
is that an organism was placed in front of a mirror and behavior was observed, such as
attacking the mirror or apathy. The main conclusion was that the various monkeys tested
by von Fischer reacted to the mirror as if it was another, novel monkey.

Not too long after, in 1889, Wilhelm Preyer, a German researcher, was able to define
a definite sign of self through the use of mirrors. He studied how using only language
would be an inadequate use to describe the self in children due to the lack of vocabulary,
not the lack of understanding of the “I”, or ego. He created developmental timelines using
mirror recognition, language, and other time measures, such as own-shadow recognition,

65



Symmetry 2021, 13, 1135

to pinpoint a child’s timeline of self-recognition. Through this, Preyer was able to confirm
the use of mirrors for self-recognition tests due to his orderly, thorough reports. Although
Preyer did not specifically work with apes, he did record nonhuman animal reactions com-
pared to the human reactions [46]. Unfortunately, most mirror self-recognition researchers
did not communicate together at the time, so many went unnoticed, causing a dip in the
study of mirror tests for self-recognition.

Outside the occasional mirror test on monkeys, orangutans, and chimpanzees, most
mirror self-recognition slowed down, until 1929. Robert and Ada Yerkes found results
suggesting no self-interest in mirrors by the nonhuman primates, noting that the animals
were seeing ‘another animal’ in the mirror [47]. Following this, mirror tests were performed
rarely and without any true lineage of experiments to follow. In 1940, C. W. Huntley also
performed a little-known experiment that recorded human participants having a large
emotional reaction to the realization that the recorded voice played back, hand pictures,
and handwriting were indeed their own [48]. Arnold Gesell, a Yale child developmentalist,
studied similar theories in the early to mid-20th century as Piaget and Preyer and studied
many self-indicators of how a child’s timeline develops these indicators [49]. Unfortunately,
lack of expansion on these previous theories with mirror tests led Gesell’s reports to fall
through the cracks. In the 1940s, Jacques Lacan suggested that the formation of the self
and mirror recognition were correlated, but due to a lack of mirror experimentation, his
research was overlooked. In 1954, in a paper for the journal Human Biology, a photograph of
a chimpanzee named Vicki using a mirror to guide pliers over her teeth was taken, but the
authors, Keith and Catherine Hayes, did not discuss its relevance (that there was evidence
that a nonhuman had self-recognition) and it went unrecognized [50].

3. Gallup’s Mirror Self-Recognition Test

The lull of interest in mirror tests finally changed abruptly in 1970 when Gallup
published research of a nonhuman-animal positive mirror self-recognition test. Gallup’s
mirror and mark test combined many previous ideas about self-recognition, and in the
article, he commented that there is likely a connection between self-recognition and self-
knowing. By creating a test that measured a real physical trait along with a well-thought-out
process that eliminated random chance, Gallup made a solid argument for self-recognition
in chimpanzees. However, he and others immediately picked up the notion that self-
recognition in a mirror may, in fact, be evidence that humans are not the only self-aware
organism on this planet.

The first test consisted of a 10-day period of a mirror placed in the testing site with the
chimpanzees to allow them to acclimate with the mirror. This created a baseline behavior
of the chimpanzees, which was typical mirror behavior, as seen with previous tests where
there was no significant reaction to the mirror. Then, the chimpanzees were placed under
anesthesia and a small mark that was dry and odorless was placed above the eyebrow
where the chimpanzees could not see directly. After waking up from anesthesia, the
chimpanzees’ behavior was observed without a mirror. It was found that the chimpanzees
did not react to their new mark (in the absence of a mirror), no smelling or touching
occurred, and therefore, it was concluded that they were unaware of the mark. After this
short baseline period, mirrors were placed in the chimpanzee test site again and their
reactions were observed. Upon seeing their reflections in the mirror, the chimpanzees
would touch and smell the mark and investigate their hands after touching the mark. This
indicated that the animals recognized that the mark had not been there previously and that
they had to use a mirror to find the mark. This test itself was a breakthrough, but Gallup
conducted two more tests to confirm this conclusion.

The second test was almost identical to the first, with the exception of the initial 10-day
pre-mark mirror exposure. Gallup hypothesized that without the previous mirror exposure,
the chimpanzees would not react to the mark as being odd on their face, which proved
to be true. The chimpanzees were given the mark and indeed did not react to it in any
significant manner, leading Gallup to conclude that the first group achieved mirror self-
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recognition (MSR). The third test Gallup conducted was identical to the first, but instead of
chimpanzees, he used monkeys. He observed their reactions pre-mark and post-mark with
a mirror, and the monkeys gave no sign of MSR [51].

The three tests put together create a clear, concise result that chimpanzees are able
to recognize themselves in the mirror. Gallup published his findings in 1970 not only
discussing the test and the breakthrough results he found, but also contemplating the
higher consciousness of nonhuman animals. Before then, it was assumed that humans have
the highest form of intelligence and cognition and that animals have some intelligence but
not necessarily a “soul” or self. With these findings, Gallup opened up the discussion of
nonhuman animals possibly having a higher-order cognitive process and internal world.
With this mirror and mark test, Gallup also sparked a new method of research with the
ability to test consciousness hypotheses.

Since Gallup’s initial findings, the literature has swayed from conservative (only
humans, chimpanzees, and orangutans have self-face recognition) to today with more
liberal interpretations that include the addition of animals such as elephants, dolphins, and
magpies [52].

4. SFR in Animals

The advantages of Gallup’s test are many. It does not require language, which means
it can be used in pre-/non-linguistic humans and nonhumans. It requires no special
equipment; the equipment needed is portable and can be used in any environment. It
requires little training to conduct, it is inexpensive, and it does not take months to perform.
The test is noninvasive and generally culture-fair, though there are cultures where mirror
exposure may be limited [42].

Gallup’s test involves a number of aspects that present difficulties in testing both
human and nonhuman populations. The test relies on vision and memory, as well as
intact motor systems, and alterations to these can influence results. The test requires
the individual to inspect the mark to ‘pass’, which in the original form meant having
limbs/arms capable of touching the mark. The test requires some aspect of ‘caring’ that
one’s image is altered to the point of touching the mark. This last point is a major issue when
testing special groups of humans, such as those with autism, who may know that there
is a mark but not feel compelled to inspect the mark [53,54]. While there are other issues
(e.g., attentional processing, what qualifies as a successful touch, and the role of training
vs. spontaneous SFR), it should be apparent that direct comparison across populations is
difficult if not impossible.

For example, dolphins and other marine mammals are notorious for being a ‘challeng-
ing’ population to test as mark-directed responses are near impossible to conduct [55–57].
Self-recognition has been claimed not via mark-directed touching but via inspection of the
mark in a mirror and self-directed behavior conducted by use of the mirror. Horses have
been tested via ‘scraping’ behavior of a mark on the cheek [58]. Elephants are considered
to pass if they make a trunk-directed response [59–61].

It is possible that tests for SFR are most opaque in terms of the avians [62–66]. While an
early report indicated magpies passing a modified version of Gallup’s test [64], this finding
has not been consistent [33]. B.F. Skinner was one of the first to perform SFR avian studies
when he and his colleagues conditioned pigeons to peck at a spot [67]; see [65,66], which
caused others to emphasize that SFR must be spontaneous and not ‘taught’ [68]. Other
attempts to modify the test have included making the test more phenotypically relevant
by using olfaction rather than vision [69]. While this is but a brief summary, we remain
skeptical about SFR in non-great apes (with the exception of dolphins) and conclude that
more evidence is needed before we consider organisms outside of apes and dolphins to
have SFR abilities [52].
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5. Nonhumans and Brain Symmetry

Before presenting evidence of a lateralized system for SFR, it is worth examining
the sparse evidence of the neural correlates of SFR in nonhumans. Bill Hopkins and his
team examined mirror self-recognizers (MSR+) vs. non-recognizers (MSR−). Employing
diffusion tensor imaging, a lateralized MSR+ vs. MSR− difference was found in the
superior longitudinal fasciculus (including frontal lobe areas). The authors indicated that
SFR was associated with a greater RH asymmetry [31].

A follow-up study found that MSR+ chimpanzees had increased cortical thickness
bilaterally in the caudal anterior cingulate gyrus (mostly in the right hemisphere) and
thinner cortex in the central portion of the pre- and postcentral gyri, primarily in the left
hemisphere [32].

These results are too limited to draw distinct evolutionary patterns, but they are
consistent with the RH asymmetry observed in humans in terms of SFR. That is, it is
unclear whether the neural architecture that provides MSR in nonhumans is homologous
to what occurs in humans and less clear whether there is a direct evolutionary path.
However, taken together with what we find in humans, the data suggest that at least in
chimpanzees, there are homologies rather than analogies. That is, the early data indicate
that the same rightward bias for MSR that exists in chimpanzees also exists in humans.

6. Functional Imaging Indicates Right-Hemisphere Dominance in
Self-Face Recognition

In the early 1990s through to today, research has examined how the brain actually
allows MSR, treating it as an exceptional ability. Before neuroimaging, however, there were
indicators of a possible right-hemisphere (RH) bias, as disorders of RH neural structures
sometimes lead to a lack of own-body recognition [41,70–73] and disorders with self-
awareness deficits appeared to be similar to RH disorder. Early attempts to determine the
correlates of self-face recognition were made by pioneers such as Preilowski [74], who was
the first to suggest a RH bias even though his methods involved indirect indicators.

In an early attempt to test Preilowski’s hypotheses, we employed the WADA method in
which the anterior portion of one hemisphere is anesthetized. Using self-face morphs (e.g.,
self-morphed to Marylin Monroe), it was found that following RH anesthesia, patients had
significant difficulty recognizing their own face (Figure 1 [75]). There were early attempts
to use lateralized hand response differences as a further test of RH SFR [65,66]. However,
as is the case in much of cognitive neuroscience, fMRI (functional magnetic resonance
imaging) dominates the literature.
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Figure 1. Numerous methods have been employed to reach the conclusion that there is a RH lateral-
ization in terms of MSR/SFR. Anesthesia applied to the brain in either the right or left hemisphere
leads to differences in SFR. Namely, patients without a fully functioning RH see morphed images as
not themselves. In this case, they report the image as Beyoncé under RH anesthesia conditions and
their own face under LH anesthesia conditions [75].

Functional MRI (fMRI) of the self-face commenced in the mid-1990s with simple de-
signs involving either unaltered self-faces contrasting with other faces or basic morphs [68].
Over time, the designs became more sophisticated, including examining affect, psychiatric
disorders [76–80], and family [81]. While there is an overwhelming bias for RH activity
in these studies, fMRI also revealed both a wide distribution of regions and the notion
that many variables influence how the brain processes one’s own face [82,83]. Much of the
variability across the studies is for reasons unknown as the studies have not been replicated.
Therefore, the fact that in one study a face is presented for a certain duration (for example)
may be the factor, or it may be the task itself. We do find convincing data that suggest the
more the SFR task engages self-reflection, the greater the bilateral medial frontal activity
is [27].

Sugiura’s group was one of the pioneers in determining the cortical correlates of SFR
using fMRI [84–91]. Importantly, it was found that the brain has a number of distinct
regions/networks associated with self–other distinctions. While there is overlap, the
critical finding is that RH activation works in concert with medial frontal areas when SFR
is performed in a social context. In other words, the social component of SFR appears to
draw on the RH, as well as medial frontal networks.

Morita and colleagues also conducted numerous SFR fMRI studies and found a
consistent RH bias [78,92–96]. In terms of brain symmetry, she solved a problem that has
baffled researchers—the role that handedness plays in the lateralization of SFR [92]. They
discovered that most right-handed participants exhibited a RH SFR bias. Likewise, most
left-handers had RH bias, but there were significant numbers that had LH-localized SFR
comparted to the right-handers. Therefore, it appears that, like handedness itself, which
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sometimes involves a shift in verbal language dominance, SFR may also shift to the LH in
concert with some cases of left-handedness.

It may be surprising that three meta-analyses have been performed on SFR and the
brain [27,97,98]. All three indicate a RH bias in SFR, though there are bilateral activations
at a much lesser level. A key question that fMRI has helped to answer is the relationship
between SFR and metacognition, either of oneself (SA) or of others (Theory of Mind: TOM).
That is, if there is a relationship between SFR and TOM at a neurological level, such a
relationship may be not just spurious but related in a meaningful way behaviorally and
at an evolutionary level. It was found in two of the meta-analyses that SFR activates RH
networks and overlaps with cortical midline structures in terms of metacognition, most
likely critically involving medial regions of the frontal lobe [27,98]. We therefore conclude,
based on fMRI, that the RH is likely necessary but not sufficient for SA.

Functional MRI provides only a correlational relationship between brain activity
and behavior. By the 2000s, research was regularly appearing demonstrating a causal
relationship. That is, by disrupting regions of the RH using noninvasive techniques,
researchers were discovering that SFR was not just correlated with the RH but was actually
involved in a causal relationship. The main methods employed thus far involve a version
of a ‘virtual lesion’ in which a brain area is either temporarily taken offline or temporarily
severely inhibited [99,100]. Basically, different regions of the brain were disrupted, and the
subsequent changes in self-face recognition were measured, which established causality.

While early attempts using TMS (transcranial magnetic stimulation) did distinguish
the right hemisphere as being necessary for self-face recognition [75], the most elegant of
these studies was provided by Lucina Uddin and her colleagues [101]. She found that right
parietal TMS disrupted self-face recognition, whereas left parietal TMS did not. Working in
a somewhat ‘backwards’ manner, Uddin took these causal data and supported them (i.e.,
RH dominance) with correlational imaging data [102,103].

More recent studies have found that disruption of the RH is more dramatic for those
individuals with subclinical grandiose narcissism [104]. That is, as narcissistic traits in-
crease, TMS delivered to the RH causes a greater disruption of recognition of one’s own
face. This study, unlike studies of autism (see below), is one in which we see an excess
of SA (rather than a deficit) correlating with some measure of SFR. We speculate that
hyperactivity of self-associated neural networks associated with narcissistic traits leads to
a steeper decline in function when disrupted (compared to normal activity), though this
hypothesis needs further testing.

An even more interesting study revealed that the RH bias for self-faces may in fact
be subconscious, below one even needing to identify whether the face is their own. Using
a mental rotation task involving either one’s own face or the face of another, Zeugin
and his colleagues found that RH parietal TMS disrupted mental rotation of self-face
compared to familiar faces in general [105]. This might indicate that the ‘specialness’ of
the self-face is much ‘deeper’ in one’s cognitive schema and does not rely on conscious
representation. It would be interesting to test narcissistic traits (as in [104]) to see whether
there are similar contributions of narcissism at the implicit level, as we previously observed
at the explicit level.

Confirming these TMS studies in terms of brain/behavior disruption, a similar tech-
nique known as tDCS (transcranial direct cortical stimulation) was employed to alter the
brain with self-face identification being measured. It was found that disruption of the
temporo-parietal lobe in the RH disrupted self-face perception [106].

As is often the case in neuroscience, we have to ask whether we can extrapolate the
data from the lab to the clinic to the ‘real world’. While patient data from post-callosotomy
(split-brain) surgery individuals [103] to those with autism [53,78,103] suggested a possible
RH bias, a more specific method for detailing potential asymmetries is need. Specifically,
we need to turn to those that lose self-face recognition in the absence of prosopagnosia (i.e.,
general face-recognition loss).
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7. Patient Data: Delusional Misidentification Syndrome

While TMS and other neuroimaging points towards a RH bias in SFR, the data become
infinitely stronger if matched within a patient population. Losing the ability to recognize
the self is a hallmark of late-stage dementia. However, this deficit tells us little about the
locality of SFR. Although rare, there are in fact cases where the loss of SFR occurs against
the background of relatively stable cognitive processing [107].

Delusional misidentification syndrome (DMS) refers to circumstances in which pa-
tients form a fixed, distorted belief regarding the identity of a person, place, or ob-
ject [107,108]. These disorders include Capgras syndrome, in which a person that was once
very familiar to the patient (e.g., their husband) is now perceived as a stranger. Amazingly,
there are cases where Capgras exists exclusively for the self, in which a patient misidentifies
him/herself as being either a stranger they have not met or a different, familiar person
that is not the patient. This disorder is rare, and there are only a few cases in the existing
literature. It is not agreed upon yet what the naming of this disorder is, but it tends to be
referred to as mirror sign or Capgras for the self [109–114].

In the most substantive review to this point, David Roane et al. [115] examined 24
case reports of the mirror sign. Of note is that within most of these cases, the patients
were successful in correctly identifying the mirror images of others, signifying that they
do not have a general impairment in recognition of familiar faces and they understand
what a mirror does [116]. That is, the loss of face recognition was exclusive to the self
and not due to prosopagnosia or a lack of understanding of what a mirror does/how it
functions. In terms of localization, there was a diverse range of methods employed to
obtain anatomical and functional data. Of the 24 patients, 9 of them had clear evidence
for RH damage including the “parietal, temporoparietal, occipito-temporal, dorsolateral
frontal cortex, basal ganglia, and thalamus” [115]. Out of 24 cases detailing mirror sign,
imaging data were reported in 20 of them. Of the 18 MRI findings reported, 13 showed
patients with mild generalized atrophy, as well as atrophy in specific regions within the
right hemisphere of the brain. Further, PET and EEG findings supported RH dysfunction,
displaying hypermetabolism in the right prefrontal, parietal, and occipital–temporal cortex
and right temporal slowing. Thus, DMS can be considered a RH disorder [70–73].

In particular, a case report of the mirror image followed an elderly 77-year-old right-
handed woman by the name of SP. SP was hearing impaired from a young age and was
known to have communicated through sign language and also by lip-reading those around
her. The patient’s misidentification was regarded as highly selective as she was capable
of readily identifying others in the mirror, though she regarded her own reflection as
“the other SP”, a companion of sorts. As expected, SP’s lack of self-face recognition was
supported upon her neurological examination; her MRI scan demonstrated clear RH
damage [41].

The authors concluded that the association of RH involvement is consistent with
previous work linking self-recognition to the right prefrontal and right frontoparietal
cortex [42]. Overall, the most common findings were localized to the RH, which is not an
unexpected finding [115].

8. Why Does This Make Sense?

The question remains as to why SFR is lateralized to the RH, and the clearest answer
is that we do not know for certain. Most suggest that the RH has a specialization for
social processing [117–122], though this ability is not exclusive to the RH. Rather, the RH
(specifically the right TPJ) appears to be critical in correctly making self–other distinctions—
an ability needed for empathy and TOM [123,124]. In fact, it is now well established that the
right TPJ is critical for ‘feeling another’s pain’ and the ability to apply one’s own feelings
to another [123].

Overall, social patterns and self–other distinctions are biased to the RH, and it is
plausible that SFR is tapping into this to the point that in the absence of SFR, there
may be social deficits. For example, there are SFR deficits in pervasive developmen-
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tal disorders [53,54,80,125–130], though the range of deficit is from severe to nondetected.
Quevedo’s group furthered this discussion by examining SFR in clinical populations includ-
ing those with depression. Persons rated high in suicidal affect and cognitions, for example,
have a unique neural response to the self-face compared to those without; self-faces involve
differential neural circuits including the amygdala depending on clinical diagnosis and
symptomatology [131–135]. These data indicate that SFR in its absence may indicate a lack
of SA (i.e., autism) and that SFR in its presence may indicate different degrees of SA in
different populations. In anorexia nervosa, a condition with a lack of accurate SA, there
is difficulty in SFR [136]. Insight into one’s own schizophrenia (i.e., schizophrenics that
have awareness of their condition) correlates positively with SFR [137]. Further, disorders
of consciousness also correlate (as indicated by physiological measures) with SFR [137].

The false belief tasks that are prevalent in TOM testing tap into the notion that the
human brain is capable of modeling two brains/belief systems simultaneously [138–140].
This differentiation is critical for our social interactions as humans. For example, I need not
be in pain to know that you are in pain. Parenting, reproducing, successful predation and
predator avoidance, etc., are all enhanced by the ability to separate one’s own thoughts
from another’s thoughts. Thus, and somewhat ironically, empathy and TOM are increased
by the ability to separate one’s SA from another’s SA.

We propose that RH development and laterality has evolved for numerous reasons,
though like others, TOM is likely the main impetus. What we propose, however, is that the
role of teaching is overlooked in this domain. Humans are specialists at active teaching, and
given the plasticity of the human brain, active teaching is a critical component of human
survival. We examined the role of TOM in teaching and learning, as well as teaching
communication, in a task that involved building simple Lego models and found that the
best teachers have high TOM [141]. This task was demanding in terms of active teaching
and social interaction, and of interest is that the learner’s TOM was not critical (i.e., a
learner can have low TOM and still learn), which models human–infant interactions.

Taken together, SFR appears to be an indicator of SA, and as SA fluctuates, so does SFR.
RH patients are prone to deficits of SA [71–73,115,142]; thus, it is not surprising to see that
SFR, SA, and the RH are related. It is worth noting that we do not know whether other non-
ape organisms achieve SFR, or even if SFR is possible with very different brain mechanisms
or if one needs a highly lateralized brain to have SFR and/or SA [42]. Finally, we are still
unclear as to whether SA is truly indicated by SFR. As it is, 30 years of neuroimaging and
patient data have left us with more questions than answers.
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