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Abstract: Handedness reflects functional body and hemispheric lateralization, proving relevant to
contextualize cognitive and behavioral profiles. This study aimed to determine the lateralization of
the hands, feet and eyes in patients with various neurological disorders and to test the Edinburgh
Handedness Inventory (EHI), a widely used handedness measure. The study design included a
literature overview and a clinical study. The overview spanned the literature of the past 50 years
since the EHI was developed. Three hundred seventy-four patients with immune-mediated (IM) or
noIM neurological diseases and healthy subjects underwent personal and family history of
handedness, stressful events and IM diseases, and EHI. The literature overview showed that
handedness, which develops under the influence of genetic and acquired factors, is an indirect
indicator of hemispheric lateralization; hemispheric lateralization is bidirectionally related to the
immune system. In the clinical study, the EHI showed appropriate reliability and structural validity;
its scores related to chronological age, onset age, and disease duration and helped distinguish
patients with IM disease from other patients and healthy subjects. Therefore, handedness may
change over the course of life under the influence of pathology and could predict IM neurological
diseases. The EHI is an appropriate measure of handedness.

Keywords: Handedness; hand; foot and eye laterality; hemispheric lateralization; immune-
mediated diseases; Edinburg Handedness Inventory; literature overview

1. Introduction

Handedness is a complex human aspect, reflecting functional bodily and hemispheric
lateralization. Hemispheric lateralization characterizes neurodevelopment and can be influenced by
biological and environmental factors, also interacting with the immune system. The assessment of
handedness and body laterality preferences is particularly important for the cognitive and behavioral
profile of patients with neurological diseases, so it is of interest to clarify the clinical correlates of
handedness and the validity of its measures in these patients.

The specific objectives of this study were (a) to evaluate the relationships between hand, foot
and eye laterality preferences and clinical and demographic variables in patients with immune-
mediated diseases (IM) and other neurological disorders (noIM) and (b) to test the psychometric
properties of the Edinburgh Handedness Inventory (EHI), which is the most widely used measure of
hand, foot and eye laterality [1]. Given the complexity of functional body and hemispheric
lateralization, a preliminary literature overview addressed the main aspects and determinants of
handedness.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

2.1. Overview

The overview considered the existing literature on the relationship between handedness and
hemispheric lateralization, the influence of the central nervous system on immune regulation, and
the assessment of handedness. The search used the keywords "handedness”, "hand, foot, and eye
laterality preference or lateralization” and "hemispheric lateralization" combined with "immune-

"non "none

mediated brain diseases”, "immune-mediated diseases of the peripheral nervous system", "immune

o

regulation", "brain tumors”, "cerebrovascular diseases", "neurodegenerative diseases", "non-immune-
mediated diseases of the peripheral nervous system", "assessment”, and "Edinburgh Handedness
Inventory" in Medline-PubMed and American Psychological Association-PsycINFO. Peer-reviewed
original articles and case reports published in English in the past 50 years, since the EHI was

developed, were analyzed.
2.2. Clinical study

2.2.1. Participants

Adult patients with neurological disorders associated with central or peripheral nervous system
lesions or without detectable lesions, either inpatient or outpatient, were selected. Exclusion criteria
were primary psychiatric illnesses such as bipolar disorder, major depression and psychosis, systemic
organ failure, and drug or alcohol abuse. Healthy subjects, selected from hospital staff and patients'
relatives, constituted a control group.

All participants gave their informed consent prior to clinical and instrumental assessment. This
study was performed in accordance with the ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments.

2.2.2. Assessment

The HEI [1] was administered to all participants by a neurologist (ARG) during the clinical
evaluation, along with clinical history, with special investigation of IM disorders, and family history
including left-handedness and ambidexterity.

2.2.3. Statistical analysis

One-way analysis of variance (ANOVA) and chi2 test were used to compare chronological age,
sex distribution, tendency to be left-handed or ambidextrous, number of stressful events prior to
illness and evaluation in neurological patients and healthy subjects, respectively, and HEI scores
between neurological and control groups. One-way ANOVA was also used to compare the age of
disease onset and duration of illness between patient groups. ANCOVA with chronological age as a
covariate further clarified the results of these comparisons. Factor analysis evaluated the distribution
of the 20 hand-related EHI scores. Cronbach's alpha assessed the internal consistency of all EHI
scores.

3. Results
3.1. Overview

3.1.1. Handedness and hemispheric lateralization

Hemispheric lateralization results in functional and structural asymmetries in brain
organization for basic and complex behavioural performance [2]. The most important example of
functional lateralization is handedness which is the preference for using one hand for unimanual
tasks or the greater efficiency in performing such tasks with one hand [3-5]. Regarding the regulation
of human behaviour [6], each hemisphere is dominant in particular functions over the other [7-11].
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However, this does not strictly correspond to handedness, as a small percentage of left-handed
individuals show the kind of lateralization of hemispheric functions (e.g., language) observed in fully
right-handed individuals.

Handedness expresses the asymmetry of movement control and the underlying mechanisms of
sensorimotor neural systems [12-14]. This preference is believed to be based on differences in brain
morphology [15]. Jang et al. [16] observed that the right putamen and left globus pallidus of non-
right-handed people were significantly larger than those of right-handed people and that the degree
of hand laterality had a negative correlation with the volume of these nuclei. Notably, the basal
ganglia of non-right-handed people were larger than those of right-handed people, suggesting that
left-handers had better motor control than right-handers. In this regard, it is known that the basal
ganglia, such as the putamen and globus pallidus, play an important role in motor control [17,18].
The putamen is involved in motor performance, movement sequences, and motor preparation
because of its connections with cortical structures involved in the control of body movements [19-
22]. The globus pallidus is involved in the subtle and steady regulation of voluntary movements, for
example, in fluent speaking and walking [23,24]. In patients with Alzheimer's disease (AD), in
addition to the correlation with temporal lobe volume loss, cognitive decline has also been associated
with putamen volume loss [25], which is why Jang et al. [16] hypothesized that left-handed people,
having larger putamen volumes than right-handed people, may be more resistant to cognitive decline
in AD.

The development of handedness depends of many interacting factors, such as parental
education, cultural influences, genetics, and imitation behaviour [26-29]. The fact that environment
exerts an influence on hand formation was also hypothesized by genetic studies [30], while a genetic
influence in the process of hand preference was considered in behavioural studies [26,27]. The minor
lateralization in left-handers than in right-handers, both in terms of brain activation and behaviour
[26,31-34], could be explained by the pressure exerted by the environment to induce right-
handedness. In addition, some gestures and actions require the use of the right hand even in left-
handers, leading to practice with the non-dominant right hand. The greater symmetry in movements
resulting from the conflict between the intrinsic dynamics of left-handers and the demands of the
environment would also explain the lower levels of asymmetry observed in the brain activation and
anatomy of left-handers [33].

3.1.2. Assessment of handedness

For clinical and research purpose, handedness is classically evaluated by means of personal and
familial history and inventories. The Edinburgh Handedness Inventory (EHI) [1] includes 10 goal-
ended hand movements and two movements performed with the eye and foot. As written by Oldfield
“Doubtless the inventory is not ideal, but it is simple and provides one quantitative measure of
handedness backed by a known distribution of values in a reasonable sized normal population. And
it gives some insights into the inter-relationship of individual items of the kind in such devices”.
Early studies suggested that the gestures included in the EHI load on a single factor (handedness
factor), with the exception of opening a box and manipulating a broom [34,35]. Recent studies [36,37]
have replicated this result, confirming the one-factor solution. In addition, handedness as measured
by the EHI was found to be sensitive to sociodemographic and cultural influences [38].

The EHI is based on self-report, but few studies have compared participants' responses with
those provided by hand performance measures [39-41]. Ruck and Schoenemann [42] showed, in
particular, a poor match between EHI scores and Rolyan's 9-hole board and grip strength scores in
1179 healthy subjects. The EHI is also widely used in neuroimaging studies [43], although its items
may be related to anatomical asymmetries in the brain [42].

Over the past 50 years, many neurological studies have used the EHI to evaluate the association
between handedness and specific conditions such as sleep disorders [44], migraine [45], epilepsy [46]
and AD [47]. Other studies have used the EHI to describe study participants or to assess cognitive
profile in neurological [48,49], neurosurgical [50,51] or psychopathological conditions [52]. Thus, the
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literature supports the usefulness of the EHI, although it cannot provide direct information on
hemisphere dominance for language and nonverbal functions.

3.1.3. Hemispheric lateralization and immune regulation

The immune system is a powerful self-regulated system that can be influenced by physical and
psychological stressors [53,54] and environmental stimuli [55]. The brain influences the immune
system mainly through the autonomic nervous system and the neuroendocrine system [56]. The
autonomic nervous system, in its sympathetic and parasympathetic components, directly innervates
lymphoid tissues such as the thymus, spleen, lymph nodes, and mesenteric patches [57], and
numerous evidences point to the modulation of immune function by various components of the
neuroendocrine system [58,59]. This communication is bidirectional, as modulatory action of immune
modulators, especially cytokines, on the autonomic and neuroendocrine systems has also been
demonstrated [60].

Because many brain functions are lateralized, the question arises whether the central nervous
system can modulate immune responses asymmetrically. In answer to this question, the first line of
research comes from animal studies that have demonstrated opposite immunological responses after
unilateral brain stimulation or damage [7-9,61,62]. Depression of immunological parameters, such as
natural killer cell activity, T-lymphocyte proliferation, and immunoglobulin G antibody production,
was shown after left hemisphere damage, while no immunological change or even improvement in
immunological parameters were found after right hemisphere damage [7-9,63]. The functional
asymmetry of the immune system and the role played by the brain hemispheres in the development
of humoral immune responses have also been demonstrated in F1 mice [64].

The second line of research stems from Geschwind and Behan's theory based on the association
between human immune-mediated (IM) disorders and left-handedness [65]. These authors
hypothesized that the normal development of the brain hemispheres may be modified by high
prenatal testosterone levels. This may promote the growth of right hemisphere regions and slow
down homologous left hemisphere regions [66-68], thus stimulating an abnormal dominance pattern
(non-right-handed and atypical dominance of language and visuospatial). Such abnormal dominance
may also predispose to immunological diseases, based on observations of a higher incidence of left-
handedness than right-handedness among individuals with developmental and IM disorders [65,69].
Geschwind and Behan's theory [65] has been confirmed by left-handed population surveys and
studies of patients with IM disorders [65], although left-handedness is not an index of brain
dominance [70]. In fact, studies have shown that women are more likely than men to be affected by
IM disorders such as systemic lupus erythematosus (SLE), multiple sclerosis (MS), myasthenia gravis,
thyroid disease, arthritis, and topical allergies [71]. This evidence and, more recently, the involvement
of female sex hormones in the pathogenesis of autoimmune diseases [72] refute the role of
testosterone in immune disorders and brain asymmetry. Finally, Meador, De Lecuona, Helman, and
Loring [73] related the side of language dominance to postoperative changes in T-cell indices in
patients undergoing epilepsy surgery: there was a reduction in lymphocyte counts, total T
lymphocytes, helper T lymphocytes, cytotoxic/suppressor lymphocytes, and total suppressor
lymphocytes after surgical resections in the language-dominant hemisphere and an increase in these
indices after resections in the nondominant hemisphere.

Another line of research concerns the relationship between handedness and regulators of
immunity. Lengen et al. [74] examined markers of cellular immunity, observing a significant
reduction in inflammatory CD3+ T cells (total T cells) and CD4+ T cells (T-helper cells), HLA-Dr
(major histocompatibility complex, MHC-II, antigen-presenting cells), and CD19+ (B cells) and
CD16/CD57+ (natural killer cells) cells in left-handed compared with right-handed people. In
addition, the number of CD3+ T cells predicted left-handedness. MHC plays an important role in
autoimmune pathogenesis by discriminating between what belongs to the organism and stimulating
no-self cells to trigger an immune response. T lymphocytes that recognize self-antigens are dangerous
in that they can trigger autoimmune responses, and abnormal selection of these cells in the thymus
in the fetal life can be a pre-condition for the development of autoimmune diseases.
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Dopamine is an important neuro-immune regulator that counteracts T-cell function; for
example, it is unable to reduce T-cell proliferation, INF-c secretion, and matrix metalloproteinase-9
mRNA production in MS patients [75]. Other neuro-immune regulators (catecholamine, serotonin,
noradrenaline) have been linked to autoimmune pathogenesis in SLE, MS, and rheumatoid arthritis
[76-80].

3.2. Clinical study

3.2.1. Participants

Three hundred seventy-four patients who had received compulsory schooling, with or without
a high school degree, were evaluated and divided into four groups according to the diagnosis
provided by the treating neurologist. The first group (IM) included 133 patients with immune-
mediated diseases of the central or peripheral nervous system (multiple sclerosis, recurrent optic
neuritis, retrobulbar optic neuritis, systemic lupus erythematosus or other cerebral vasculitis,
sequelae of post-infectious encephalitis, meningo-radiculo-neuritis, polyneuritis, myasthenia). The
second group (noIM_brain) included 139 patients with non-immune-mediated brain diseases
(venous angioma, glioma, lymphoma, olivopontocerebellar atrophy, sarcoidosis, pseudobulbar
syndrome, epilepsy, sequelae of head trauma, chronic ischemia, spastic paraparesis). The third group
(noIM_nobrain) included 47 patients with no immunological diseases of the spinal cord or peripheral
nervous system (motor neuron disease, tumor, chronic cervical or lumbar radiculopathy, diabetic
polyneuritis, cervical myelopathy), while the fourth group (Mix) included 24 patients with mixed
disorders without detectable central and peripheral nervous system lesions (dizziness, headache
including tension headache, migraine and trigeminal neuralgia, lipotimia, anxiety or depression).
Thirty-one healthy subjects served as controls. Table 1 summarizes the clinical and demographic data
of the participants.

Table 1. Demographic and clinical aspects.

nolIM spinal

M noIM brain cord or Mlxed- Healthy
. . . neurological .
diseases  lesions peripheral disorders subjects
(n=133) (n=139) lesions (n=2 46; (n=31)
(n=47) -
Females 83 (62%) 64 (48%) 25 (53%) 15 (52%) 25 (80%)
Chronological age 39.86+14.19 47.28+16.62 46.13+5.03 45.13+14.61  39.10+13.69
Trend toleft 0174037 0204040  0.19+0.40 0.17+0.38 0+0
handedness/ambidexterity
Stressful events 0.17+0.58 0.01+0.12 0.02+0.15 0+0 0+0
Age of disease onset 32.08+14.17 42.75+18.70  41.09+15.78 35.25+16.99 -
Disease duration (years) 7.84+8.86 4.24+6.13 5.02+7.74 10.10+10.99 -

Sex distribution differed among the five groups [chi2(4)=6, p=0.003] due to more women in the
control and IM groups. There were significant differences in chronological age [F(4,369)=5.09,
p<0.001] and number of stressful events prior to illness [F(4,369)=3.97, p=0.004]. The post-hoc test
showed that, compared with noIM_brain patients, IM patients were younger (p<0.001) and reported
more pre-disease stressful events (p=0.005). After combining the control and Mix groups into one
group, one-way ANOVA confirmed that there was a significant difference between the groups in
pre-disease stressful events [F(4,369)=5.31, p=0.001]: the IM group reported more stressful events than
the healthy/Mix (p=0.02) and noIM_brain (p=0.003) groups.

Comparison between patients showed differences in age of disease onset [F(3,342)=10.25,
p<0.001] and disease duration [F(3,342)=7.07, p<0.001]. IM patients had a younger disease onset age
than noIM_brain (p<0.001) and noIM_nobrain (p=0.009) patients and a longer disease duration than
noIM_brain (p=0.001) patients.
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3.2.2. Psychometric properties of the Edinburg Handedness Inventory

3.2.2.1. Internal consistency

Cronbach's test that analyzed all EHI scores in all participants yielded an alpha value of 0.77.

3.2.2.2. Factor analysis

Table 2 shows the factors derived from the EHI scores for the hand in the whole group of
participants. These factors explained 64.03% of the variance. The Hand Transitive factor collected
gestures performed with one or both hands in peri-personal space (the space where objects can be
reached by extending an arm), the Hand Refined factor included writing, painting and using a spoon,
which are complex gestures of the distal part of an arm, and the Hand Median factor included two
bimanual gestures (using a broom and using a rake) applied to a long stick in peri-personal and extra-
personal space (outside the length of an arm).

Table 2. Factors of the Edinburgh Handedness Inventory for hand movements in neurological
patients and controls.

Hand TransitiveHand RefinedHand Median

Throwing something 0.66

Using scissors 0.70

Combing 0.72

Tooth brushing 0.62

Beating with the hammer 0.74

Screw-driver 0.72

Tennis racket 0.73

Lighting a match 0.71

Opening a box (cover) 0.73

Distributing playing cards 0.73

Threading a needle 0.75

Using a knife without a fork 0.59

Using a knife with a fork 0.45

Using a pencil 0.64

Wraping the thread 0.70

Writing 0.85

Painting 0.85

Using a spoon 0.62

Holding the broom 0.92
Holding the rake 0.90

Factor analysis including all hand, foot and eye items explained 71% of the variance, providing
five factors: Hand Transitive, Hand Refined, Hand Median, Foot and Eye, including the result of the
first factor analysis (Table 3).

Table 3. Factors yielded by all Edinburgh Handedness Inventory in neurological patients and healthy

subjects.
Hand TransitiveHand RefinedHand MedianFoot Eye
Throwing 0.58
Using scissors 0.68
Combing 0.71

Tooth brushing 0.60
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Beating with the hammer 0.73
Screw-driver 0.71
Tennis racket 0.70
Lighting a match 0.68
Opening a box (cover) 0.68
Distributing the cards 0.67
Threading a needle 0.73
Using a knife without a fork 0.66
Using a knife with a fork 0.55
Using a pencil 0.70
Wraping the thread 0.70
Writing 0.83
Painting 0.83
Using a spoon 0.59
Holding the broom 0.91
Holding the rake 0.90
Right kick 0.91
Left kick -0.91
Right eye 0.97
Left eye -0.97

3.2.2.3. Divergent validity

Based on logistic regression analysis, the Hand Refined factor had a mild power in
distinguishing the IM group from the controls [B=-0.34, Wald=3.58, Exp(B)=0.71, p=0.058].

Separate analyses did not discriminate the IM group from the noIM_brain, nolM_nobrain or
Mix groups.

3.2.3. Between group comparisons of hand, foot, and eye items

Separate one-way ANOVAs comparing the EHI scores between five groups (patients and
controls) yielded significant differences for throwing [(F(4,373)=3.05, p=0.017] and using a pencil
[(F(4,373)=4.37, p=0.002] due to lower scores (greater use of left hand) in the IM group (throwing;:
1.85+0.45; pencil use: 1.62+0.73) compared to the noIM_brain group (throwing: 1.91+0.38; pencil use:
1.91+0.41) and minor differences between the IM group and the controls (throwing: 1.61+0.80; pencil
use: 1.65+0.75). Comparisons of single foot and eye, total right hand and foot-eye, total dexterity, and
Hand Transitive, Hand Refined, Hand Median, Foot, and Eye scores showed no differences. Figure
1 summarizes the total handedness (all right-hand items) and total right body scores in patients and
controls.
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Total dexterity score Total right body preference score

Figure 1. Total dexterity and right body preference in neurological patients and healthy subjects.

ANCOVA comparing the EHI factors between five groups, with chronological age as covariate
only showed a significant influence for chronological age (Pillai’s trace=0.044, F=3.31, p=0.006) due to
a significant effect on Hand Refined (p=0.002) and Foot (p=0.038). ANCOVA comparing four patient
groups with age of disease onset and disease duration as the covariates showed a significant global
influence for age of disease onset (Pillai trace=0.037, F= 2.55, p=0.028) and disease duration (Pillai
trace=0.04, F= 2.80, p=0.017) which had significant effect on Hand Refined (p=0.006) and Hand
Transitive (p=0.003), respectively.

4. Discussion

The literature overview of the past 50 years has pointed out that handedness develops under the
influence of genetic, neuroanatomical, and acquired factors, such as basal ganglia and ventricles
development, education, environmental stimuli, and personal experience [26-34]. Moreover,
handedness and functional hemispheric lateralization are interconnected with the immune system
through the autonomic nervous system and neuroendocrine system [56—60] and circulating immune
regulators including T lymphocytes, cytokines, dopamine, catecholamine, serotonin, and
norepinephrine [74-80]. Based on these systems and regulators, the influence of the nervous and
immune systems is bidirectional throughout life. Finally, a higher incidence of left-handers than
right-handers among individuals with developmental and IM disorders [65,69] has suggested that
abnormal hemispheric lateralization may predispose to immunological diseases. In this context,
previous studies in neurological patients have argued that EHI [1] is a very useful measure of
handedness [42-52], although it cannot provide direct information on hemispheric dominance [2-5].

The clinical study provided three main results: the EHI has satisfactory psychometric properties;
handedness and foot laterality preference are correlated with demographic and clinical variables; and
handedness helps to distinguish, albeit minimally, neurological patients with IM diseases from those
with other diseases and from healthy subjects.

At the psychometric level, the EHI items had good internal consistency, indicative of inventory
reliability. In addition, the items demonstrated a clear division into five factors that categorized a
wide range of movements: hand movements performed in peri-personal space (Transitive Hand),
hand movements involving verbal and visual symbols and fine motor patterns (Refined Hand),
bimanual movements in peri-personal and extra-personal middle space (Median Hand), foot
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movement (Foot), and eye fixation (Eye). These results demonstrate that the EHI has good structural
and content validity. They also contrast with previous findings in favor of a single solution factor for
all EHI items [36,37]. This discrepancy may reflect differences between studies in the assessment of
individual responses to EHI and in the recruitment of participants. For example, Espirito-Santo et al.
(37) assessed hand preferences and laterality quotient in healthy subjects, whereas this study
examined all items related to hands, feet, and eyes and analyzed a range of laterality scores in
neurological patients and healthy subjects, which confirms the importance of using all EHI items to
contextualize cognitive or sensorimotor profiles.

As for clinical aspects, age of disease onset, disease duration, and chronological age were found
to be significant predictors of Transitive Hand, Refined Hand and Foot factors. This means that the
lateral preference of hand and foot may change over the course of life due to age and pathology of
the nervous system. In this regard, in the first year of life, handedness is not an established function,
as children predominantly use their right hand, but they also experience recurrent periods of left-
handedness or bilaterality [81-83], with stabilization between the third and seventh years [84]. Aging
also affects hand function due to decline in motor strength, ability to control and maintain precise
hand and finger postures, manual speed, and tactile and proprioceptive sensations [85]. Educational,
sociocultural, and occupational factors may influence handedness in adult life [37,86]. Hence, manual
skills, hand use, and foot preference undergo updating processes under the influence of use, culture,
aging, and environment, which helps understand why handedness is an indirect indicator of
hemispheric functional lateralization.

Regarding immunity-related factors, IM patients scored lower than noIM patients on throwing
and pencil use, indicating a tendency toward abnormal dexterity or left-handedness. In addition, the
Refined Hand factor distinguished the IM group from healthy subjects. These results suggest that
abnormal handedness may characterize patients with IM diseases, reflecting asymmetric neural
modulation of immune responses, consistent with Geschwind and Behan's theory [65], high incidence
of left-handedness among individuals with immune disorders [69], and specular changes in cellular
immune responses after epilepsy surgery in the dominant and nondominant hemispheres [73] and
in immune regulators after damage to the left (depression) and right hemisphere (potentiation) [7-
9,61-63].

Of note, compared with other patient groups, the IM group included more females than males,
consistent with the larger number of females in populations with IM diseases [71] and the impact of
female sex hormones on the pathogenesis of autoimmune diseases [72]. The IM patients were
younger than nolM_brain patients, Mix patients, and healthy subjects, and had earlier disease onset
and longer duration than patients without IM diseases. In addition, the IM group reported more
stressful events than patients without IM disorders, Mix patients, and healthy subjects, which
replicates findings on the effects of stress on immunity [53,54]. It thus appears that female sex, young
age, and early disease onset may negatively affect the prognosis of IM neurological diseases.

5. Conclusions

Handedness and body laterality preferences are not fixed human characteristics, but can be
influenced by experience, sociocultural factors, disease, and demographic variables over the course
of a lifetime. Like systemic diseases, IM neurological diseases may be associated with abnormal
handedness. The EHI appears to be a reliable and valid measure of hand, foot, and eye lateralization
to contextualize the cognitive and behavioural profile in adult neurological patients.

Further studies are needed to elucidate the changes and determinants of handedness at different
life stages and to clarify the relationship between IM neurological diseases and handedness.
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