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Summary
Researchers have proposed that schizophrenia is a disease related to abnormal 

cerebral lateralisation following findings of increased "schizophrenia-like" symptoms 

in left-hemisphere epileptics. Theories regarding abnormal brain structural 

asymmetries in schizophrenia suggest either ambiguous or extreme motor asymmetry. 

These theories are conceptually similar to ones proposed to explain non-right- 

handedness in normal subjects. In this thesis I objectively evaluate these hypotheses.

Firstly, I critically survey the neuropsychological literature and find the evidence for 

lateralised cognitive deficit to be inconclusive. Next, a meta-analysis of studies 

reporting the finding of ventricular enlargement in schizophrenia is carried out and 

it is found that findings are highly influenced by methodological factors. A review of 

the literature concerning lateralised neuropathologies from brain imaging and post

mortem studies similarly finds the evidence to be hindered by differences in 

experimental methodology. Furthermore, there is much disagreement between 

researchers regarding which asymmetries are empirically or theoretically meaningful.

The next chapter concentrates exclusively with the experimental measurement of hand 

performance. The Annett pegboard, the Tapley and Bryden circle marking, and the 

Bishop square tracing tasks of hand performance are extended and used to test hand 

performance in normal subjects as a function of increasing task difficulty. Pursuit 

tracking is used to consider the Fourier spectrum and sub-components of relative hand 

performance. The differences between the hands on the conventional and tracking 

tasks are then subjected to factor analyses. Surprising results are obtained in which 

performance tasks show moderate-to-high internal reliability but correlate poorly with 

one another. Their relevance to handedness and motor research is then discussed.

Schizophrenic hand preference is investigated in a meta-analytic assessment of studies 

reporting an increased incidence of non-dextral hand preference in schizophrenia. 

This is examined with respect to the definition and methods of measurement in these 

studies. Finally, the hand performance of schizophrenics is investigated. Testing



hand performance, in conjunction with hand preference measures, allows for greater 

reliability in the evaluation of the notion of abnormal handedness in schizophrenia. 

Patients show poorer overall performance on all of the tasks, but show no significant 

differences in their degree of handedness as compared to normals. Conclusions are 

drawn that associations between abnormal handedness and disorders of brain 

structural asymmetry in schizophrenic patients are unlikely. Further implications for 

abnormalities of cerebral dominance and schizophrenia are considered.
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Introduction

" . . .  the cortical centres which are last organised, which are the most highly evolved 
and voluntary and are supposed to be located on the left side of the brain might suffer 
first in insanity . . ." Crichton-Browne, J. (1897) "On the weight of the brain and its 
component parts in the insane," Brain, 2, 42-67.

"The plethora of reports on lateralisation and psychopathology is part of the Zeitgeist 
that spawned ’neuroscience’, and in psychology the concern with brain behaviour 
relations." Gruzelier, J. (1981) "Cerebral laterality and psychopathology: Fact and 
fiction," Psychological Medicine, 11, 219-227.
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Introduction

The Concept of Schizophrenia
A clinical disorder involving incongruent beliefs and thoughts was identified around 

the turn of this century following the pioneering work of Kraepelin (1919, translated 

in 1950) and Bleuler (1930; 1950). Today, following Bleuler, we know this disorder as 

schizophrenia where the proportion of the population tha t is a t risk for the disease is 

about 1% (Hamilton, 1984). Of those affected 40% suffer a lifelong illness, where 

symptoms may last for several decades (Roberts, 1990). There are approximately a 

quarter-million persons affected in the United Kingdom alone, with well over a million 

in the United States (Roberts, 1990; Fry, et al., 1984; Weller, 1989). Most persons first 

become ill in young adulthood, seriously disrupting their social and reproductive lives, x

Schizophrenia is typically considered as a functional psychosis, implying tha t there is 

no gross brain abnormality, but -is-tho resuf t of disordered neuro-chemical activity. 

Indeed, the Diagnostic and Statistical Manual for Mental Disorders, Third Edition 

(American Psychiatric Association, 1980) excludes persons known to have organic 

brain lesions from the classification of schizophrenia. However, in the past decade, 

with the advent of in vivo neuroimaging, brain structural anomalies have been 

identified in patients with schizophrenia. The most consistently observed abnormality 

is for schizophrenics to have greater lateral cerebral ventricular size than normal 

controls (Johnstone, et al., 1976; Weinberger, Torrey, Neophytides, and Wyatt, 1979; 

Andreason, et al., 1982). However, the presence of large ventricles does not completely 

explain schizophrenic symptoms and is often found in young, as well as older patients 

(Benes, et al., 1982; Schultz, et al., 1983 Iacono, et al., 1988; Moscarelli, Cesana, 

Ciussani, Novati, and Cazzullo, 1989). Ventricular enlargement, however, still 

provides a basis for many brain imaging investigations into schizophrenia.

Schizophrenia and Brain Asymmetry

More recently, Crow (1989c, 1990a, 1990b) and others (Gur, Resnick, Alavi, et al., 

1987a, 1987b; Reveley, Reveley, and Baldy, 1987) have taken the view that 

schizophrenia can be characterised by architectural as well as functional disturbance 

in the dominant left cerebral hemisphere. However, prior to this current movement 

in the neuropsychiatric literature, neuropsychological studies had suggested 

dysfunctional lateralisation in schizophrenia.

2



Introduction

Flor-Henry (1969a, 1969b) observed that persons with left-temporal lobe epilepsy 
tended to show a greater number of "schizophrenia-like" symptoms than did controls. 
This finding sparked a flurry of neuropsychological investigations into the laterality 
of schizophrenics throughout the 1970s and ’80s (for example Lemer, Nachson and 
Carman, 1977; Merrin, 1984; Kantsanis and Iacono, 1989). But much confusion was 
generated by theories attempting to explain the problem with the altered function of 
the cerebral hemisphere. Patients were found to perform more poorly on verbal as

LACKfO
opposed to spatial tasks and‘'a right ear superiority on dichotic listening tests, 
implying a left hemispheric abnormality (Gruzelier and Hammond, 1976). The left 
hemisphere was seen to be dysfunctional by several authors (Flor-Henry, 1976; 
Colboum and Lishman, 1979; Flor-Henry, 1983a), possibly explaining the poverty of 
speech seen in these patients. Some regarded the dominant hemisphere to be more 
active than it should be, possibly responsible for the auditory hallucinations experienced 
by some schizophrenics (Gur, 1977, 1978, 1979). Authors have suggested identifying 
sub-groups of schizophrenics with either over- or under-activated hemispheres 
(Gruzelier, 1981). Still others considered the interaction between the hemispheres to 
be faulty, and likened patients with schizophrenia to split-brain epileptic patients who 
could not integrate information between the cerebral hemispheres (Beaumont and 
Dimond, 1973; Green, 1978; Carr, 1980; Doty, 1989). Evidence for right-hemisphere 
dysfunction has also been reported (Schweitzer, 1982; Cutting, 1985, 1992). There 
have also been reports, using standard neuropsychological paradigms, ap evidence 
suggesting bilateral brain dysfunction (Kolb and Whishaw, 1983; Taylor and Abrams, 
1984).

Much of this research has run into problems which may invalidate many of the 
findings suggesting lateralised deficit in schizophrenia (Merrin, 1981). The traditional 
concept underlying hemispheric specialisation, the left/verbal, right/spatial dichotomy, 
has been criticised as being outmoded and naive (Cutting, 1992). Furthermore, some 
of the methods which produced many of the early lateralised findings have been called 
into question in light of findings regarding homologous regions of the hemispheres 
from neuroimaging studies (Myslobodsky, Coppola, and Weinberger, 1991).

During this time, however, in addition to inventories purported to test hemispheric 
functioning, studies also considered another measure of asymmetry. Researchers 
reported an increase in the proportion of schizophrenic subjects who showed non-right

3



Introduction

handedness as compared to normative distributions (Dvirskii, 1976; Fleminger, Taylor 
and Standage, 1977; Gur, 1977; Green, Satz, Smith and Nelson, 1989). However, like 
the assessment of hand preference of young children by paediatricians, the purpose 
and usefulness of such assessment is often unclear (Bishop, 1983). The evidence of 
increased non-dextrality has been regarded by many researchers as being strong 

evidence of left-hemispheric insult or dysfunction. Such findings are often cited as 
evidence for current theories of lateralised brain insult in schizophrenics (Crow, 1990a; 
Flor-Henry, 1990; Satz, Green, Ganzell et al., 1990).

Findings of non-dextrality in schizophrenia have not escaped controversy, however. 
Boklage found that the concordance ratio for schizophrenia in MZ and DZ twins in 
pairs where one or both members showed non-right handedness was less than in right- 
hand concordant pairs (Boklage, 1976). These results were viewed as stressing the 
biological nature of schizophrenia but may question the notion of a "subtle brain 
insult" (Boklage 1980).

Cerebral Lateralisation in  Man

The localisation of speech centres in the left cerebral hemisphere by Broca (1861, 
1865), Dax (1865)1 and Wernicke (1874) occurred only a few decades before the 
identification of schizophrenia. Further findings in relation to the cerebral 
hemispheres were soon to follow. In the 1880s, Hughlings-Jackson noted that right 
hemisphere epileptic foci were characterised by "emotional states" (Hughlings-Jackson, 
1865, 1874). Nineteenth-century ideas regarding the relationship between madness, 
hysteria and laterality differ, however, from the views commonly held today (see 
Harrington, 1985, for detailed review of hemispheric differences and duality of mind). 
Luys (1879,1881a) believed that the right-hemisphere was the seat of madness, while 
the left was the hemisphere the seat of reason. He collected data showing increased 
right-hemispheric weight in 55 persons judged to be insane at death. Seventy-one 
percent were found to show greater right hemisphere weights. Montyel (1884) 
supported this view with a further 89 brains of which 81% had greater right- than left-

1The work of Dax is generally believed to pre-date that of Broca, being first described at 
a medical conference in Montpellier in 1836, some years before the appearance of Broca’s work. 
Broca is unquestionably given credit for the concept of hemispheric specialisation, as it was 
he who proposed a link between the hemispheres, handedness, and the localisation of speech.
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hemisphere weights. Only later has the left-hemisphere been considered as defective 
in schizophrenic psychosis.

Observations that other psychological functions were more commonly observed 
following left1sided brain damage reinforced the view that all of the most important 

and distinctive functions must be carried out in the left-hemisphere (Buzzard, 1882; 
Bramwell, 1899; Stevens, 1908). In the majority of right-handed and many left- 
handed persons the left hemisphere is dominant for speech and language (Annett, 
1985; Beaton, 1985; Springer and Deutsch, 1989). The associations between speech 
functioning and handedness are detailed and have been reviewed by several 
researchers (Hewes, 1973; an especially good discussion can be found in Corballis, 
1991, Chapters 4 and 5). In short, several theories propose that handedness and left 
hemisphere speech localisation were characteristic of even the earliest hominids, which 
may possibly include Homo habilis (2-3 million years ago; Corballis, 1989). Following 
the switch from tree dwelling to ground dwelling both hands where no longer 
needed for grasping and tight holding. Humans soon walked upright and then their 
hands became used for gestural language and aided in tool development (Dart, 1949; 
Semenov, 1964; Toth, 1985). Language may have then developed as a function of the 
altered position of the larynx (Diamond, 1959), and became localised in the left- 
hemisphere as a result of predominant right-hand usage (Corballis, 1991). However, 
there is much debate as to the causal inter-relatedness of handedness and speech 
(Corballis, 1991, Chapter 8).

The Enigma of Non-Right-Handedness
It is the left- and mixed-handers, however, which researchers are most interested in 
explaining. Throughout history the left-hander has been associated with negative 
connotations such as clumsiness, untrustworthiness, and evil (see Harris, 1980, for a 
more complete discussion). been linked to nearly every aberrant human
medical and social condition, among them stuttering, dyslexia, homosexuality, 
epilepsy, mental retardation, and criminality. Biblical references symbolising the right 
as good, while left symbolises evil strengthened early belief that left handers were in 
league with the forces of darkness2. More recently, epidemiological studies have

2The most famous of these being in the New Testament, the Vision of Judgement, Mathew 
25: 31-34 , 41 , 46 ;
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suggested that left-handedness is associated with allergic disease (Smith, 1987), 
disorders of the bowel (Persson and Ahlbom, 1988; Searleman and Fugagli, 1988), and 
a shorter life-span (Coren and Halpem, 1991).

The explanations for the existence of non-right-handedness fall into several categories. 
Some have stressed the role of prenatal development (Previc, 1991), while other 
researchers emphasize the importance of heredity (for review see Morgan, 1976; 
Corballis and Beale, 1976). Annett (1967,1970,1978,1985) has put forward a genetic 
model for the proportion of the various forms of handedness in the normal population. 
She has argued that handedness and cerebral asymmetry are influenced by a gene at 
a single locus, which in many causes a "Right Shift" in dominance favouring the left- 
hemisphere and right-hand. Two alleles are hypothesised, the dominant RS+ allele 
which produces right-handedness and left-sided speech dominance in the majority of 
persons carrying it; and the recessive RS- allele, showing no propensity for one side 
or the other to have hand or language control. Annett (1985) proposes that individuals 
homozygous for the RS- allele tend to be more at risk for reading disability, while RS+ 
homozygotes should suffer more deficiencies in mathematical abilities. She argues 
that it is advantageous to be heterozygous for the RS gene, which is held in the 
population as a balanced polymorphism, thereby maintaining the RS- allele. This 
model has been met with criticism from McManus (1985a, 1985b, 1985c) in terms of 
methodological considerations, and regarding its assumptions about intelligence 
(Corballis, 1989; McManus, Shergill and Bryden, in press).

Geschwind and colleagues (Geschwind and Behan, 1982; Geschwind and Galaburda, 
1987) have proposed that fetal testosterone levels greatly influence the development 
of cerebral asymmetry. While too detailed to present a complete description here, 
other authors have summarised and assessed this increasingly popular model (Satz 
and Soper, 1986; Bishop, 1990). From their model it is possible to conceptualize how

When the son of man shall come in his glory, and all the holy angels with him, the shall he 
sit upon the throne of his glory:
And before him shall be gathered all nations, and he shall separate them one from another, 
as a shepard divideth his sheep from the goats:
And he shall set the sheep on his right hand, but the goats on the left.
Then shall the King say unto them on his right hand, Come, ye blessed of my Father, inherit 
the kingdom prepared for you from the foundation of the world...
Then shall he say unto them on the left hand, Depart from me, ye cursed, into everlasting fire, 
prepared for the devil and his angels...
And these shall go away into everlasting punishment: but the righteous into life eternal.
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schizophrenia might be explained. Increased testosterone leads to delayed growth of 
the posterior left hemisphere and increased planum temporale asymmetry. This delay 
in hemispheric development is hypothesized in their model to be associated with 
developmental learning disorders like autism and dyslexia, and a reduced degree of 
handedness3. Indeed, Yan, Flor-Henry, Dayi et al. (1985) have proposed such a 
mechanism and state that

"These considerations are clearly relevant to the complex matrix of interacting 
events that may determine, later in ontogeny, the associations existing among 
early onset poor prognosis schizophrenia, the male sex, left-hemisphere 
dysfunction, structural cerebral changes, and sinistrality." (p. 915)

Criticism of the Geschwind theory has come from McManus and Bryden (1991), 
however, who argue that the theory can be seemingly be made to explain nearly every 
aspect of cerebral dominance. This thereby leads to philosophical concerns regarding 
the testability of Geschwind’s theory. Never-the-less, one might expect from this 
theory that there should be anomalous handedness in schizophrenia associated with 
defective hemispheric asymmetry.

One other notion is that non-right-handedness can be characterised as a pathological 
state of the brain. It is this belief that there is underlying neuropathology amongst 
many left- and mixed-handers, which has been used in justification for the associations 
of left-handedness with negative and undesirable traits (Harris, 1980; Corballis, 1991). 
In its present incarnation this is often referred to as pathological handedness4.

Theories of Pathological Handedness
The modem concept of pathological-handedness probably started with Bakan (1971) 
who reported that there were a greater number of left handers associated with high- 
risk birth orders5. In a subsequent study, Bakan, Dibb, and Reed (1973) concluded

^he reader is referred to McManus and Bryden (1991).

4The original notion hypothesised only "pathological-left-handedness" (Satz, 1972; Bakan, 
1971; Bakan, Dibb and Reed, 1973). With the increasing categorisation of mixed or 
ambidextral handedness (Annett, 1985) reported to be at greater incidence in retardates, 
autistics (Pipe and Beale, 1983; Batheja and McManus, 1985; Bryson, 1990) and other 
populations, I have chosen to consolidate these under the more general notion.

5But could be argued to have its origins with the work of Gordon (1920), who investigated 
left-handedness, mirror writing, and mental retardation in children.
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that those bom first to older mothers were more likely to be left-handed. The reason 
for this is hypothesised to be that birth trauma resulted in neurological insult and 
switched the control of natural handedness of the subject to the contra-lateral 
hemisphere (although, Hubbard (1971) found that this finding proved difficult to 
replicate; see Harris and Carlson, 1988 for detailed overview of this literature).

Satz (1972,1973; see also Soper and Satz, 1984) has hypothesised that the proportion 
of individuals affected by unilateral brain damage is equal in both left and right 
handers, but that this increases the number of left handed individuals purely on the 
basis of there being a greater number of right handed persons affected. Satz’s model 
assumes an equal 50:50 likelihood of each cerebral hemisphere being at risk and that 
left hemisphere lesions are more likely to result in "switched" handedness. On this 
basis, if equal proportions of the true right and left handed populations suffer from 
brain injury, by the nature of the size of these populations, more right handers will 
become left handed than left handers will become right handed. Satz estimated that 
the incidence of pathological left-handedness is 11.5 times greater than the incidence 
of pathological-right handedness, low pathological right-handedness being due to the 
low incidence of left-handedness in the population, such that if a subject has 
manifested left-handedness and has a brain insult it will be more likely that the insult 
will be in the left-hemisphere.

Bishop (1980) developed a square tracing task (to be considered in further detail in 
Chapter 5, Section 3) in order to identify children who may suffer from pathological- 
handedness. Analysing the errors made by each group with their preferred and non
preferred hands when tracing the squares, Bishop observed there to be a raised 
proportion of sinistral children who were found to be "clumsy" with their non-preferred 
hand. These were children presumed to have some degree of pathological handedness. 
Such children did not show an association with birth stress as might be predicted, 
although, they did tend to have more perinatal problems. This finding is not entirely 
compatible with the position held by other authors (Bakan 1971, 1977; Bakan, Dibb, 
and Reed, 1973; Harris and Carlson, 1988; Coren and Halpem, 1991), that all left- 
handedness is a form of neurological disorder. It is, however, more consistent with the 
notion that some left handedness is "normal" left handedness, or the inversion of the 
right handedness, while there also exists left handedness due to brain injury (Gordon, 
1920).
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One alternative explanation for Bishop’s results might be that poor performance on 
the square tracing task is the result of low intelligence. Bishop argues that if poor 
performance on the task is due to impaired IQ, and impaired IQ is associated with 
sinistrality, then one would expect to observe a strong correlation between these two 
variables. In fact, she reports the correlation between IQ and square tracing 

performance to be non-significant. In conclusion, Bishop states
"I would argue that it is not that left-handedness itself that is associated with 
cognitive disability, but rather a form of mild unilateral brain abnormality 
which renders the contra-lateral hand clumsy and depresses cognitive ability." 
(Bishop, 1980, p. 577.)

It is not difficult to see how Geschwind’s and the pathological hypotheses are very 
similar to those put forward by researchers as the explanation for the cognitive 
dysfunction in schizophrenia (Flor-Henry, 1983b; Gur, 1979; Venables, 1980) and as 
a rationale for studies reporting an increased incidence of non-dextrality in 
schizophrenia (see also Satz, Green, Ganzell, et al., 1990; Green, Satz, Smith and 
Nelson, 1989). In fact, Crow (1988, 1989c, 1990b) has argued that it is a mutation of 
the Right-Shift gene (Annett, 1985) and is responsible for more asymmetric 
neuroanatomical abnormalities observed in schizophrenics. This may possibly be 
responsible for the language deficits and the reported anomalies of hand preference. 
These conceptual links between abnormalities of brain asymmetry, anomalous 
dominance, pathological handedness, and the cause of schizophrenia deserve close 
scrutiny and critical consideration.

Measuring Handedness in the Normal Population
Before we can begin to properly consider the hand preference or performance of 
schizophrenics, we first need an understanding of how handedness (It) is measured. 
Furthermore, one must determine how the normal population indicates hand 
preference and performs on various tasks of hand skill. While in the first instance 
these notions may seem quite simple, they must not be taken lightly. The most 
fundamental aspect of the concept of handedness is that of hand preference. When 
one generally considers a person’s handedness the hand used most frequently is 
typically noted as that person’s preferred hand. In addition, researchers are also 
interested in the degree of this hand preference as well as the direction of preference.
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The use of handedness questionnaires is a popular method by which hand preference 
can be measured and several questionnaires have been developed for such assessment.

Early Classifications of Handedness
The classification of handedness has often been considered as dichotomous, simply 
representing direction of asymmetry, while it has also been seen as a continuum upon 
which direction and degree of handedness might be measured. Quinan (1930) simply 
asked subjects to demonstrate the act of throwing a ball "with great force" as his 
measure of handedness. Handedness was easily categorised by noting the hand which 
threw the ball. He also used sighting dominance as a further classification then 
grouped subjects as RR, RL, LL, or LR. The earlier work of Rife (1922), however, was 
influential in the early conceptualisation of hand preference as a continuum. In giving 
subjects uni- and bi-manual tasks to perform he scored hand preference for the task 
as the hand "nearer the business end of the instrument." His findings caused him to 
argued that

" . . .  there are at least three distinct types of right-handedness, with three 
corresponding types of left-handedness, making in all 6 forms of dextrality." 

This notion prompted Downey (1927) to classify "dextrality types" by further 
investigating the hands used to perform uni- and bi-manual tasks. She classified, for 
example, someone who throws with their right-hand but bat as a left-hander would 
be considered as an RRL type. In all she classified subjects as LLL, LLR, LRR, RLL, 
RRL, and RRR dextral types. Further classifications were also used including hand 
clasping, eyedness, and the direction of rotation in fingerprint patterns of left- and 
right- handers. Also included was an early version of the pegboard task, where the 
number of pegs placed in holes in a fixed amount of time was measured for each hand.

Woo and Pearson (1927) considered differences in the grip-strength of the dominant 
and non-dominant hands as a measure of handedness in re-analysing the 
dynamometer results of Sir Francis Galton. This truly considered a continuum of 
differences between the hands rather than groups of left- or right- sub-classifications. 
After an intensive statistical analysis, they concluded that

" . . .  lateralism whether ocular or manual, is a continuous variate, and 
dextrality and sinistrality are not opposed alternatives, but quantities capable 
of taking values of continuous intensity, and varying into one another."
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Subsequent work continued this line of thought which is still present in the more 
recent literature (for example Bishop, 1989, on the relationship between preference 
and performance). This is particularly evident in studies which consider, not only left- 
and right-handedness, but a third category of mixed handedness (Annett, 1967; Annett 
and Manning, 1989).

Much of this early work revolved around the question of whether or not laterality 

should be considered as uni- or multi-dimensional, hence the purpose of hand and eye 
dominance in the study by Quinan and the inclusion of many different measures of 
asymmetry by Downey. The notion that hand preference should be considered in such 
a fashion has gained much interest and recent questions have art'se* regarding its 
factorial structure (see below).

The Use of Hand, Preference Questionnaires
One of the most straight-forward approaches currently used in which to assess a 
person’s hand preference is with the use of a questionnaire. With the work of Annett 
(1967,1970) and Oldfield (1971) the questionnaire has become an increasingly popular 
method for the assessment of hand preference.

Annett (1967) developed a 12-item questionnaire requiring subjects to indicate which 
hand they would use if performing a particular activity. Here Annett scored subjects 
on a scale which ranged from 1 to 12. She reported the now familiar J-shaped 
distribution of hand preference, where a score of 1 is extreme left handedness and 12 
is extreme right handedness. Oldfield (1971) constructed a questionnaire which asked 
similar questions to the inventory of Annett but narrowed the list of items to 10. He 
employed an increasingly popular method of scoring his questionnaire. Oldfield scored 
degree of handedness as the difference between the number of right and left responses 
as a proportion of the total number of responses. In this way scores could be negative, 
representing left handedness with -1.0 being extreme left-handedness, or scores could 
be positive representing right handedness with +1.0 being extreme right-handedness. 
Put another way, this is a scale indexing both degree and direction of handedness.

In an attempt to better understand the gradations of handedness, Briggs and Nebes 
(1975) modified the questions from Annett’s 12-item questionnaire. But, instead of 
simple right, left, or either responses, Briggs and Nebes used a five-point scale of
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Always Left, Usually Left, Either Hand, Usually Right, and Always Right as possible 
responses to each item. These authors argue that this type of scale is necessary in 
order to increase the sensitivity of the measure in order to detect subtle differences in 
hand preference between activities. Using this scale they felt better able to investigate 
more closely the hand preference of subjects on each item.

It therefore seems that handedness preference measures have considerable two 
dimensional variability. Firstly, they vary in their length by including more test 
items, hypothesised to reflect finer distinctions between aspects of hand preference. 
While, secondly, theyvary in their internal scale by using a simple classification of left, 
either, or right, while others use a five point or more scale.

Factorial Structure of Hand Preference
It is not surprising that with the increasing variety in items grew the notion that it 
should be possible to identify sub-components of hand preference. Bryden (1977) 
investigated both the Crovitz and Zener and the Oldfield handedness questionnaires 
in order to determine the underlying structure of hand preference and identify the 
more reliable items. Scoring the questionnaire on a scale of 1 to 5 (with 1 being 
extreme right handedness) Bryden found the common item reliabilities to range from 
0.80 to 0.90, indicative of good agreement between the handedness tasks. Factor 
analysis of both questionnaires revealed three factors, with the first identifying 
activities which are familiar and commonly performed (e.g. using a toothbrush, 
throwing a ball, writing, drawing, etc.). The second factor was found to be specific to 
the Crovitz and Zener questionnaire, and was made up of items which, according to 
Bryden, are "manually ambiguous." It included items such as holding a dish whilst 
drying it, holding a bottle whilst opening it, and holding a needle whilst threading it. 
While such items typically require the use of the non-dominant hand, Bryden cautions 
that this factor could also represent inattentiveness by the subjects. In other words, 
some subjects failed to note the context of those items and responded inappropriately. 
The third factor represented items which, this time specific to the Oldfield, included 
items such as using a broom, striking a match, and holding the box lid whilst opening 
the box. Bryden found subjects to be uncertain about which hand should be used and 
required them to think at length about how to answer. However, it is the first factor 
that Bryden considers as actually representative of what people generally conceive of 
as handedness, and that the other two factors appear to be artifactual. On this basis,
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Bryden argues that "a good handedness questionnaire should be unifactorial." This 
supports the conclusion by White and Ashton (1976) who conducted a similar analysis 
of the Oldfield questionnaire.

A later analysis by Steinhuis and Bryden (1989) boldly contradicted the findings of 
Bryden (1977). Using the first of two different questionnaires, having 60 items, they 
identified four factors. The first factor was interpreted as being a general handedness 
factor, the second as a factor related to picking up objects ranging in size from a glass 
of water to a pin. The third factor only contained two items, those reflecting how one 
bats at baseball and how one swings an axe. The fourth factor contained three items 
of which two involved the picking up or carrying of a suitcase. These questionnaire 
items were worded very similarly, though, and it could be argued that they are, in 
fact, the same question. Analysis of the second questionnaire given to a separate 
group of subjects again revealed four factors. The first accounted for the majority of 
the variance and was, again, a general handedness factor. The remaining factors 
accounted for only very small percentages of the variance. Steinhuis and Bryden find 
that it is the first and third of these factors which are the most lateralised and that 
most of the variability was found among the left-handers. In spite of finding multiple 
factors, however, it is the first which accounts for the majority of the variance. 
Though on the basis of these results Steinhuis and Bryden categorically state that 
"handedness is multifactorial."

Other researchers have also concluded that hand preference is multi-factorial. Using 
a 39-item questionnaire Beukelaar and Kroonberg (1983) collected data on 977 
subjects, a large proportion of which were self confessed left handers that the authors 
specifically selected. Cluster analysis of the 39-items revealed four prominent clusters 
from the similarity matrix for left handers. The picture is, unfortunately, not as clear 
for the right handers who show only two clusters, possibly as a result of the authors 
removing a number of variables because of extreme non-normality. Likewise, Healey, 

Leiderman and Geschwind (1986) firmly believe handedness to be a multidimensional 
trait. Using a 55-item questionnaire, with responses on a five point scale, these 
authors identified four factors accounting for 80% of the variance in hand preference. 
However, the primary factor contained items that could be considered as generally 
related to handedness, similar to the finding of Bryden (1977) and of Richardson 
(1978), and accounted for 71.5% of the variance by itself. Still, the authors conclude
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that handedness is a multidimensional phenomeDonand disagree with the notion that 
it can be seen as a single continuum (e.g. Hardyck and Petrinovich, 1977). This study 
has some problems, though, in that the authors failed to rerun their analysis after 
removing items known to be biased and used questionable methods to determine factor 
reliability.

How multiple factors may explain cultural preferences might influence hand usage 
was investigated by Payne (1987). Using a sixty item questionnaire she looked at 
subject’s personal and, what they perceived to be, the approved hand use for their 
culture in Muslim and Christian subjects from Northern Nigeria. Culturally 
approved hand use was scored on the same scale but the question was re-phrased as 
which hand should be used to perform that task. Items from Payne’s questionnaire 
tended to be rather obscure or culturally biased and might prove difficult if generally 
applied to other situations. Typical items read "When feeling cloth to determine its 
texture, which hand would you use?" (Item 29; possible gender bias), "When guiding 
a donkey, in which hand would you hold the stick?" (Item 18; possible socio-economic 
bias), or "In which hand would you hold a knife to slaughter a chicken?" (Item 28; 
possible cultural bias). Her factor analysis revealed there to be 9 factors on the 
personal preference analysis, where the first factor accounted for 46.2% of the 
variance, while the other 8 each accounted for less than 2.92%. The analysis of the 
approved hand use responses revealed no less than 14 factors, with the first factor 
accounting for 33.3% of the variance, while the other 13 each accounted for less than 
3.03% of the variance.

From this brief review of the literature on the factor structure of hand preference, it 
can be seen that there is little consistency between studies regarding the number of 
factors underlying hand preference. Not surprisingly, studies which employ a larger 
number of items in their assessment of handedness often identify many more factors 
than an inventory using fewer items. One of the few consistencies between studies is 
the identification of a principal handedness factor which, typically, accounts for the 
vast majority of the variance in hand preference. This principle axis is often referred 
to as "the primary handedness factor" (Bryden, 1977; Steinhuis and Bryden, 1989). 
Secondary factors usually accompany this primary factor, but account for a paltry 
percentage of the variance. Still, some researchers attempt an interpretation of the 
meaning of these secondary factors and maintain that handedness is multifactorial
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(Healey, Lieberman, and Geschwind, 1986). It may be most parsimonious, however, 
to view hand preference as a single factor as there is often one outstanding factor 
which accounts for the vast majority of variance, while the meaning and usefulness 
of secondary handedness factors remains unclear.

The Assessment of Hand Performance
But what of how the hands perform relative to one another? Is there a reliable 
difference in performance and, if so, does the difference change as the task becomes 
more demanding? Does relative hand performance show any detailed factorial

M S S
structure? These are questions regarding human handed*which cannot be ignored 
before one begins assessing the relative merits of each hand, especially in pathological 
populations. As was described above, Annett (1970) observed that in the general 
population there is a "Right-Shift" in the distribution of difference scores between the 
hands. She used a pegboard task as her measure of hand performance. In a later 
investigation, Annett, Annett, Hudson and Turner (1979), varied movement amplitude 
and lateral tolerance of the pegboard task. They observed general increases in overall 
performance with increasing task difficulty, and that the difference between the hands 
typically increased with increased amplitude and decreased tolerance. While others 
have employed tasks of performance to the measurement of handedness, few have 
considered how task difficulty effects the difference between the hands. It is typically 
assumed that the difference becomes greater the longer one takes to perform the task, 
though this has rarely been tested. It is this kind of approach which I believe to be 
more of an empirical approach to the measurement of handedness. If one is going to 
say something about the brain with regard to handedness, particularly in pathological 

groups, it is hand performance which will give the best measure. Therefore, a more 
"motor skills" approach will be adopted here in the assessment of handedness, rather 
than simply measuring hand preference with questionnaires. Furthermore, in order 
to address these questions properly, what I feel are more sophisticated hand 
performance measures will be developed.

Purpose and Goals o f This Thesis

There is a theoretical and conceptual overlap in the literatures explaining atypical 
cerebral lateralisation and anomalous handedness and that investigating the cause(s) 
of schizophrenia. The "laterality hypothesis" of schizophrenia argues that due to some 
developmental anomaly or birth complication there is an insult to one hemisphere
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(largely thought to be the dominant or left-hemisphere). Such a disturbance affects
the proper psychological functioning of that hemisphere (as will be detailed further in
Chapter 2). It is this hemispheric dysfunction that is believed to be at the heart of the

fee
symptomatology of schizophrenia, and mayyresponsible for the increased incidence of 
non-dextrality. The same mechanism is often applied to explaining non-dextral 
handedness in the normal population, while increased testosterone levels are also 
postulated to be involved. These notions make several predictions that are open to 
consideration; 1) that the neuropsychological evidence should indicate that 
schizophrenics should show poor performance on tasks which are presented to or (on 
the basis of theory) are meant to be processed by the affected hemisphere; 2) that in 
terms of brain structure, are there structures commonly identified to be abnormal, and 
would one also expect to find more lateralised neuropathology; 3) that if lateralised 
neuropathology is underlying this disorder it might be expected that there would be 
an increase in the incidence of the forms of non-dextrality amongst schizophrenics; 
while, finally, 4) relative hand performance should be smaller in schizophrenics than 
in normals and more greatly affected by increasing task difficulty.

The Structure o f th is Thesis

This thesis will take the following form; in Chapter 2, I will review the 
neuropsychological evidence of lateralised dysfunction in schizophrenia; in Chapter 3, 
I will conduct a meta-analysis of neuropathology most frequently observed in 
schizophrenia, lateral cerebral ventricular enlargement, and will assess factors related 
to its magnitude. Chapter 4 critically reviews the extensive literature on the 
lateralisation of neuropathologies in the brains of schizophrenics looking at the 
evidence from computerised tomographic, magnetic resonance, and positron emission 
brain imaging literatures, and also the evidence from post-mortem findings. In 
Chapter 5 I change tack slightly and consider how hand performance is measured in 
normal right- and left-handers. This chapter is divided into several sections which 
will assess what parameters affect the difference between the dominant and non
dominant hands of these two groups using several tasks of hand performance. Each 
section considers performance on the handedness tasks as a function of the task's 
difficulty. I will also develop computerised tasks of hand performance which 
investigate the differences between the hands by comparing amplitude coefficients 
across the Fourier spectrum; and factor analyze the differences between the hands 
within each task as well as across tasks. Finally returning to the question of hand
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performance in schizophrenia, in Chapter 6 I shall perform a meta-analysis of the 
literature investigating the incidence of left- and non-dextral handedness in 
schizophrenia. This will identify which methodological and sampling characteristics 
most affect the reported increase in non-right handedness in schizophrenic samples. 
In Chapter 7, I will investigate the hand performance of schizophrenic subjects in 

order to determine if there is an reduced difference in hand performance indicative of 
anomalous dominance. I believe that by such an approach I shall be able to elucidate 
a more detailed picture of the association between abnormal cerebral asymmetry and 
handedness in schizophrenia.
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Chapter 2

N europsychological Evidence of 
D ysfunctional Laterality in  Schizophrenia

"Cerebral dominance, as an entity in itself, can fail to develop properly, leading to 
disruption of neurological patterns on the dominant side which may interfere with the 
individual’s intellectual processes." Berman, A. (1971) "The problem with assessing 
cerebral dominance and its relation to intelligence," Cortex, 7, 372-386.
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Chapter 2

Introduction

Reports relating a lateralised deficit to schizophrenia have primarily concentrated on 
the various merits of three general hypotheses: 1) that schizophrenia is a disorder 
related to a dysfunction of the left hemisphere; 2) that schizophrenia is associated with 
a right hemisphere dysfunction; and 3) that schizophrenia is associated with a 
dysfunction of the interhemispheric pathways. These abnormalities of lateralisation 
are hypothesised to be the result of mechanisms conceptually similai^mechanisms 
proposed to explain non-dextrality in the normal population. Here I shall describe 
some of the various reports of lateralised neuropsychological dysfunction regarding 
each of these three hypotheses. I will also present some evidence regarding the notion 
of defective laterality in disorders other than schizophrenia, such as in autism and 
dyslexia. These have similarly been suggested as resulting from a hemispheric 
dysfunction.

Is schizophrenia a left-hem isphere disorder?

Neuropsychological Test Batteries
The current notion that schizophrenia involves a disruption of the normal 
psychological functioning of the left hemisphere was probably first stimulated by the 
work of Kleist (1960) who discussed the disturbances in the verbal behaviour of 
schizophrenics. Kleist viewed the improper linguistic formations of schizophrenics as 
a key to understanding some underlying brain abnormality responsible for the 
disorder. In describing Kraepelin’s Sprachverwirrtheit (speech-confused) schizophrenia 
he argued that

"We are therefore dealing with sensory aphakic impairments similar to those 
found in focal brain lesions of the left temporal lobe. The only difference is the 

involvement in schizophrenia of higher levels of speech which are responsible 
for word derivations, word constructions, the formation of sentences, and for 
the abstract meaning of speech concepts -  i.e. the thinking based on speech. 
On the other hand in focal brain lesions the lower levels of speech, i.e. the 
sounds, words (sound sequences) and names, are disturbed." (p. 248)

Also influential was the work of Davison and Bagley (1969) who reported that 
delusions and catatonic symptomatology were most strongly related to lesions of the 
left cerebral hemisphere, in particular the temporal lobe. Still the hypothesis has been 

most extensively championed by Flor-Henry (1969a, 1969b, 1976,1983a, 1983b, 1990)
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in a theoretical position he has developed over the past two decades. The hypothesis 
gained attention following Flor-Henry’s 1969 investigations which identified an 
increase in the number of "schizophrenia-like" symptoms associated with left 
hemisphere epileptic foci. In a study involving the use of a battery of 

neuropsychological tests, Flor-Henry et al., (1983a) tested 180 patients suffering from 
various disorders (35 schizophrenic, 35 manic, 53 psychotically depressed, and 57 
neurotically depressed subjects). Psychometric profiles were obtained for each subject 
which were then classified by: 1) the general extent of the abnormality; 2) the pattern 
of abnormality in relation to hemisphere; and 3) abnormality by region within 
hemispheres. Of the schizophrenic group with abnormal profiles, 66% showed 
abnormality with more dominant than non-dominant hemisphere dysfunction; in 28% 
of cases the reverse applied, while in 7% no pattern of dominance emerged. 
Interestingly, the psychotically depressed patients showed a pattern of non-dominant 
hemisphere dysfunction. Flor-Henry et al. concluded that these results provide 
support for the "theoretical hypothesis of lateralised hemisphere dysfunction" in 
schizophrenia. However in a similar investigation, Taylor and Abrams (1984) studied 
62 schizophrenic patients, also classifying their cognitive impairment on 
neuropsychological profiles. Seventy-five percent of the schizophrenics were found to 
show bilateral cognitive impairment, most pronounced on the tests argued to reflect 
fronto-temporal function.

Psychophysiological Studies
Psychophysiological investigations, while not always specifically investigating 
asymmetries, have also suggested left hemispheric defect in schizophrenia. Rochford, 
Swartzburg, Chowhrey and Goldstein (1976) reported increases in the variability of 
left hemisphere EEG recordings of acute and paranoid schizophrenics. This finding 
was not confirmed in an experiment involving hebephrenic subjects:(Etevenson et al., 
1979). Flor-Henry (1976) noted more high frequency power (between 20-30 Hertz) in 
the left temporal areas in schizophrenics than in normal control or manic-depressive 
subjects. Similar work was performed by Jutai, Gruzelier, Connolly, Manchanda, and 
Hirsch, (1984) who observed reduced power in the left and increased power over the 
right hemisphere of schizophrenics relative to normal controls. Serafetinides (1972) 
found a greater amount of desynchronisation in EEG over the left rather than right 
hemisphere. This desynchronisation disappeared after patients were medicated with 
chlorpromazine. Coger, Dymond and Serafetinides (1979) also observed lateralised
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abnormalities located over the left pre-central brain areas of schizophrenics relative 
to controls. However, Giannitrapani and Kayton (1974) have reported increased high 
frequency activity bilaterally in their sample of 10 schizophrenics as compared to 10 

normal controls.

Presumably, the reports of increased amplitude and power in brain activity indicate 
over-processing by that hemisphere, as we shall see this is what has been proposed by 
Gur (1978, 1979). Recently, however, findings of EEG and evoked potential 
asymmetries have been criticised for assuming left and right brain structure to be 
complementary under homologous scalp locations (in particular Myslobodsky, Coppola, 
and Weinberger, 1991). In light of recent advances in structural brain imaging, it may 
be unwise to make this assumption. Skull thickness and location of sutures (among 
other variables) have been found to differ between sides of the head (Lang, 1983; 
Nunez, 1981; Myslobodsky and Bar-Ziv, 1989). These have been shown to affect the 
quality of the EEG signal and may, therefore, represent sources of artifact which could 
be falsely interpreted as differences in hemispheric dominance.

Gruzelier and co-workers (1973, 1974, 1976) have reported left-sided autonomic 
hypoactivity in schizophrenic patients. In particular, when recording skin conductance 
levels, they observed that a large number of schizophrenics did not produce an 
orienting response. Furthermore, the absence of response was found only in the left 
hand, although this should be reflecting right-hemispheric functions. In a comparison 
group of depressives it was observed that they showed a higher response amplitude 
from their left hand. Gruzelier proposed that schizophrenics show a left-sided 

temporal-limbic disturbance, while depressives show a right-sided disturbance. 
Gruzelier (1981) states that

"The moment to moment allocation of capacity between the hemispheres is 
often at odds with hemispheric specialisation. In paranoid schizophrenia and 
schizo-affective cases with hypomania there is an over-reliance on the left or 
speech dominant hemisphere. In non-paranoid schizophrenia and schizo

affective cases with depression reliance is on the right hemisphere. Such a 
distinction between paranoid and non-paranoid schizophrenia . . . may need 
qualifying and be replaced partially by overlapping syndromes . . . "

Recall Flor-Henry’s (1983a) observation that depressives showed evidence of right
sided dysfunction. This hypothesis was previously met with criticism from other
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researchers who found depressives to have lower right-sided amplitudes as indicative 
of left- rather than right-hemisphere dysfunction (Myslobodsky and Horesh, 1978). 
Left-hemisphere dysfunction has also been reported in depressives but not in 
schizophrenics by d’Elia and Perris (1973,1974). Complementary hemispheric deficits 
in schizophrenics and depressives may be over-simplifying the notion of a continuum 
of psychosis (Crow, 1990), by implying a gradient of defective lateralisation. Such 
hypotheses as hemispheric spread of disorder have met with much criticism (see 
below). More recent indications from skin conductance studies have suggested 
increased right-sided conductance level in chronic schizophrenics (White, Farley, and 
Charles, 1987), rather than decreased left-sided responses in chronic subjects. More 
recently, no significant lateralisation effects were observed by Allen, Jener, and 
Stevens (1991) when analysing cortical-tactile evoked potentials in 14 schizophrenic 
and 15 normal controls subjects.

Dichotic Listening and Tachistoscopic Studies
Often investigations into laterality employ the use of visual material presented 
tachistoscopically, or have used the dichotic listening paradigm presenting auditory 
stimuli. Stimuli presented to the right visual field or the right ear are then received 
by the left hemisphere, and vise verscu Such techniques, particularly dichotic 
listening, are sensitive to attentional bias, response strategies, and overall error rates 
which may cause problems in the interpretation of results (Merrin, 1981). Gur (1978) 
used tachistoscopically presented material to investigate the relationship between 
hemispheric activation and schizophrenia. Two types of material were presented: 
three letter nonsense syllables, assumed to reflect the functioning of the left 
hemisphere, and a dot location task, regarded as a right hemisphere function task. 
On the syllable test, subjects were asked to report the whole syllable rather than the 
individual letters and, in the dot location test, to correctly locate the position of the dot 
in a rectangle. Stimuli were presented to the right and left visual hemispheres via 
being positioned to the right or left of a fixed point. Using the number of correct 

responses as the dependent variable, analysis of the dot location task showed that the 
normal control group was superior to the schizophrenics overall and that the left 
visual field (right hemisphere) presentation was superior to the right in both 
schizophrenics and controls. In contrast, analysis of the syllables task showed a 
markedly different pattern of left/right visual field presentation. For the schizophrenic 

group, left visual field (right hemisphere) presentation of the material was superior
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to right visual field presentation. The pattern of scores for the normal control group 
was consistent with Cur’s expectation that presentation to the left hemisphere would 
produce better scores than presentation to the right hemisphere. These results are 
seen as supporting the notion that schizophrenia and left hemisphere dysfunction are 
associated. Gur also argues that these results provide clues regarding the stage at 
which information processing is defective in the disorder. She states that

"Evidently, it is in the initial stages of visual processing that the left 
hemisphere manifests a deficiency. The present results suggest that the left 
hemisphere in schizophrenics analyzes visual-verbal information more 
accurately when it has been initially processed in the right hemisphere than 
when it has been processed in the left hemisphere." (p. 231).

In her second experiment she presented words to schizophrenics with either verbal or
COMfiO

spatial!* or either containing or not containing an emotional component. Gur found 
schizophrenics to display a higher proportion of rightward eye movements than normal 
controls, regardless of the type of questions presented to them. This is taken as 
evidence that the left-hemisphere is overactivated in schizophrenia. Combining the 
results of both experiments and considering the significance of the findings, she 
suggests that

"One possibility is that unlike patients suffering from brain damage, who tend 
to compensate, for their shortcomings by utilizing strategies available to intact 
parts of the brain . . . schizophrenics overactivate the very hemisphere that is 
dysfunctional. This combination of events may explain why schizophrenics are 
so often described as using faulty logic and are generally characterised as 
having flat affect. Such characteristics are to be expected in people who utilize 
left hemisphere strategies indiscriminately, particularly when the left 
hemisphere is dysfunctional." (p. 235).

In a later experiment, Gur (1979) reported that when using a picture comparison task, 
she found that schizophrenics performed similarly to right hemisphere brain damaged 

patients. She argues that this is evidence for
"the hypothesis of left hemisphere overactivation in schizophrenia as it 
paralleled the pattern found for right hemisphere damaged patients who 
presumably used left hemisphere strategies."

23



Chapter 2

Bazhon, Wasserman and Tonkongii (1975), using audiometric techniques, reported a 
significantly higher absolute auditory threshold increase in the right ear of 30 
hallucinating schizophrenics as signal durations shortened. Increases were also 
observed, albeit symmetrically in non-hallucinating schizophrenics and in normal 
controls. This was similar to work done by Gruzelier and Hammond (1976,1978) who 
monitored the absolute, auditory threshold of 19 schizophrenics as a function of 
frequency and volume over twelve weeks. The thresholds of the right ear were 
initially lower than the left ear but became more symmetrical over time. Normal 
controls showed symmetrical patterns throughout the study.

In a similar experiment, Alpert, Rubenstein and Kesselman (1976) observed a high 
frequency of reversals of the expected asymmetry in schizophrenic patients using 
dichotic listening. Their sample included 21 hallucinating and 11 non-hallucinating 
schizophrenics, and 10 normal control subjects. With the administration of binaural 
noise, they presented semantically well integrated or poorly integrated sentences 
separately to each ear. Non-hallucinating schizophrenics recalled well integrated 
sentences better from the left ear, whereas the other two groups recalled sentences 
better from their right ear. Merrin (1981) criticised this study and has suggested that 
findings such as these may, in fact, be reflecting memory decay in the nonpreferred 
ear rather than increased dominance.

Colboum and Lishman (1979) reported that when using dichotic listening tasks they 
found that, unlike the other groups of subjects, the schizophrenic group did not show 
the normal pattern of left hemispheric superiority on a verbal test. Upon inspection 
of the distribution of scores within each of the groups, it was observed that there was 
bimodality in the distribution of laterality among the male schizophrenics. Some 
schizophrenic males produced the expected pattern of task/hemisphere preference, 
while others showed no evidence of any asymmetry. It was these later subjects who 
were responsible for the significant group difference. There is some uncertainty, 
however, whether the outstanding group of male subjects were more severely ill 
possibly affecting their responding and responsible for this finding.

Lemer, Nachson and Carman (1977), employing a dichotic listening paradigm, allowed 
paranoid, and non-paranoid schizophrenics and a normal control group to choose 

between an alternation strategy of shifting their report from one ear to the other or
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a successive strategy of reporting all digits from one ear before reporting any from the
other. Paranoid schizophrenics used the successive strategy more frequently, and
demonstrated the largest leftward asymmetries. One aspect which is unclear in this
and other studies is the role of general deficits in attention and "executive processes"

(Shallice, 1990) which may possibly be showing left-hemisphere results as an
epiphenomenon. In the study by Lemer and co-workers, using the successive strategy
probably requires more reliance on attention, perception, initiating action and memory, 

CKft :
these'also suggested as being impaired in schizophrenia (see Frith, 1979, 1987; Frith 
and Done, 1988; Gray, Feldon, Rawlins, Helmsley and Smith, 1991; Shallice, Burgess, 
and Frith, 1991).

Discordant Handedness in Schizophrenic Twins
Crow and colleagues (Crow, 1987a, 1987b; Crow, Ball, Bloom et al.y 1989a; Crow, 
Colter, Frith, et al., 1989b) have extensively argued that schizophrenia is a disorder 
involving the gene responsible for normal hemispheric lateralisation. Crow suggests 
that schizophrenia results from an arrest of cerebral asymmetry and that, in fact, this 
is cause by a mutation of the cerebral dominance gene or "Right Shift" factor of Annett 
(1985). This hypothesis is based, in part, upon research identifying lateralised 
neuropathology in schizophrenia (to be discussed in detail in Chapter 4), as well as 
symptomatological factors such as poverty of speech and the anomalous distribution 
of handedness observed in the disorder. In particular, Crow et al. draw upon the work 
of Boklage (1977; 1984) who found in the Maudsley twin series thatjin MZ twin pairs 
concordant for right handednessj92% were concordant for schizophrenia. In twin pairs 
who were discordant for handedness or were both left handers the concordance for 
schizophrenia was 25%. He observed that the incidence of sinistrality was 12% in the 
dizygotic and 34% in the monozygotic twin pairs. These values are roughly two and 
four times the typical values reported from the normal population (McManus, 1985, 
for instance reports the incidence as 7.75% on the basis of his genetic model, while 
Annett 1978, 1985 gives a value closer to 9%). Boklage (1984) states that

"My findings that handedness-schizophrenia relationships differ as a function 
of twin zygosity imply that the underlying biology of schizophrenia, or its 
expression in disease, also differs as a function of twin zygosity. It is not 
difficult to appreciate that this view implies a rejection of the fundamental 
assumptions of genetic twin study methodology as applied to schizophrenia." 
(p. 197).
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Crow and co-workers believe such evidence to be central to understanding what role 
abnormal cerebral dominance plays in schizophrenia. Crow (1987) states that

"The psychosis ’virogene’ is held to be located close to genes for a growth 
factor(s) responsible for the development of lateral asymmetries. This could 
explain selectivity for the left hemisphere (and language functions) as well as 
evidence that the genetics of handedness and psychosis are linked." (p. 101).

Two subsequent investigations of the incidence of handedness in schizophrenic twins 
have failed to replicate the findings of Boklage (Luchins, Pollin and Wyatt, 1980; 
Lewis, Chitkara, and Reveley, 1989). In particular, Lewis, Chitkara and Reveley 
(1989) note that Boklage’s data subjects were not classified using "replicable diagnostic 
criteria," which might explain the differences between their results and Boklage’s.

The notion of schizophrenia as a dysfunction or abnormality of the left cerebral 
hemisphere tends to be popular amongst researchers. Studies implicating this half of 
the brain attempt to explain the poverty and incoherence of speech patterns of 
schizophrenics; the findings of lateralised neuropathology; and the anomalous 
distribution of handedness among schizophrenics. However, as can be seen, there is 
some confusion as to the form which this dysfunction takes. Some researchers regard 
the left-hemisphere as over-activated (e.g. it is working harder than it should; Gur, 
1978,1979), while others regard it as not performing the necessary level of processing 
(Gruzelier, 1981). Merrin (1981) has severely criticised the notion of a dominant 
hemisphere abnormality as failing to have any convincing evidence in its favour. He 
argues that is "naive to look for left-sided dysfunction in schizophrenics because of the 
’verbal’ nature of schizophrenic thought disorder." Electroencephalographic findings 
vary and also suffer from methodological problems which make contradictory findings 
difficult to interpret. Furthermore, common assumptions made regarding what is 
being measured in EEG techniques are likely to be invalid. Conventional beliefs 
regarding the homology of left-right electrode placement may be misleading in light 
of more recent knowledge of brain structural asymmetry. Skin conductance 
investigations have provided promising evidence but the interpretation of these 
findings has also met with confusion. Most recently, Cutting (1992) has concluded
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that "the evidence is not overwhelmingly in favour of left hemisphere dysfunction in 
schizophrenia."

Is schizophrenia a defect o f right hem isphere functioning?

Lateral Eye Movements
Schizophrenia has also been considered as a dysfunction of the right cerebral 
hemisphere and it is the association between the emotional and language disorders 
most prominent in the disease that this view is most strongly argued. Support for the 
notion that schizophrenia is a disorder associated with right hemisphere dysfunction 
has come from Schweitzer (1982). Using an approach similar to that of Gur (1979), 
Schweitzer investigated the lateral eye movements (LEMs) of schizophrenics. 
Rightward eye movements are purported to reflect left-hemisphere activation, while 
left-ward eye movements reflect right-hemisphere activation. He found schizophrenics 
to be better at discriminations between shapes when they were presented to the left 
hemisphere. Schweitzer found that schizophrenics showed a right hemisphere deficit 
when compared to a normal control group. From this finding he suggests

"that schizophrenics may have a primary deficit in their right hemisphere 
which affects visual or spatial processing."

However, other researchers have argued that lateral eye movements as indicators of 
hemispheric activation are of questionable validity (Ehrlichman and Weinberger, 1978; 
Beaumont, Young and McManus, 1984; Raine, 1991). Even Schweitzer’s own previous 
LEM work has suggested that schizophrenics show left hemisphere dysfunction when 
subjects were presented with verbal/emotional, verbal/nonemotional, spatial/emotional, 
and spatial/nonemotional questions (Schweitzer, Becker, and Welsh, 1978). In a 
similar study by Wexler, Giller, and South wick (1991) schizophrenics were found to 
have significantly lower right-ear advantages than normal controls, indicating left- 
hemispheric disturbance. Therefore, the evidence for right-hemispheric imbalances 
amongst schizophrenics on the basis of lateral eye movements has provided 
contradictory and inconclusive results.

Cutting (1985), in his book reviewing and reinterpreting the literature on laterality 
and psychopathology, has suggested that schizophrenia cannot exist without right 
hemisphere dysfunction. He believes that schizophrenia can be seen as a consequence 
of right hemisphere dysfunction and relative left hemisphere overactivation. More 
recently (Cutting, 1992) he has argued that there is impaired facial perception in
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schizophrenia which is characteristic of right hemispheric lesion, whereas a left 
hemispheric lesion has little effect upon facial perception (see David and Cutting, 
1990). Right hemispheric lesions are found to impair the ability to attach costs
to everyday items, result in the over categorisation of objects, as well as incoherence 
of speech. Cutting argues that schizophrenic thinking is more similar to the right 

hemisphere damaged patient than to the left hemisphere patient. However, Cutting 
has based much of the evidence for a right hemisphere dysfunction on rather old 
evidence only later to state that

"The field is littered with pitfalls and false conclusions, mainly because the role 
of each hemisphere in normal mental function is continually being revised, and 
psychiatric studies are usually based on an outmoded view of what each 
hemisphere does."

Surely, Cutting has fallen into his own trap and questioned the same evidence he 
holds in support of the right hemisphere hypothesis.

Other researchers have suggested that schizophrenia results from a disturbance which 
begins in the right hemisphere and spreads to the left hemisphere with increasing 
chronicity (Dimond, 1972; Weller and Montague, 1979; Venables, 1980). David and 
Cutting (1990) have recently suggested that there is right-hemisphere hyperfunction 
in mania, moderate hypofunction in depressives, and severe hypofunction in 
schizophrenia. Thus, there may be a gradient of dysfunction across the cerebral 
hemispheres. There is very little evidence, however, to support the hypothesis of 
cross-hemispheric spread of dysfunction (Gruzelier, 1981). Such a hypothesis over 
simplifies the continuum hypothesis of psychosis (Crow, 1990), to one of variations in 
degree of hemispheric dominance.

The hypothesis that schizophrenia is characterised by a defect of the right cerebral 
hemisphere is probably the least popular amongst current researchers. The notion can 
be seen as attractive, however, as it may help to explain the flattening of affect, 
impaired facial perception, and the difficulty in comprehending the emotional content 
of words. These are reportedly characteristics of the right hemisphere damaged 
patient. However, this literature is very small and could be said to have been 
neglected in favour of the left-hemisphere hypothesis. As well, findings used to bolster 
the case for right hemisphere dysfunction in schizophrenia have been cited from now 
dated studies. While it is not unreasonable in principle to cite such studies, these
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older investigations have been recently criticised as representing an old understanding 
of how each hemisphere works. Perhaps this area should be more thoroughly 
investigated as negative findings may justify the preponderance of research directed 
at the left-hemisphere.

Is schizophrenia a disorder o f interhem ispheric transfer?

The suggestion that schizophrenia might be the result of dysfunction of the fibres 
which connect the cerebral hemispheres was first suggested by Beaumont and Dimond 
(1973). Their work came in the wake of the post-mortem findings of Rosenthal and 
Bigelow (1972), who after making numerous morphological measurements found the 
brains of schizophrenics only to differ from controls in that the corpus callosum was 
larger in the schizophrenics. The study of Beaumont and Dimond (1973) involved 
three groups of subjects (schizophrenics, mixed disorders and normals). Subjects were 
required to 1) identify and 2) match letters, digits and shapes presented 
tachistoscopically. The material was presented to either the right, the left or to both 
hemispheres simultaneously. When simply identifying the stimulus the schizophrenic 
group’s performance was slightly better than the other groups. But in matching tasks 
across hemispheres, the schizophrenic group performed more poorly compared to the 
other groups for letters and shapes. The authors take this finding as suggesting ". .
. a pathology of articulation between the two halves of the brain." However, the level 
of task complexity, from simply identifying the stimuli, to matching stimuli within and 
to matching between hemispheres, might account for such an effect (Merrin, 1981). 
In their 1974 book, after reiterating the findings of their experimental work, Dimond 
and Beaumont conclude that

". . . schizophrenics exhibit a significant dysfunction when required to match 
material divided between the hemispheres. They show no disability in 
identifying the stimuli. This strongly suggests a deficit of integration between 
the hemispheres, a form of disconnection syndrome." (p.80).

Shape Discrimination and Interhemispheric Transfer
Green (1978) conducted an experiment using a manual shape discrimination task. He 
observed that schizophrenics had greater difficulty in learning such discriminations 
when the procedure involves the use of both hands. In the first condition, an object 
was placed in one hand hidden from the subject’s view. Subjects were asked to then 
follow along the row of boxes until the position of the correct box was found. Then the
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subject’s hand was tapped and subjects placed the object into that box and returned 
to the starting position. This was varied over trials so that sometimes the subject’s 
free hand was tapped, while other times the same hand that located the box was 
tapped. This procedure was done until all objects had been placed into their boxes. 
Objects were then presented one at a time, to either their right or left hand, and 
subjects attempted to place them in their correct boxes. If an object was placed in the 
wrong box, the trial was stopped and the training procedure was begun anew. A 
record of the number of learning trials needed to reach a criterion level of 100% over 
four conditions (left-left, left-right, right-left, and right-right hand transfer) was kept. 
Results showed that the control group showed no difference between single-handed 
and two-handed feedback conditions. On the other hand, schizophrenic subjects 
showed a significant increase in the number of two-handed rather than single-handed 
learning trials. Schizophrenics also required significantly more relearning trials to 
reproduce correct performance using the opposite hand than when using the same 
hand. Green notes that this performance is similar to that observed in split-brain 
monkeys (Glickstein and Sperry, 1960). He argues that the same "phenomena may 
reflect a fundamental disturbance of interhemispheric transfer in schizophrenia," and 
that

"Poor interhemispheric transfer may be related to certain schizophrenic
symptoms and to specific forms of difficulties in speech comprehension.
Knowledge of transfer deficits may lead to the reinterpretation of certain
experimental findings of the past."

Carr (1980) performed an investigation similar to that of Green (1978). Using ten 
chronic schizophrenics and ten matched normal controls, she presented one of three 
everyday objects to either the right or left hand of subjects. Subjects had placed their 
hands inside of a box so that they could not see what they were handling. Each item 
was held for 20 seconds and subjects were asked to remember that item. After a 
retention interval (either 0, 30, 60, or 180 seconds) three additional, but randomly 
shaped, objects were included in the set, then subjects were asked to state whether 
they had handled the object when it was again presented to them. Carr found there 
to be a significant lack of transfer between the hands, that is the items presented to 
one hand were not recognised when presented to the other hand. Both hands 
recognised objects equally well in the control group. Schizophrenics and controls made 
fewer errors when identifying the everyday items than the random items. Carr takes
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these results as indicative of poor interhemispheric transfer of information in the 
schizophrenics from right hand to left hand and from left hand to right hand. 
However, she conducts analyses of variance for schizophrenics and the matched control 
group separately while reporting that they differ in degree of transfer. Therefore, she 
fails to identify the statistical effects which would verify whether schizophrenics 
actually show defective inter-hemispheric transfer.

Psychobiological Evidence
Recently, Doty (1989) has argued that perturbations in the connections of the two 
cerebral hemispheres, produced by any number of pathogenic agents (possibly 
including stress) underlie the diverse symptomatology seen in schizophrenia. He 
argues that as each hemisphere is likely to, in isolation, perform individual processes 
better than other processes there is "a compelling necessity for coordination between 
the two." Each hemisphere is under bilateral control from the brainstem and takes 
turns having access to its corresponding brainstem system. He states that "there is 
a competitive interaction between the two hemispheres." A disruption of such 
coordination might result in confusion of mentation, action, or both. A hypothesis such 
as this is attractive in that it incorporates numerous biological features not often 
considered in neuropsychological studies, while understanding a central contribution 
from mental activity. However, Doty’s hypothesis does not adequately account for the 
etiology of the disorder. Doty admits that the model does not address any temporal 
point at which such a system may become defective, as well as the question of a 
genetic predisposition.

Stod ieS -^ the  inter-hemispheric defect hypothesis of schizophrenia haveproduced 
results that do not necessarily concur with the original finding of enlargement of the 
corpus-callosum (Rosenthal and Bigelow, 1972; Rossi, Stratta, Gallucci, et al., 1988; 
Lewis, Reveley, and Ron, 1988). While there have been reports which suggest that the 
pattern of performance is similar to split-brain monkeys or hemisphere-disconnected 

patients (Beaumont and Dimond, 1973), still other researchers have produced negative 
results (see Tress, Kugler, and Caudrey, 1979 for an account). Kolb and Whishaw
(1983) report that, when compared to a normal control group, the schizophrenic group 
in their study was found to be impaired on tests sensitive to bilateral frontal and 
temporal lesions. The schizophrenic group performed within normal limits on tests 
related to parietal lobe damage. They reported a pattern of results more distinguished
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by region within hemisphere, rather than region between hemispheres. Recent 
speculation on a role for defective inter-hemispheric transfer proposes an attractive 
theory which incorporates neuro-chemical, neuroanatomical, as well as cognitive 
aspects but fails to address adequately etiological factors. Still, in one study in 
particular which has claimed to replicate earlier findings of poor inter-hemispheric 

transfer in schizophrenics (Carr, 1980), interpretation of statistical results may have 
been over zealous.

Evidence for Defective Laterality in  Disorders Other than Schizophrenia

Here I shall briefly note some of the psychiatric disorders other than schizophrenia.
O V4LS

Specifically^autism, dyslexia, hysteria, and neurological patients have been suggested 
as suffering from impaired lateralisation and findings from studies of them may 
provide clues to the location of dysfunction in schizophrenia.

Autism
Research regarding a laterality hypothesis in infantile autism has primarily been 
conducted with a view toward explaining the language deficits seen in the disorder. 
That the left hemisphere is the site of dysfunction in autism is often credited to 
Hermelin (1966), and has been given support by the findings by Hauser, DeLong and 
Roseman (1975) of left temporal horn and left lateral ventricular dilation among 
autistics.

In a dichotic listening experiment, Prior and Bradshaw (1979) used 23 autistic and 19 
normal children. All subjects were tested for their handedness using a demonstration 
task (i.e. the actual demonstration of teeth cleaning, writing throwing, etc.). Results 
that while there were no differences in the mean number of words recalled, there was 
an excess of autistic subjects showing a left ear advantage in comparison to controls. 
The authors take these findings as indicating that a) there is experimental support for 
the hypothesised centrality of language disorder in autism; and b) that in some cases, 
language functions may be taken over or may develop in the right hemisphere, 
perhaps in relation to left hemisphere impairment.

Dawson, Warrenburg and Fuller (1982) monitored the EEG alpha activity of 10 
autistic and 10 normal children over each cerebral hemisphere while performing two 

verbal and two spatial tasks. They found that the autistics showed^differences in
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hemispheric activity than the controls when performing the spatial tasks, but showed 
a significantly greater right hemisphere dominance compared to controls on the spatial 
tasks. The authors suggest that this is due to a lack of left-hemisphere specialisation 
for verbal functions in the autistics. Dawson et al. regard these findings as

". . .  consistent with the theory that autism is related to early left-hemisphere 
dysfunction which either led to or resulted from an unusual pattern of cerebral 
organisation which favours right-hemisphere processing."

An increase in the incidence of left-handedness amongst autistic children has been 
taken, as in schizophrenia (to be considered in more detail in Chapter 6), as indicating 
a left-hemispheric abnormality. Such an increase is hypothesised to reflect damage 
to the left hemisphere, thus shifting manual dominance from one to the other 
hemisphere (Hacaen and Ajuruaguerra, 1964). Lonton (1976) has suggested that non
right handedness in autism may involve the failure of inheriting the "Right Shift" 
factor of Annett (1972)6. Tsai and Stewart (1982) observed that autistic children with 
an established hand preference tended to be older than those children with a mixed 
preference. Tsai (1983) found mixed handedness was more frequent in autistics less 
than five years of age. McManus, Murray, Doyle and Baron-Cohen (in press) observed 
a dissociation between autistic children’s hand preference on a 28-item questionnaire 
and performance using a pegboard task. This is interpreted as evidence for an 
abnormality of the normal pattern of developing cerebral asymmetry. However, 
findings of increased left-handedness are inconsistent. As well, there is large 
variability across studies in the incidence of handedness types and this is possibly due 
to sampling differences, inadequate control group selection, measurement procedures, 
etc. (Fein et al., 1984; see also Bryson, 1990).

Severe criticism has been levelled at the laterality hypothesis of autism by Fein et al.
(1984). They argue that studies tend to use small, heterogeneous samples of subjects 
and make unrealistic assumptions regarding the kinds of neuropsychological tests 
used. For example, researchers are criticised for being unclear regarding the 

motivation for choosing a particular task. Reliability of their chosen tasks as a "right-" 
or "left-hemisphere" task may be too often taken for granted. Other methodological 
problems and conceptual difficulties may invalidate a number of studies, therefore

6Recall that this is similar to the proposal of Crow (see above) for the cause of 
schizophrenia.
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Fein et al. believe t h a t ..  the notion of left hemisphere dysfunction is inadequate to 
explain the cardinal symptoms of infantile autism." It could be argued that these 
same criticisms also apply to the laterality hypothesis of schizophrenia; small samples 
are often used, there is unclear motivation for using a particular task, and 
assumptions made about the task chosen as reflecting left- or right-hemisphere 

functions may be unrealistic. The majority of autistic children score within the ranges 

of retardates (Lotter, 1966; Wing and Gould, 1979) which may play a large part in the 
reports of anomalous handedness in persons with this disorder (Bryson, 1990).

Dyslexia and Non-Verbal Learning Disabilities
dts

There has been long speculation that developmental language Abilities, such as 
dyslexia, may have a hemispheric basis (Orton, 1937), in particular regarding the left 
hemisphere. Myklebust (1975) describes a number of problems associated with 
learning disabilities such as difficulty in learning right from left, difficulty in telling 
the time, difficulties with fundamental mathematical concepts, difficulty in the reading 
of maps, poor social relations and self-help abilities, and deficits in understanding the 
intentions of other people’s actions. Hynd and Semrud-Clikeman (1989), upon 
reviewing the neurological evidence for dyslexia, state that while the long-term 
developmental relationships between the severity of dyslexia, cognitive ability, 
handedness, and cerebral asymmetries have yet to be delineated, among dyslexics 
between the ages of 8 and 25 years, reduced lateralisation or reversals of lateralisation 
may characterise a subset of individuals. They also note that the incidence of left- 
handedness determined in several studies indicates a two-fold increase over the 
expected population incidence (Hardyck and Petrinovich, 1976; Hardyck, Petronovich 
and Goldman, 1976). Hynd and Semrud-Clikeman criticise many investigations of 
learning disabilities and dyslexia where handedness is only considered as a 
unifactorial discrete variable. They suggest that, while not sufficient to indicate 
anomalous lateralisation, "the potential importance of this variable is worthy of 
pursuit."7

7Recall from the Introduction that hand preference is probably most parsimonious when 
described in terms of a single "primary handedness factor" with a secondary factor reflecting 
inattentiveness on the part of subjects. Further factors only tend to account for small 
percentages of the variance. Therefore, it may be doubtful that further breakdowns of hand 
preference would prove useful.
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The notion of reversals of cerebral asymmetry in dyslexia was addressed by Hier and 
colleagues (Hier, LeMay, Rosenberger and Perlo, 1978; Rosenberger and Hier, 1980) 
who reported reversed parieto-occipital asymmetry in the brains of developmental 
dyslexics from computed tomographic scans. Examining the IQ scores of 53 learning 
disabled subjects, Rosenberger and Hier identified lower verbal and lower performance 
IQs in $ubj tcjs with reversed cerebral asymmetry as compared to those with a normal 
pattern of asymmetry. In further review of the literature on learning disabilities, 
Semrud-Clikeman and Hynd (1990) have taken the problems of learning disability as 
representing a dysfunction of right hemisphere processes. They argue that problems 
with arithmetic skills may exhibit themselves in children with learning disabilities of 
right hemisphere origin.

Earlier reviewers have become frustrated, however, by the lack of consistency amongst 
studies of cerebral asymmetry in learning disabled subjects (Vernon, 1957; Benton, 
1975). Beaton (1985) suggests that the ill-defined method of diagnosing
dyslexia and the inadequate assessments of hand preference may be responsible for 
such discrepancies. Furthermore, he states ". . . whether a relationship was found 
between reading and laterality depended upon the method of analysis and the 
definition of reading disability." Again such criticisms may also apply to studies of 
laterality in schizophrenia; variation in diagnostic methods and criteria may affect 
who is and who is not included in an investigation, and collecting hand preference 
data may be unreliable in a pathological population like schizophrenics.

Hysteria
The right hemisphere’s theoretical functioning has been likened to the Freudian 
concept of "primary process thinking" by Galin (1974; see also Galin, Diamond, and 
Braff, 1977), that is that some mental events are non-verbal, and work on the basis 
of analogies with the real world. Galin believes that stress and anxiety cannot be 
worked out through verbalisation, and so may become expressed in non-verbal forms. 
The right-hemisphere may, therefore, be the location of many forms of unconscious 
mental conflict related to physical complaints. An example of this is the phantom- 
limb phenomena where following amputation of a limb there is the perception that it 
is feeling pain. This hypothesis has gained some support from experimental work on 
psychosomatic symptoms in psychiatric subjects (Stem, 1977; Merskey and Watson, 
1979), although negative results have been reported (Bishop, Mobley, and Farr, 1978).
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While the evidence does look promising, the involvement of the left-hemisphere as well 
in psychosomatic symptoms should not be ruled out.

Neurological Patients
Gelinotti (1982) used 80 and all were asked to complete a
standard test battery. Their emotional reactions to failure on any of the tests were 
recorded. The responses were operationally defined but information regarding any 
interaction between the various responses (tears, aggression, swearing) was not given 
and the validity of grouping these into "catastrophic reaction", "depressive mood" and 
"indifference reactions" was not tested empirically. Neither group showed any 
preponderance of the type of reaction but elements of disinhibition and distress were 
more commonly reported among the left side damage patients, while indifferent 
responses were reported more frequently in the right damaged patients.

Following up on the work of Gainotti, Sackeim, Greenberg, Weiman et al. (1982) 
carried out an investigation of 119 patients were pathological laughing and crying was 
associated with destructive lesions. They concluded the such lesions

"result in disinhibition of contralateral regions regulating emotional experience 
and that the left side of the brain typically subserves positive emotion to a 
greater extent than the right, whereas the reverse holds for negative emotion."

Such a model
"requires that in neurologically intact adults, each side of the brain has 
inhibitory control over contralateral regions, subserving the expression and 
experience of affect."

A balance model has also been proposed by Tucker (1981), who after reviewing the 
research on unilateral lesions suggest that the hemispheres may not be
specialised only for the kind of emotion but for its positive or negative "valence." He 
concluded that there was definite evidence for an emotional role for the right 
hemisphere, however

"it is insufficient to attribute all emotional functions to the right half of the 
brain. The two hemispheres seem to exist in some sort of reciprocal dialectal 
relationship, each hemisphere’s affective tendency opposing and complementing 
that of the other."
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Ulrich (1980) after examining the literature rejected "interpretations which derive 
from a paradigm of anatomically separable, rigidly specialised centres and their 
connections" and adopted instead the view that a maturational gradient exists between 
the hemispheres which guarantees a developmental advantage to the left hemisphere. 
He proposed that "functional asymmetries can largely be understood as maturational 
asymmetries." In a study of the free hand movements of patients suffering from manic 
depression, Ulrich found no ratio in favour of the right hand (left hemisphere) in 

contrast to the report of a right to left hand movement ratio of between 3:1 and 5:1 
among normal populations. From this result, Ulrich proposed that the difference may 
be due to "diverging functional lateralisation" and suggests that, because of the 
proposed maturational deficit, there is only a slight difference in the organisational 
level between the hemispheres in such patients.

D iscussion

What should one expect to find from neuropsychological studies of laterality in 
schizophrenia? Many more investigations suggest a left-hemisphere than right- or 
inter-hemispheric disfunctions. The findings of left-hemisphere abnormalities are 
attractive to laterality researchers because they help to explain poverty of speech and 
auditory hallucinations seen in the disorder. It may be unwise to suggest that 
schizophrenia is entirely a "left-hemisphere disease" as the right hemisphere may also 
be affected although verbal and spatial tests may not be sensitive enough to detect it. 
Roberts (1991) has suggested that in schizophrenia both hemisphere are affected but 
it is the left that suffers more due to the rate of development of the two hemispheres. 
Schizophrenia as a right-hemisphere disorder is not nearly as popular as the left- 
hemisphere hypothesis, but its supporters hope to explain the complicated emotional 
disturbances of schizophrenics. Along with the "brain disconnection"
hypothesis of defective inter-hemispheric transfer, the right-hemisphere hypothesis 
has become entangled with the hypothesis that there is a gradient of dysfunction 
spanning psychosis in general. Arguments that depressives show a right hemisphere 
hyperactivation, while schizophrenics show right hemisphere hypoactivation have been 

put forward in an attempt to unify the concept of psychosis. This notion could too 
easily be confused with Crow’s (1990) theory that all of psychosis lies along a 
continuum from uni-polar illness through to schizophrenia and bi-polar psychosis. 
While Crow argues that schizophrenia is a defect of cerebral lateralisation, it is not
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clear from his 1990 article if he considers his theory of a continuum of psychosis as a 
continuum of dysfunction from the left through to the right hemisphere.

While numerous authors have suggested a role for abnormal cerebral lateralisation in 
schizophrenia, still others have considered the case for the laterality hypothesis as 
"not proven" (Robertson and Taylor, 1987). Many researchers have argued in favour 

of this hypothesis because it may account for the language deficit and flattening of 
affect seen in the disorder. But regardless of which hemisphere one considers, the 
hypothesis is not completely supported by the neuropsychological literature. Often 
there are discrepant findings and methodological problems make proper comparisons 
across studies difficult. The fact that the left as well as the right hemisphere, and 
their interconnections, have been implicated as underlying the schizophrenic disease 
has been suggested as reflecting the generalised nature of the disorder (Robertson and 
Taylor, 1987). In addition, the neuropsychological tests, presumed to be testing the 
functioning of a particular hemisphere have had variable success (Gruzelier, 1981) and 
have been criticised as invalid and based upon the outmoded view of the verbal-left- 
hemisphere and the non-verbal or spatial-right-hemisphere. Th^/similar bodies of 
research in disorders other than schizophrenia, such as autism and dyslexia, have also 
found it difficult to provide solid evidence for a lateralised dysfunction. That other 
psychiatric disorders are also considered at all as the result of dysfunctional 
lateralisation, makes it difficult to fully justify schizophrenia as a disease of laterality. 
Surely, dyslexia, autism, hysterical syndromes as well as schizophrenia cannot all be 
disorders of cerebral lateralisation?

The left-verbal, right-spatial dichotomous notion of hemispheric specialisation appears 
to have driven the bulk of research in all of these areas. However, it appears that 
researchers have become complacent regarding this classification of cerebral function, 
so little rationale is provided for the use of a particular testing paradigm. This 
approach to viewing hemispheric processes has been recently criticised for being 

outdated and unlikely to represent actual hemispheric processes. This then questions 
the validity of many studies of hemispheric dysfunction in schizophrenia and other 
disorders. Therefore, tljaf in light of contradicting evidence, poor methodology in 
studies, unrealistic assumptions regarding laterality, and the severe criticisms aimed
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at the hypothesis, tl^tfthe neuropsychological evidence for defective laterality or poor 
inter-hemispheric communication in schizophrenia remains inconclusive.
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V entricular Enlargem ent in  Schizophrenia:
A M eta-Analysis

"[ventricular enlargement]. . .  is the most frequently observed structural abnormality 
in schizophrenia." Weinberger, D.R., Bigelow, L.B., Kleinman, J.E., Klein, S.T., 
Rosenblatt, J.E., and Wyatt, R.J. (1980) "Cerebral ventricular enlargement in chronic 
schizophrenia," Archives of General Psychiatry, 37, 11-13.

"Stealing from one author is plagiarism, stealing from many is research." Wilson 
Mizner.
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Introduction

Ventricular size in schizophrenia was first investigated by Johnstone and her 
colleagues (Johnstone, Crow, Frith et. al., 1976) using computed tomography (CT) 
scanning in a much cited study where they noted significant ventricular enlargement 
in a group of chronic schizophrenics. That study clarified those earlier studies which 
had used lumbar encephalography (for example Storey, 1966; Haug, 1962) which had 
often found conflicting evidence for ventricular enlargement. The results of Johnstone 

et. al. (1976) were replicated by Weinberger, Torrey, Neophytides and Wyatt (1979) 
who confirmed in their sample that the lateral ventricles of schizophrenics were 
significantly larger than those of controls. Since those two papers were published, 
there have been many studies attempting to identify the aetiological factors 
responsible for ventricular enlargement in schizophrenia, and to correlate 
psychological deficits with what has been presumed to be an indicator of neuronal loss 
or brain atrophy (Farmer, Jackson, McGuffin and Storey, 1987; Reveley, Reveley and 
Murray, 1984; Reveley, 1985; Goetz and van Kammen, 1986; Rieder, Mann, 
Weinberger, van Kammen and Post, 1983).

The prevalence of ventricular enlargement varies between studies, perhaps in part due 
to measurement differences, differing diagnostic criteria, or the choice of control 
subjects. Maser and Kieth (1983) cite prevalence rates between 3 and 62% of 
schizophrenics in the studies they reviewed; although, in better controlled studies 
prevalence rates vary from 18.6 to 40% (see Okasha and Madhour, 1982; Nasrallah, 
McCalley-Whitters and Jacoby, 1982; and Weinberger, Torrey, Neophytides and Wyatt, 
1983). Such variation in prevalence requires further study and explanation.

Although lateral ventricular size has been measured in many ways (e.g. linear, area 
or volumetric measures), the most widely used is the Ventricular-Brain Ratio (VBR), 
which can be measured using either a CT scan or a magnetic resonance image (MRI). 
The area of the ventricles is conventionally expressed as a percentage of the total area 
of the brain scan, at the level on the scan at which the ventricles appear largest. This 
method of assessing VBR was first proposed by Synek and Reuben (1976a and 1976b) 
and is typically performed manually, by using planimetry, or by computerised 
procedures.
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Although apparently straightforward, the assessment of VBR is not without difficulty. 
Roberts and Caird (1976) observed that VBR did not correlate any better with visual 
ratings of ventricular size on pneumoencephalograms than did ventricular area alone. 
Reveley, Clifford and Murray (1982) found that in adult dizygotic twins, ventricular 
area correlated better in twin pairs than did VBR. This is interpreted as evidence that 
using VBR rather than ventricular area might decrease the sensitivity of studies. 

Therefore Reveley and colleagues (Reveley, Reveley, and Murray, 1984) have derived 
their own measure called the Total Ventricular Volume (TW), calculated by counting 
voxels (volume elements) from the computerised scan (1 voxel = 0.15 x 0.15 x 1.0 cm 
= 0.0225 cm3). This method does appear to give a better estimate of ventricular size 
(M. Reveley, 1985) and has been used in a study of the heritability of ventricular size 
(Reveley, 1984). Nevertheless T W  is little used in comparison with the more popular 
VBR (see also Reveley and Reveley, 1983).

Different methods for determining the areas of brain structures and of the ventricles 
from CT or MRI scans can produce some problems when comparing different studies. 
Problems such as the ’partial volume effect’ have been discussed comprehensively, by 
Jacobson et. al. (1985). In manual planimetry the scan image is projected onto a flat 
surface and traced using a mechanical device to calculate area; this technique typically 
results in greater measurement error than computerised methods, since distortion may 
occur when the scan is photographed, enlarged and projected. Such problems are 
partly avoided by methods in which the scan is viewed directly on the computer screen 
and a light-pen or other interactive device is used to indicate areas of interest. 
Nevertheless even with such techniques, different settings of contrast and brightness 
may modify image clarity and result in a reduced reliability. Similar machines may 
require different settings in order to produce an optimal image (Isherwood, 1979). In 
reviewing the validity of the VBR measure, Zatz and Jemigan (1983) argue that 
available methods for computing VBR from CT scans cannot produce absolute values 
of the VBR.

As well as considering the technical methods involved in the measurement of VBR, it 
is also necessary to consider the subjects in whom the measurements are made. 
Naturally, it is important that schizophrenic patients are diagnosed according to 
recognised and uniform criteria, and that as far as possible groups of schizophrenics 
are homogenous. However, a less obvious consideration concerns the nature of the
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control subjects with whom the schizophrenic patients are compared. Smith and 
Iacono (1986) (see also Smith, Iacono, Moreau et. al., 1988) found that volunteer 
controls showed larger ventricles than did medical patient controls, resulting in a 
smaller apparent difference between schizophrenics and controls. They suggest that 
this result may be because medical patient controls who happen to have larger 
ventricles are systematically excluded from analysis, thereby biassing the observed 
difference between groups. However, Raz, Raz and Bigler (1988), using a somewhat 
larger series of studies, have argued that effect size is not related to the type of 
controls, and that "there is no need to avoid using patients free of gross 
neuropathology as controls." Certainly it seems to(us)that the use of patient controls 
may well be vulnerable to bias, since by selecting scans from radiological files of 
individuals who have received CT or MRI scans as part of a medical work-up, there 
may well be an inadvertent tendency to select those scans that "look normal", thereby 
biassing the control population to those with smaller ventricles. Sampling from 
medical files is, by no means, a random sampling method and the practice is probably 
better avoided in order to eliminate bias.

As can be seen, factors associated with schizophrenia as well as factors associated with 
the methodology of the study are likely to be affecting the reported size of the VBR 
measurements. Therefore, with this in mind, it was felt that a closer look at the 
studies employing exclusively the VBR was needed. I therefore report a meta-analysis 
which assesses how a number of factors that differ between studies are contributing 
to the magnitude of the Ventricular Brain Ratio. As such this study differs from more 
conventional reviews (such as that of Smith and Iacono, 1988) which did not use any 
formal meta-analytic methodology, and that of Raz et. al. (1988) who carried out only 
a univariate meta-analysis. In this study, like that of Raz and Raz (1990), a 
multivariate meta-analysis has been performed, which allows one to distinguish the 
effects of a number of correlated moderator variables; the present study differs from 
that of Raz and Raz (1990) in that different moderator variables have been studied, 
and in particular looked at the date on which studies were carried out.

Method

Thirty-nine studies from the literature were identified in which the VBR of 
schizophrenics was compared with that of controls. Details of the studies are shown 
in Table 3.1. Studies were found principally by using computerised literature searches,
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and additionally by searching manually through the contents and indices of prominent 
journals such as the American Journal o f Psychiatry, Archives o f General Psychiatry, 
Biological Psychiatry, and British Journal of Psychiatry. Studies were included if 
they were published prior to October 1990, reported sufficient data for the present 
study, and in particular gave the mean and standard deviation of the VBR in 
schizophrenics and controls; this latter criterion meant that a few studies, such as that 
of Turner et. al. (1986), were omitted from the meta-analysis due to reporting only 
median values.

Each study was classified in terms of eleven separate characteristics. It should be 
noted that some measures refer to the study as a whole (e.g. method of brain area 
measurement), and hence refer both to schizophrenics and controls; others refer 
separately to both schizophrenics and controls (e.g. the mean age of the schizophrenics 
and the mean age of the controls); and others refer only to one groups of subjects or 
the other (e.g. the diagnostic criterion used for the schizophrenics, or the nature of the 
controls), but can nevertheless be used as a predictor variable for the other type of 
subject (e.g. diagnostic criterion in schizophrenic can be used as a predictor of VBR in 
control subjects in the same study). In practice this potential complication should not 
result in too much confusion.

a) Method of brain area measurement: The method of brain area measurements 
was grouped into two types; Planimetry (manual tracing around a projected image) 
and Computerized Methods (usually involving an interactive device for identifying the 
ventricles and measuring their area).

b) Diagnostic criterion in schizophrenic subjects: Four groups were recognised: 
DSM-III (studies using the "Diagnostic and Statistical Manual for Mental Disorders 
Third Edition" (APA, 1980); RDC (studies using the "Research Diagnostic Criteria" 
(Spitzer, Enicott and Robins, 1975)); DSM-III and RDC (studies in which patients met 
both the DSM-III and the RDC criteria); and Washington University Criteria (WUC) 
(Feighner, Robins and Guze, 1972) (a single study by Benes, Sunderland, Jones et. al. 
(1982) which used only the WUC). For the purposes of multiple regression the three 
degrees of freedom in the four groups were coded as three dummy variables, one 
representing the presence or absence of the DSM-III criterion, a second representing

44



Chapter 3

the presence or absence of the RDC criterion, and the third representing the 
interaction between the two criteria, being scored only if both criteria were used.

c) Description of schizophrenic population: Patients were classified into three 
groups according to whether they were described as "Chronic Schizophrenics" (i.e. 
chronic schizophrenics only), "Mixed Sample" {i.e. described as a mixed group of 

different types of acute and chronic schizophrenia), or "Schizophrenia" (i.e. insufficient 
information given to allow further classification). For the multiple regression the 
three groups were represented by two dummy variables, one each for the presence of 
"Mixed sample" and "Schizophrenia" groups.

d) Type of control subjects: Controls groups were classified as "Patients" {i.e.
individuals being scanned as a part of unrelated medical investigations) and 
"Volunteers" {i.e. presumably healthy individuals who were being scanned only as part 
of a research study).

e) Mean Age of subjects: In almost all studies controls and schizophrenics 
were closely matched in age; where possible separate values of the mean age of 
subjects were recorded for schizophrenics and controls. Not all studies gave sufficient 
information, and in some studies only the age of schizophrenics was given, in which 
case it was also used as the mean age for the control subjects.

f) Standard deviation of age of subjects: The standard deviation of the age is a
straightforward measure of the range of ages of subjects. As for mean age of subjects, 
separate values were recorded, where possible, for schizophrenics and controls.

g) Age of onset of illness in schizophrenic subjects: Where this information was
available it was recorded as the mean age in years at the onset of first symptoms.

h) Duration of illness in schizophrenic subjects: The mean duration of illness in 
years was recorded from the study, if reported, or was calculated in some cases by 
subtracting mean age at onset of illness from mean age at the time of the study.

i) Proportion of males amongst subjects: The proportion of males in the 
schizophrenic and control subjects was noted where possible; the proportion was
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sometimes the same in schizophrenic and control subjects since matched controls were 
used. In a substantial number of studies the proportion of males was not stated for 
either the patients or the controls. This situation was coped with by entering two 
variables into the analysis. One variable gave the proportion of males amongst the 
subjects, and if it was missing then the population mean for the that group was 
substituted. Following the recommendation of Cohen and Cohen (1983) for handling 
missing variables in multiple regression a second, dummy, variable was created, which 
assessed the adequacy of reporting of sex ratios. This variable noted the presence or 
absence of adequate data on the sex of subjects (scored as 1 if the sexes of patients and 
controls were fully reported, and 0 if either or both groups did not have full 
information reported on their sex). This method allows one to detect whether data are 
missing randomly or whether the absent data perhaps reflects some systematic 
underlying bias.

j) Number of subjects in the study: The total number of schizophrenic and control
subjects in the study.

k) Year o f publication of the study: In order to assess secular changes in the 
effects of changing diagnostic or technical processes, the year of publication of the 
study was recorded.

It should be noted that some of these classifications (such as the diagnostic criterion 
being used) can be used both for assessing differences between schizophrenic subjects 
and  for assessing differences between control subjects; that is, for instance the mean 
VBR in control subjects may be assessed according to whether the schizophrenic 
subjects in that study were diagnosed according to the DSM-III or RDC criteria; etc..

Statistical testing:
The statistical analysis of meta-analytic studies is not entirely uncontroversial (see 
Hunter and Schmidt, 1990 for a recent review). A problem with any meta-analysis is 
that studies vary in sample size (and hence differ in their accuracy or reliability), and 
that independent (or moderator or predictor) variables are not uncorrelated. 
Unweighted multiple regression analysis have been used to assess the independent 
effects of correlated predictors, and tjjete \yas no a ttem pt^ade to weight the various 
studies according to their sample sizes. In so doing one should be aware of the problem
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emphasised by Hunter and Schmidt (1990; p.86) that in examining meta-analytic data 

for effects of moderator variables the crucial characteristic is the number of studies 
and not the number of subjects, which paradoxically can sometimes mean that their 

statistical power is surprisingly low, despite apparently large subject numbers. In 
using univariate and multivariate analysis of studies the recommendation of Glass 
(1977) is followed in not attempting to take any account of the differing sample sizes 
in studies (and hence their different sampling errors, and therefore their variance 
heterogeneity), since, despite the concerns of Hedges and Olkin (1985), I have accepted 
the argument of Hunter and Schmidt (1990; p.408) that such problems pale into 
insignificance in comparison with the problems posed by low power in such studies. 
In assessing the effects of moderator variables, unweighted population estimates from 
individual studies were used (i.e. irrespective of study sample size) and compared by 
univariate statistics and by multiple regression.

Dependent variables:
In meta-analysis it is conventional to use measures of effect size, which are typically 
dimensionless numbers summarising a difference between group means in terms of 

' such measure of the variability of the groups (such as the standard deviation) (e.g. 
Pearson’s r or the d-statistic, calculated as (Mean^MeaiLjMCombined standard 
deviation) - see Rosenthal (1984) for a discussion of these and other related measures). 
Such an approach is sensible if studies are heterogenous in their absolute units of 
measurement (and in the study of Raz and Raz (1990) such a method was necessary, 
because a range of different types of measure of brain morphology were used). 
However in the present case all of the studies use VBR as the dependent variable and 
therefore it is sensible to carry out a meta-analysis in terms of that specific variable; 
the logic here is precisely akin to that arising in structural modelling in which 
typically (dimensionless) correlation matrices are used, but in which if units of 
measurement are homogenous it makes more sense to use covariance matrices (see 
Kenny, 1979 for an account). Although only analyses of absolute VBR measures are 
presented, it should also be pointed out that re-analysis of the data using the effect 
size d statistic results in identical conclusions.
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Results
Tables 3.2 and 3.3 summarise descriptive statistics, averaged across studies (but not 
weighted by sample size), for the independent variables. It should be noted that some 
refer to subjects whereas others refer to studies.

Figure 3.1 shows for each study the mean VBR of the schizophrenics and the controls, 
with different symbols indicating the type of measurement that was used and the 
diagnostic criterion that was used. It should be noted that 36 (92.3%) of the studies 
lie above the main diagonal, compared with only 3 below the diagonal (%2(1) = 27.923, 
p < .001), indicating that in general schizophrenic subjects have higher VBR measures 

than do controls.

Multivariate analyses:
Three separate hierarchical multiple regressions were carried out, in which the eleven 
predictor variables (represented by a total of fifteen variables and dummy variables) 
were entered at step 1 and then backward elimination used until a ll remaining 
variables were significant at the 0.05 level of significance. The first analysis used the 
VBR of schizophrenic subjects alone as its dependent variable, and assessed which 
predictors were related to it. The second analysis used the VBR of contro l subjects 
as the dependent variable and assessed which predictors were related to measures of 
control VBR. The third analysis was effectively an analysis of covariance, assessing 
the difference betw een schizophrenics and  controls by using schizophrenic VBR 
as the dependent variable, and then on the first step of the analysis entering the 
control VBR as a predictor. This analysis is therefore broadly equivalent to carrying 

out an analysis of unstandardised difference scores. Missing values throughout were 
replaced by population means, as recommended by Cohen and Cohen (1983).

Multiple regression of schizophrenic VBR scores:
Three variables were significant after backwards elimination, resulting in an overall 
F(3,36)=5.53, p=.0031. Significant variables were: the dummy variable indicating 
whether studies had adequately reported the numbers of male and female subjects 
(t(36)=-3.620, p=.0009), studies reporting the sex of subjects adequately having lower 
VBRs; the duration of illness in the schizophrenic subjects (t(36)=2.437, p=.0199), 
studies using a sample that has been schizophrenic longer having larger VBRs; and
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the RDC diagnostic criterion (t(35)=-2.171, p=.0366), studies using the RDC criteria 
having lower VBR scores.

Multiple regression of control VBR scores:
Four variables were significant after backwards elimination, resulting in an overall 

F(4,35) of 2.2673 (p=.0816). Three of the four significant variables were the dummy 
variables related to the diagnostic criterion used in the schizophrenic subjects 
(although note, analysing the con tro l subjects). The three dummy variables were 
significant with t(35)=-2.674, -2.296 and 2.292, giving probabilities of .0113, .0278 and 
.028 respectively. Taken together these results indicate that mean VBR scores were 
less in studies using the RDC or the DSM-III criteria than in those using other 
methods of assessment; however there was also an interaction between usage of RDC 
and DSM-III criteria so that studies using both criteria did not have as extreme a VBR 
as might have been expected. Table 3.3 summarises the mean VBR of both control and 
schizophrenic subjects according to the diagnostic criteria used. The fourth significant 
variable was the year in which the study was carried out (t(35)=2.055, p=.048), with 
more recent studies showing larger values of VBR for the control subjects.

Multiple regression of schizophrenic subjects using control subjects as covariate: The 
control VBR was entered at the first step of the regression and was highly significant 
(F(l,38)=28.739, p<.0001), accounting for 43.1% of the total variance in schizophrenic 
VBR. Addition of the predictor variables, followed by backwards elimination, showed 
that four predictor variables were significant, resulting in an overall significance level 
of F(5,34)=14.257, p<.0001), and an improvement in fit of F(4,35=6.487), pc.OOl. The 
four significant variables were: the year of publication (t(34)=-2.884, p=.0068), 
indicating that the difference between schizophrenic and control subjects is less in the 
later studies (the decreasing size of the difference being shown graphically in Figure 
3.3); the dummy variable indicating the use of the DSM-III, indicating a large 
difference between schizophrenics and controls in the studies using this criterion 
(t(34)=2.881, p=.0068); the dummy variable indicating the use of both RDC and DSM- 
III criteria (t(34)=-2.866, p=.0071), indicating that the difference between 
schizophrenic and control VBRs was less in those studies which had used both criteria 
(see Table 3.2); and the dummy variable indicating whether studies had adequately 
reported the sex ratio of their subjects ((t(34)=-3.213, p=.0029), indicating that those 
studies which adequately reported the sex ratio of the subjects had a smaller
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difference between the VBR of schizophrenics and controls. Scrutiny of Figure 3.2 
might suggest that the interaction between diagnostic criterion and the size of the 
VBR could be the result of a single outlying study in the RDC Control group (in fact 
the Scottish Schizophrenia Research Group, 1989, mean VBR = 10.6). That this is not 
in fact the case is shown by repeating the regression analysis omitting that single 
study. The interaction between RDC and DSM-III criteria is still significant (t(32)=- 
2.767, p=.0093).

Multiple regression of estimates of standard deviation of VBR measures:
The previous multiple regressions considered the way in which the mean VBR differs 
between studies. Studies also differ, however, in the standard deviation (SD) of the 
VBR which is reported, a high SD meaning that subjects are more variable in their 
VBR than a low SD. Meta-analysis can also assess differences between studies in SD 
of VBR as well as in mean of VBR, using the SD as the dependent variable in the 
multiple regression, and the same predictor variables used earlier.

SD of schizophrenic VBR:
Multiple regression with backwards elimination found that only two variables were 
significant at the 0.05 level (Duration of illness, t(37)=2.194, p=.034; Mean age of 
schizophrenics, t(37)=-2.448, p=0.019). However the fact that neither of these variables 
showed a significant simple correlation with the SD of VBR, coupled with their signs 
being in opposite directions to those which might have been predicted, suggests 
heavily that these two variables are only significant due to multicollinearity, and may 
be ignored.

SD of control VBR:
Multiple regression with backwards elimination found that the only significant 
predictor was the type of control used (t(38)=2.212, p=0.033), studies with patient 
controls having higher variability in the controls’ VBR than those using volunteer 
controls.

SD of schizophrenic VBR using control VBR as a co-variate:
Multiple regression with backwards elimination, after forced entry of the control VBR 
at the first step, showed that no predictor variables were significant. The highly 

significant effect of the control VBR SD in predicting the schizophrenic VBR SD
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(t(38)=3.595, p=0.0009; r= 0.504) does however suggest that differences in SD between 
studies are systematic rather than random.

Discussion

It is clear from this meta-analysis that taken overall schizophrenics seem to have a 
higher VBR than do controls. However the size of the difference between 
schizophrenics and controls is affected by the diagnostic criterion that is used. The 
inclusion of subjects in almost all investigations is contingent upon them meeting a 
specific diagnostic criterion for schizophrenia, or a sub-category of schizophrenia, as 
determined by a recognised diagnostic system. The DSM-III is both a clinical and a 
research tool for use in psychiatric evaluation, whereas the RDC is directed more 
specifically towards research purposes. Because of this difference between the 
methods, it is possible that patients who are included under one criterion may be 
excluded under another. The present analysis finds that in those studies where the 
DSM-III alone was used the difference between schizophrenics and controls was 
largest, that the difference was less in studies using the RDC criterion alone, and 
smallest in those studies in which patients met bo th  the DSM-III criteria and the 
RDC criteria. The latter result is surprising, since it might be expected that if one 
criterion is stringent, then two criteria will be yet more stringent; patients who 
therefore meet both criteria should be more severely affected, and hence should show 
a larger effect rather than a smaller effect. Two possible explanations for the result 
may be hypothesised. Firstly, the stricter criterion of satisfying both DSM-III and 
RDC may exclude a number of subjects who happen to have the largest ventricles, 
possibly because they are severely demented. Alternatively, it may be that using the 
RDC or DSM-III criteria alone allows into the study a number of subjects who are not 
only schizophrenic but also suffer from conditions such as alcohol abuse, which is 
known to result in increased VBR size even when signs of dependence are not present 
(see for discussion see Ron, 1983). Note that although apparently similar these 
explanations are not the same: under the first hypothesis the single criterion group 
contains just schizophrenics, and the double criterion group has certain severe 
schizophrenics excluded from it, whereas under the second hypothesis it is the double 
criterion group which has a representative selection of schizophrenics and the single 
criterion group which contains individuals suffering from other conditions that affect 
the VBR. If the second hypothesis is correct then it is only those studies with dual
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criteria which are valid, and the size of the effect is even smaller than is 
conventionally estimated.

There was no indication that studies with a lower proportion of schizophrenic males 
have a lower VBR, which is inconsistent with previous findings by Bridge, Parker, 
Ingram and Bickham (1985), who observed that normal males have larger VBR scores 
than do normal females. In addition they found that there was a relationship between 
VBR and height that was stronger in their female sample. The height of subjects was 
not routinely reported for the studies in this analysis, and therefore this finding 
cannot be confirmed. The earlier observations that in general schizophrenics are taller 
and thinner than controls (for instance Sheldon, 1940; Kretschmer, 1945), may 
represent a possible artefact accounting for some of the difference in VBR between 
schizophrenics and controls (see Harvey et al., 1990). That VBR is related to height 
is possible given that simple allometry might predict that brain and ventricle would 
scale proportionately, and therefore cancel out in a ratio measure such as VBR.

Although this analysis did not find any difference in VBR between studies having 
higher or lower proportions of female subjects, it did find the somewhat surprising 
result that studies which had not adequately reported the sex ratio of their samples 
tended to show larger VBRs in schizophrenics and a larger difference between the 
VBRs of schizophrenics and controls. Although not easy to interpret it may be 
suggested that this is best seen as evidence that studies carried out more meticulously 
(and therefore reported more precisely) had taken greater care over the matching of 
patients and controls, or had used better procedures for ensuring the blindness of 
assessment of VBRs by raters. The dummy variable is thus best interpreted as a 
proxy for overall study quality. The importance of the care with which subjects and 
controls are selected is also seen in the finding that studies using non-volunteer 
subjects as their controls had a higher SD of the VBR than did those studies using 

^ patients as controls. This, in part, supports to the previous recommendations of Smith 
and Iacono (1986) that control selection plays a large role in the estimated difference 
in ventricular size between schizophrenics and controls.

The observation that the difference in mean VBR between schizophrenics and controls 
has decreased during the past decade may be explained by a number of factors. It 
probably in part represents an indication of the increasing awareness by researchers
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of the methodological problems associated with computed imaging studies, and in 
particular the greater care in choosing control groups. The effect cannot readily be 
explained as a result of better selection of schizophrenic subjects since there no trend 
in the size of the VBR in schizophrenics themselves (the effect is only observed in 
controls). A similar argument would suggest that although CT scanners are known 

to show secular trends (e.g. the study of Jacobson et. al., 1985), it is unlikely to 
account for this finding since the effect should then be present in both schizophrenics 
an d  controls.

Figure 3.3 clearly shows that the difference in VBR between schizophrenics and 
controls is decreasing. Although a wild extrapolation of the figure might suggest that 
within a few years the difference in VBR between schizophrenics and controls might 
be nullified or even reversed, I do not actually believe that this will be the case. There 
seems little doubt of the overall reality of the phenomenon, albeit of a somewhat 
reduced magnitude compared with that originally claimed. Probably the best single 
piece of evidence that schizophrenics indubitably have larger ventricles and smaller 
volumes of grey matter than controls is the Magnetic Resonance Imaging study of 
discordant monozygotic twin pairs, by Suddath, Christison, Torrey, Casanova and 
Weinberger (1990), in which the schizophrenic twins were compared with their non
schizophrenic co-twin. Additional support for the reality of the phenomenon is shown 
by the finding in this and other analyses that schizophrenics with a longer duration 
of illness have a greater VBR (Raz and Raz, 1990). Nevertheless the difference 
between the VBRs of schizophrenics and controls may well be generally smaller than 

that which is often reported, and more vulnerable to methodological problems than is 
conventionally realised.

That the difference in VBR between schizophrenics and controls is smaller than had 
initially been reported has practical consequences. To be useful as a screening test in 
practical diagnosis a difference between two groups should be large relative to the 
variances within the groups. The data show that although the mean difference in VBR 
between schizophrenic and controls has decreased in the past decade, there is ho 
similar trend in the variances. The result is that the specificity and sensitivity of any 
test using VBR as a criterion of schizophrenia (or of schizophrenic sub-types) has 
diminished, such that it is unlikely to be of any practical utility in diagnosis.
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Table 3.2: Sum m ary S tatistics o f the  VBR Studies

Schizophrenic Group Control Group

Mean±SD Sample
Size

Mean±SD Sample
Size

Age1 29.37±4.76 37 30.45±4.52 36

Onset of 
Illness

21.50±2.59 23 ... ...

Duration of 
Illness

8.17±4.14 24 ... ...

Percent 
Males in 
Sample2

0.73±0.22 29 0.67±0.24 27

Year of Study 1985.59±2.65 39 ... ...

Paired t-test t(df = 35) =-1.82, p = .077 (two-tailed). 

2Paired t-test t(df = 26) = 2.37, p = .026 (two-tailed).
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Table 3.3: Sum m ary S tatistics of VBR by D iagnostic C riterion

Schizophrenic Group Control Group

Mean±SD VBR Sample Size Mean±SD
VBR

Sample Size

DSM-III 6.70±1.72 25 4.56±1.76 25 •

RDC 6.67±1.91 8 5.11±2.42 8

DSM-III & 
RDC

5.72±1.99 5 4.63±1.58 5

WUC 8.50±0.00 1 8.80±0.00 1
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Figure 3.1:
Schizophrenic mean VBR in each study plotted against the VBR of controls for the 
same study. The diagnostic criterion and the method of measurement are indicated by 
the different symbols. The diagonal line indicates the line of equality.
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Figure 3.2:
Each point represents the mean VBR either for schizophrenics or controls iii a 
particular study, according to the diagnostic criterion used. Neighbouring symbols 
represent the mean VBR (±1 standard error of the mean) for that criterion.

63



H 9A  U13SW



Figure 3.3:
The mean VBR is shown separately for schizophrenics and controls for each study, 
plotted against the date of publication of the study (in order to avoid confusing overlap 
a few data points have been shifted laterally by a small amount). The solid line shows 
the least squares regression for the schizophrenics and the dashed line shows the 
regression line for controls.
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Chapter 4

Lateralised Neuropathology in  
Schizophrenia:

A Review of CT, MRI, PET, and 
Postmortem Literatures
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Chapter 4

Introduction

Ventricular enlargement as observed from CT and MRI scans has been claimed to be 
"the most common structural abnormality in schizophrenic patients" (Weinberger, 
Bigelow, Kleinman et al., 1980). However, another observation is also frequently 

identified; that neuropathology in the brains of schizophrenic patients is found to be 
lateralised. While the advent of neuro-imaging technology has aided the visualization 
of the schizophrenic brain in vivo, the finding of lateralised pathologies is not entirely 
new. Early researchers viewed brain abnormalities as the root of the clinical 
symptomatology in schizophrenia. Wigan (1844), Alzheimer (1897), Kraepelin (1919), 
and Bleuler (1930,1950), all believed that disease affecting the brain and/or structural 
brain disorder were the basis of clinical symptoms seen in the illness. Crow (1989a) 
reminds us of the early postmortem observations of E.E. Southard (1915), who found 
in schizophrenia that "atrophies and aplasias when focal show a tendency to occur in 
the left cerebral hemisphere."

It has been argued that lateralisation of neuropathology in schizophrenia may act as 
an indicator to when mechanisms affecting brain development may have failed. This 
has been extensively put forward by Crow (1989a, 1990a, 1990b, 1991), who suggests 
that schizophrenia is the result of an anomaly of normal asymmetric brain 
development. Crow contends that at a critical stage of brain development growth in 
the dominant hemisphere is retarded. A developmental arrest is hypothesized to 
result from mutation of a single gene, possibly responsible for determining the 
asymmetric brain development. Evidence for complementary hemispheric deficits in 

Turner’s (XO) and Klinefelter’s (XXY) syndromes suggest a gene responsible for 
cerebral dominance may be located in the pseudo-autosomal region of the sex 
chromosomes (Crow, 1988, 1989c, 1989d). Genes residing in this region have high 
recombination rates because of the crossing-over which occurs during pairing in male 
meiosis. These genes are, therefore, more likely to be inherited by offspring of the 
same sex than of the opposite sex. Crow has calculated that one is more likely to find 
schizophrenic siblings of the same rather than of opposite sexes (Crow, 1989d). This 
gene is hypothesised to be the Right-Shift factor described by Annett (1985) and has 
been show* to have a simple Mendelian pattern of inheritance in accounting for 
cerebral dominance and handedness. Crow’s statistical and methodological approach 
has been criticised by Curtis and Gurling (1990) for including an excess of male 
derived sibpairs. Further criticism of Crow’s work has come from Weinberger et al.
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(1991), who believe that the evidence for disrupted cerebral lateralisation in 
schizophrenia is not compelling enough to support Crow’s laterality hypothesis. Crow 
et al. (1991) further support their position by arguing that the evidence presented by 
Weinberger et al. does not address temporal horn size, which Crow and his group have 
found to be the strongest discriminator between schizophrenics and normal controls. 
Crow et al. cite further their own research suggesting brain pathology in schizophrenia 
to be lateralised and perhaps neurodevelopmental in origin.

Another theory linking lateralised neuropathology and schizophrenia is the hypothesis 
that schizophrenia is a result of stress experienced at birth (Green et al. 1989; Satz 
et al., 1990). The position of the fetus in the womb, the manner in which the fetus 
travels down the birth canal, or lack of oxygen at birth may result in an insult to one 
half of the brain which may lead to schizophrenia in later life. A brain injury during 
the birthing process may not be outwardly noticeable until later life (for instance, 
young adulthood in the case of the frontal lobes; Weinberger, 1987).

This same argument has also been applied as an explanation for left and mixed 
handedness in the general population (Satz, 1972; Satz et al., 1985; see Introduction). 
It is easy to see how the two explanations can be linked to account for the reported 
increased incidence of left and mixed handedness amongst schizophrenics (Dvirskii, 
1976; Nasrallah, McCalley-Whitters and Kuperman, 1982; Manoach, Maher and 
Manschreck, 1988). However, strong objection has been levelled a t the birth stress 
hypothesis as an explanation for left handedness (McManus, 1981, 1983; Searleman, 
Porac and Coren, 1989). The assertion has also had its future questioned in the 
context of schizophrenia (Done et al., 1991). Such an argument does not sufficiently 
explain why the left hemisphere should be more often affected than the right. Surely 
such birth stresses could affect any part of the brain with equal likelihood. In fact, 
Satz’s (1972) pathological handedness model assumes an equal likelihood of each 
hemisphere being susceptible to insult. Therefore, it seems more probable that one 
should find pathologies diffusely affecting all parts of the brain, showing no bias 
toward the left hemisphere across schizophrenics.

A recent hypothesis proposed by Roberts (1990, 1991) suggests that schizophrenia is 
a disorder which begins in utero and is associated with abnormalities of the limbic 
system. During fetal brain development it is known that growth occurs
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asymmetrically (Chi, Dooling and Gilles, 1977a, 1977b). The gyral formations of the 

right temporal lobe begin to develop around the thirty-first week of gestation, whereas 

the left hemisphere can begin its development up to fourteen days afterwards. 

Ultimately, the left hemisphere will catch up and surpass the right in size. The 

hippocampus begins to develop about this time and will reach fifty percent of its adult 

volume by birth. Any disruption at this stage could seriously impede normal 

asymmetrical development by affecting regular hippocampal cell migration. The 

destruction or impairment of the parahippocampal gyrus would interfere with the 

normal functioning of the hippocampus.

Evidence for structural abnormalities in the hippocampus is strong. For instance, in 

a postmortem study of schizophrenic brains (investigating specifically the left- 

hemisphere), Bogertz, Meertz and Schonfeldt-Bausch (1985) observed that "the 

hippocampal formation and the hippocampal gyrus exhibited such a marked 

degeneration in half of the schizophrenics that the histological sections of them could 

be recognized macroscopically during blind evaluation" (p. 787). Hippocampal cell 

disarray has been identified in schizophrenic brains by Conrad and Scheibel (1987) 

who, similarly, have put forward an embryological explanation. Roberts suggests 

further that the mechanism responsible for an insult to normal brain development 

becomes active during the third trimester of gestation, affecting both cerebral 

hemispheres, because of the delay in left hemisphere development, while

global, neuropathologies will be more pronounced in the left hemisphere. As the 

hippocampus forms the medial wall of the temporal horn of the cerebral ventricles, the 

inhibition of its development would explain the finding of increased area of the 

temporal horn of the lateral ventricles (Andreason, Smith, Jacoby et al., 1982; Dewan, 

Pandurangi, Howard Lee, et al., 1986; Brown et al., 1986), which itself has been 

reported to be lateralised (Crow, et al., 1989). Gray, Feldon, Rawlins et al. (1991) have 

recently proposed a model of schizophrenia which attempts to integrate anatomical, 

neurochemical and neuropsychological evidence. Their model also relies specifically 

upon the role of temporo-limbic pathology and its relation to the neuropsychological 

symptoms seen in the disorder. They acknowledge that it is quite possible with their 

model to integrate the findings of lateralised pathology and dysfunction.

While the left hemisphere is often reported as the site of pathology, there are cases 

which do not support this claim. For instance, Lewis, Harvey, Ron, Murray and
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Reveley (1990) report a case of monozygotic twins, discordant for schizophrenia, in 
which the non-schizophrenic twin showed general right hemisphere hypoplasia and 
asymmetrical ventricular dilation on an MRI scan. In the schizophrenic twin, by 
comparison, no scan abnormalities were observed. From the non-schizophrenic twin’s 
medical history it was noted that he often had epileptic seizures as a child, and 
showed signs of having mild hemiparesis in the left hemisphere. This is taken to 
suggest that perhaps some patterns of early brain damage actually reduce, rather than 
increase, the risk of schizophrenia. As both twins conveyed genotypes for 
schizophrenia, the non-schizophrenic’s neuropathology may have short-circuited the 
expression of the disorder. While an interesting hypothesis, the notion rests only upon 
this single case study and would need validation with a large sample of discordant 
twins.

The importance of neuropathologic evidence in schizophrenia is reflected in the current 
aetiological questions surrounding the disorder. While a gene responsible for the 
abnormalities in schizophrenia remains elusive, theories arguing for post-natal 
environmental or social causes fall short of being able to completely explain the 
neuropathological evidence. Monozygotic twins discordant for schizophrenia act as a 
key piece of evidence against a pre-natal environmental influence to schizophrenia. 
Still, it has been noted that the unaffected twin has personality traits resembling 
those seen in the disease (Crow, 1990).

The evidence supporting one pre-natal viral explanation also runs into difficulty, 
however. The so called "season of birth" effect has been considered as evidence that 
schizophrenia results from a virus, affecting pregnant mothers during the colder 
months of the year (see Bradbury and Miller, 1985, for a review of this literature). 
This has been taken to explain the disproportionate amount of schizophrenics bom 
during the early parts of the year. More recently this effect has been associated with 
an increase in lateral ventricular size and cortical atrophy (Sacchetti, Calzeroni, Vita 
et al., 1992). However, this effect has recently been demonstrated to contain a 
statistical artifact. When the artifact is removed, any remaining seasonality effect 
accounts for only 2-3% of cases (Lewis and Griffin, 1981; Lewis, 1989). In addition, 
recent consideration of the problem has failed to find any association between birth- 
date and risk of schizophrenia (Pulver, Liang, Brown, et al., 1992).
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The viral hypothesis has also been suggested with regard to infections received post- 
natally via the nasal mucosa to the trigeminal ganglia (Torrey, 1991). Among 
relatives concordant for the disorder, the onset of schizophrenia occurs at 
approximately the same age but not at the same time (Crow and Done, 1986). As a 
contagion would affect family members at the same time regardless of their ages, it 
therefore seems that post-natal environmental effects are modest at best. As well, if 
caused by some contagion, then brain pathology produced by the infection would not 
be present before exposure to the pathogen. Alternatively, schizophrenic 
symptomatology would covary with the extent of a neurodegenerative process 
(Weinberger, 1987). However, O’Callaghan, Sham, et al. (1991; see also Sham, 
O’Callaghan et al., 1992) have recently provided evidence for an increased incidence 
in schizophrenia among children bom following a 1957 influenza epidemic in England 
and Wales. The mothers of these children are calculated to have been exposed to the 
virus during their second trimester of gestation. Such evidence is intriguing and 
independent of the seasonality of birth effect. Still, a viral infection of the brain has 
been argued to be unlikely (Crow and Done, 1986), and there is a general view that 
schizophrenia is likely to be a genetic abnormality of normal brain development 
(Roberts, 1991; Jones and Murray, 1991).

None-the-less, is there enough evidence to support the notion of lateralised brain 
pathology in schizophrenia? If so, lateralisation of brain pathology in schizophrenia 
may be viewed as an indicator to the location in time of any brain insult. Assuming 
a neurodevelopmental basis for the disease, an insult during the second trimester (as 
suggested by O’Callaghan et al.) of gestation might result in more global pathology.

the third trimester has been identified as the time of brain lateralisation 
(Chi, Dooling and Gilles, 1977a, 1977b). An insult occurring here may be identified 
by a lateralisation of pathology in the schizophrenic brain (Roberts, 1991). 
Alternatively, lateralised neuropathology has been seen as an indication that a 
mutation of the gene responsible for determining normal asymmetrical brain 

development may be responsible for schizophrenia (Crow et a l ,  1989).

In order to obtain an overview of asymmetrical neuropathology in schizophrenia, the 
literature regarding these findings will here be critically reviewed. This will be 
performed in four sections representing research using differing techniques of brain 
imaging. The first section examines the literature regarding findings from computed
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tomographic (CT) studies; the second reviews studies which have used magnetic 
resonance imaging (MRI); the third covers positron emission tomographic (PET) 
research; while finally, the fourth looks at the findings of recent studies which have 
investigated neuropathology in schizophrenia post-mortem.

For the first three sections, which regard brain imaging in vivo, their order of 
presentation is temporally consistent with the emergence of that technology. The 
fourth section, on post-mortem findings, deserves special consideration and so is 
addressed last. Sub-sections provide special attention to particular topics of 
investigation which utilized that method of examining the brain. This is done in order 
to consider bodies of research which have reported lateralised neuropathology using 
a particular paradigm (for instance, investigations which attempted to identify 
reversals of normal brain asymmetry in schizophrenia). Within each sub-section, 
studies are described in their chronological order. In nearly all the investigations here 
reviewed, the methodology employed in the study is briefly described. Tables 4.1 
through 4.4 summarise the studies discussed in the sections. From this method of 
survey, a clear picture of the integrity of research findings can be gained.

Com puterised Tomographic Investigations

Reversals of Cerebral Asymmetry
Early CT findings suggested that schizophrenics suffered from a reversal of the normal 
anatomical asymmetries of the brain. Luchins, Weinberger and Wyatt (1979) 
performed scans on 57 right handed schizophrenic and schizo-affective patients (RDC 
criteria; Spitzer, Endicott and Robins, 1975) and compared the results to 80 right 
handed control subjects from the literature (LeMay and Kido, 1978). Linear 
measurements, particularly of frontal and occipital lobe widths, were compared 
between schizophrenics and controls to determine the frequency of reversals. It was 
found that schizophrenics showed a higher incidence of reversals than did controls. 
Dividing the schizophrenic group into those who did and did not show evidence of 
cortical atrophy and then comparing them to the normal subjects, it was observed that 
in the schizophrenics without atrophy the frequency of reversals was increased in both 
left frontal and right occipital asymmetry (p = .0008). In contrast, the schizophrenics 
with atrophy were no different than the controls in the frequency of reversals. A 
comparison between the two schizophrenic groups showed that the patients without 
atrophy had more reversals with an increase in frontal (p = .004) and right occipital
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asymmetries (p = .03). These findings are likely to be seriously flawed as the control 

group was drawn from the literature. Subjects scanned on two different scanners may 

give very misleading results (Jacobson, Turner, Baldy, and Lishman, 1985; Frith, pers. 
commun.).

One study attempting to quantify the degree of psychosurgery on computed 

tomographic scans was the investigation of Naeser, Levine, Benson et al. (1981). They 

compared schizophrenic frontal leucotomy patients (N = 16), grouped according to their 

state of recovery from schizophrenia (good, moderate or no recovery). The size and 

location of each left and right hemisphere lesion was quantified. The results showed 

tha t patients with good recovery had larger lesions in the low orbito-frontal region. 

This was seen to be greatest in the left hemisphere. However, no consistent 

asymmetry of lesion size was shown to be associated with recovery. In addition to 

these analyses, hemispheric widths and petalia were noted for both the left and right 

frontal and occipital lobes. Subjects were classified as having greater left, greater 

right, or equal hemispheres.

present✓
Evidence for wqs com*/Jena) if there was a one millimetre difference

between the hemispheres on all width or length measurements. The distributionsof 

asymmetry measurements were compared to the data of LeMay (1977). There were 

no significant differences in the three-way distribution of frontal width measurements. 

There were significant differences, however, in the distribution of frontal petalias, 

occipital widths and occipital petalia. These findings are taken to be evidence of 

altered left hemisphere organisation in some schizophrenics and in agreement with 

Luchins et al. (1979). Sample sizes were quite low in this study making reliability 

questionable. The asymmetry data were compared to data from the literature and, it 

is noteworthy that this is not the same data as was used by Luchins et al. (1979), but 

is from the same author. In her 1977 investigation, LeMay is considering asymmetries 

of the skull, while in her 1978 study she is considering asymmetries of the brain using 

CT.

In another investigation, Luchins, Weinberger and Wyatt (1982) performed CT scans 

on 79 inpatient schizophrenics and 100 normal controls. Sixty-six of the 

schizophrenics were right handed, on the basis of a 12-item test battery, but 

handedness data was conspicuously absent for the control subjects. Linear
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measurements of the cerebral hemispheres were made of the occipital lobes on three 
scan slices with a difference of a least one millimetre being considered as evidence of 
asymmetry (as it was in their previous investigation). Non-parametric analysis 
detected no differences in the distribution of asymmetries between the right handed 
and the left handed schizophrenics. There were differences in asymmetry between the 
schizophrenics and the controls. There were also differences in the distribution of 
asymmetries between the schizophrenics with (N = 34) and those without (N = 45) 
evidence of cortical atrophy. In addition, schizophrenics with unaffected laterality 
tended to have higher verbal than performance IQ scores, whereas schizophrenics with 
abnormal lateralisation had higher performance than verbal IQs.

These authors suggested that reversals of asymmetry mark an important distinction 
in subtyping schizophrenics. Schizophrenics showing no cortical atrophy are more 
likely to have reversal of asymmetry, whereas an increase in normal asymmetry was 
more likely in those with cortical atrophy. The authors propose that this is an 
indication that schizophrenics with cortical atrophy are hyperlateralised and those 
without atrophy are hypolaterlised. It is suggested that reversals of occipital 
asymmetries are most likely not due to a left hemisphere insult.

In a better controlled CT investigation, Andreason, Dennert, Olsen and Damasio 
(1982) used 47 schizophrenic patients (described by both DSM-III (APA, 1980) and 
RDC criteria), and 40 control subjects (drawn from a neurological patient sample). 
Schizophrenics and controls were matched for age and handedness. Linear 
measurements determined that there were no differences in frontal and occipital 

widths of the hemispheres and the schizophrenics'and controls'patterns of asymmetry 

were nearly all identical. They conclude that there was no evidence to support the 
notion that there is reversed asymmetry in schizophrenia. This conclusion was also 
reached by Jemigan, Zatz, Moses et al. (1982), and by Weinberger, DeLisi, Perman 
et.al (1982; note they also used a difference of one millimetre as evidence for 
asymmetry).

Problems with identifying reversals of asymmetry were addressed by Tsai, Nasrallah 
and Jacoby (1983). Like previous reports, they also found that schizophrenics tend to 
show more reversals than controls. However, when comparing hemispheric widths at 
differing depths, and distances from the frontal and occipital poles, discrepant findings
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were obtained. Tsai et al. caution that up to one millimetre is likely to be introduced 
as error when measuring hemisphere width. Therefore, they feel that differences 
equal to one millimetre are not reliable indicators of cerebral asymmetry. They 
advocate the use of a more objective method (that of Andreason et al., 1982) by 
employing the standard error of measurement with a priori 0.01 confidence intervals 
to determine asymmetry. The authors report significant reliability estimates for their 
measurements, but misinterpret Andreason et.al and Luchins et al. as failing to report 
such figures. In fact, Andreason et.al report respectable agreement between raters 
(Pearson’s r  = .756-.926X Luchins et al. report significant kappa values (k = .415, p 
= .019) after testing their method on 100 normal and neurological patients as part of 
their 1982 study (Luchins et al. do not, however, report reliability estimates in their 
1979 investigation).

None-the-less, in light of the basic conclusions of Tsai, Nasrallah and Jacoby, the 
validity of the findings of Luchins, Weinberger and Wyatt (1979,1982) and Naeser et 
al. (1981) should be seen as questionable. It should be remembered that Luchins and 
colleagues considered a difference of as little as one millimetre between hemisphere 
widths as indication of hemispheric asymmetry. It was on this basis the schizophrenic 
sample was divided into normal, equal, and reversed asymmetry groups and analyzed 
using non-parametric statistics. Consequently, their method of grouping may not have 
been appropriate. A further consideration noted by Tsai et al., who point out that the 
assessment of one millimetre on one-to-one sized CT scans is approximately equal to 
one millimetre in the actual brain. However, one millimetre of asymmetry as 
measured from a reduced CT image can equal three to four times that amount. 
Therefore, it is safe to conclude that studies which utilized one millimetre differences 
between the hemispheres did not provide satisfactory evidence for reversals of 
asymmetry in schizophrenia.

In a more recent investigation, Crow, Colter, Frith, Johnstone and Owens (1989) 
examined the CT scans of 119 chronic schizophrenics and those of 45 patients with 
affective and neurotic disorders. Using a computer, the areas of the temporal and 
posterior horns of the lateral ventricles were determined. Measurements were also 
obtained for the width of the frontal, temporal and occipital lobes. All measurements 
were performed for both hemispheres separately. They found no differences between 
the right and left hemisphere widths and ventricular horn size for the two groups.
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There was no indication that asymmetries in the schizophrenics were reversed, 
although a significant group-by-laterality interaction was observed for the measures 
of the temporal lobe and occipital segment width (p < .05 and p = .01, respectively). 
In comparing early and late onset schizophrenics, the width of the left hemisphere was 
smaller in the early onset group, as compared to late onset and controls (temporal, p 
< .05 and occipital, p < .01). Right hemisphere widths did not differ between the two 
groups.

While reversals of normal brain asymmetry were reported in early CT scan 
investigations of schizophrenia, problems with methodology limit the extent to which 
conclusiommay be drawn. The measurement of cerebral asymmetry and the meaning 
of the term "reversed" cloud attempts to identify sub-groups within the schizophrenic 
population whose pathology is lateralised. Linear measurements of hemispheric width 
do not adequately represent hemispheric asymmetry when the normal variation in 
brain morphology is ignored. In general, the identification of "reversals" has decreased 
as methodological controls have become more strict. While a recent article has found 
an association between laterality and time of onset, there were still no asymmetries 
which differentiated between schizophrenics and controls. Subsequently, further CT 
research concentrated upon distinctive but related questions about CT scan density.

Asymmetries of CT Scan Density
CT scan density became an area of intense investigation with regard to determining 
abnormalities in the schizophrenic brain. Density has been used as an index of brain 

damage in stroke patients and senile dementia. It has also been used to investigate 
the brains of alcoholics (Gurling, Murray and Ron, 1986). While few investigations 
have concentrated on brain density in schizophrenia, studies tend to report the left 
hemisphere as the site of low scan density.

Golden, Graber, Coffman, et al. (1981) looked at CT scan density in 23 chronic 
schizophrenics (DSM-III) and 24 normal controls. The brain on each scan was divided 
into crosswise sections for both hemispheres and the density of each section was 
determined. From several of the CT slices, they randomly selected CT numbers 
corresponding to differing brain areas. Results showed that all but one of the areas 
measured showed a lower density in the schizophrenics than in the controls (p < .05). 
There was less cerebral density in the left frontal portion of the brain in
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schizophrenics when compared to the controls. These authors indicate that density 
"may not actually have been lost", but suggest instead that it may have never been 
present in the schizophrenics, possibly due to genetic factors. The findings are 
interpreted as being suggestive of a subgroup who have structural deficits resulting 
in dysfunction of the left frontal lobe, and whose condition is generally regarded as 
chronic.

Weinberger, Wagner and Wyatt (1983) have argued that the method utilised by 
Golden et al. was in error. Schizophrenics known to have atrophy were included in 
the patient sample. By randomly selecting CT numbers the likelihood is greater that 
an area including part of the ventricles or a portion of a sulcus will be included in the 
density estimate. These are brain areas which are defined by their low CT scan 
density, and their inclusion could seriously confound results. Golden et al. recognise 
that this may be an issue that might lead to statistical problems, but appear to do 
nothing to correct it.

Largen, Calderon and Smith (1983) investigated grey and white matter CT scan 
density in 19 schizophrenic, 6 affective psychosis patients (RDC criteria) and 19 
control subjects. They regard CT scan density, as measured in Hounsfield units, "more 
differential of diagnosis" than simple measures of cerebral atrophy in schizophrenia. 
No differences were observed in overall densities of grey or white matter between 
schizophrenics and controls. There were also no overall differences in the densities 
of specific brain areas between schizophrenics and controls, such as anterior or 
posterior grey and white matter. But, schizophrenics were found to have significantly 
lower densities of both white and grey matter in the left hemisphere than in the right. 
However, in a subsequent investigation these same authors (Largen, Smith, Calderon 
et al., 1984) found CT scan density to be greater in schizophrenics, particularly in the 
anterior right portion of the brain. The reason for these contradictory findings from 
their two investigations are difficult to determine. Still, these discrepancies bring 
doubt into the findings of their original study.

Reveley, Reveley and Baldy (1987), obtained 11 pairs of monozygotic twins discordant 
for schizophrenia and 18 pairs of normal twins. There were six male schizophrenics 
and their co-twins, and there were 9 male and 9 female pairs of normal twins. Blind 
CT scan density measures were conducted on the scans using a computer. There were
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significant negative relationships between CT scan density and intracranial area for 
each of 20 areas measured for control twins (p < .005 - .0001), as well as in the twins 
discordant for schizophrenia (p < .0001), but only in 15 of the 20 areas. A hemisphere- 
by-diagnosis interaction indicated’, that the left hemisphere was relatively less dense 
than the right hemisphere in the schizophrenic subjects (p = .025). After a re-analysis 

of the data using only the co-twin or only the controls, this interaction remained (p < 
.042 and p < .031, respectively). These authors find these results consistent with the 
notion that schizophrenia is due to a neurodevelopmental defect which results in brain 
dysfunction.

Few studies have actually used CT scan density in schizophrenia research, quite 
possibly because of the methodological problems associated with densitometric 
measurements. Jacobson, Turner, Baldy and Lishman (1985) have identified the 
numerous sources of measurement artefact which can arise in determining brain 
density. For instance, the brain is divided into small sections (termed voxels) from 
which densities are calculated. Sections overlapping two kinds of tissues will have 
intermediate density values between the true values for each tissue separately. This 
intermediate value will vary depending upon the contribution to the voxel by each of 
the tissues. This has been termed the partial volume effect, and is probably one of the 
most serious sources of error in density measurement. Scanner age, operating factors, 
variations in calibration, and even room temperature can also contribute to errors in 
determining CT density. Jacobson et.al have shown that temporal drift in attenuation 
values can lead to erroneous conclusions about the alcohol consumption history of 
subjects on the basis of their regional CT density. In addition, the nature of CT 
density and it s relation to brain tissue loss remains unclear.

Because of the numerous problems involved with calculating brain density from CT 
scans, research has been also been directed toward measuring the area and the 
volume of brain structures in schizophrenia.

Volumetric and Area Measurements
Recent research has concentrated more closely on determining the areas and volumes 
of brain structures in schizophrenia. This can be seen in the large literature dedicated 
to determining the size of the lateral cerebral ventricles using the ventricular-brain 
ratio (VBR; Synek and Reuben, 1976; for reviews see Raz and Raz, 1990; Van Horn
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and McManus, 1992). Still other brain areas have been investigated and suggest 
asymmetrical patterns of pathology.

Keefe, Mohs, Losonscy et al. (1987) divided their 97 male schizophrenics into those 
patients who were stable (N = 15), those who had exacerbated symptoms (N=61) and 
those with Kraepelinian symptoms (N = 21). They computed VBR and left-right area 
ratios as dependent variables. A significant difference was observed between the 
exacerbated and Kraepelinian schizophrenics, with the Kraepelinian schizophrenics 
having greater left-right ventricular area ratios. Typically, the VBR is used as an 
index of ventricular size because it "corrects" for overall brain area. As these 
researchers are simply taking a ratio of left and right ventricular areas, not covarying 
for left/right hemispheric areas, no correction for brain size is being applied. It is 
therefore unclear if there is greater ventricular enlargement in the left hemisphere or 
a reduction in left hemispheric area. The two groups of schizophrenics did not differ 
in general VBR size and no control group was included, suggesting that Keefe et al. 
may be over-stretching their findings.

Johnstone, Owens, Bydder, et al. (1989) considered the relationship between CT 
findings and clinical aspects of schizophrenia, including treatment. The schizophrenic 
sample consisted of 112 chronic schizophrenic in-patients. Other groups used for 
comparison were 1) discharged patients fulfilling St. Louis Criteria (Feighner, 1972) 
for schizophrenia, 2) manic-depressive in-patients, 3) manic-depressive out-patients, 
4) neurotic out-patients and 5) in-patients with first episode schizophrenia. Poorer 
performance on psychological tests of remote memory were associated in each case 
with the reduction in the areas of the third ventricle (p < .05), left anterior horn of the 
ventricles (p < .01), right anterior horn (p < .01), and right posterior horn (p < .05). 
This is presumably related to educational attainment and the authors find that early 
onset cases showed greater impairment. The total brain area of the schizophrenics 
was reduced compared to the other groups and movement disorder was found to be 
associated with an increase in the size of the lateral ventricles. It is note-worthy that 
in this study both right and left hemisphere relationships were found with poor 
psychological test performance. No asymmetry was found to distinguish 
schizophrenics from those with other psychiatric disorders.
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The measurement''areas and volumes of brain structures from CT scans has not 
proved conclusive regarding lateralised brain pathology in schizophrenia. Again, the 
determination of asymmetry is questionable in some studies. The computation of some 
index of laterality reduces the scope of statistical analysis. Still, other studies have 
found both left and right hemispheric structural areas to be associated with poor 
psychological test performance. While, left hemisphere structures have been found to 
be related to age of onset, there is still no specific asymmetry differentiating 
schizophrenic and control subjects.

CT scan technology has been very useful in allowing researchers to view the human 
brain in vivo and to determine the extent of brain abnormalities found in 
schizophrenic patients. Since its inception, this method of brain imaging has provided 
unprecedented new insight into brain-behaviour relationships. It has also made 
extremely apparent the methodological problems involved when quantifying brain 
structure from two-dimensional brain images. The problems identified by Jacobson, 
Turner, Baldy and Lishman have highlighted some of the serious problems which 
plague CT brain imaging studies.

M agnetic R esonance Imaging Investigations
More recently, the development of Magnetic Resonance Imaging (MRI) has allowed 
much clearer images to be obtained than from CT. Investigations using MRI also 
report asymmetries of neuropathology in schizophrenia but, as shall be shown, 
numerous findings are discrepant and there is often little agreement between 

researchers (Table 4.2).

DeMyer, Gilmor, Hendrie, et al. (1988) collected data from 25 schizophrenics (Schedule 
for Affective Disorders and Schizophrenia, Life-Time Version, and DSM-III) and 25 
volunteer control subjects. The control group was matched for age, race and time of 
entry into the investigation with the schizophrenics. Frontal lobe area measurements 
were made from the MRI scans on two slices. Other clinical assessments included an 
index of severity, and ratings of positive and negative symptoms. T-tests indicated 
that schizophrenics had marginally smaller right hemisphere areas than did their 
matched controls (p = .046) and had somewhat smaller left hemisphere areas, but not 
significantly so (p = .089). Normal controls did not differ in right versus left 
hemisphere areas. Frontal areas were significantly smaller in schizophrenics than in
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controls, both on the left (p = .007) and on the right (p = .057). After taking into 
account tie  number of years of education, all effects were reduced to insignificance 
except that the left frontal region was smaller in schizophrenics than in controls (p = 
.01). These authors do not consider this as evidence of a brain developmental disorder. 
They maiatain that it is likely the result of a brain insult occurring sometime after the 
growth of the brain and skull has been completed. They do not, however, suggest 
what form such an insult might take.

Johnstone, Owens, Crow, et al. (1989) conducted an investigation looking specifically 
at temporal lobe structure in schizophrenics (N = 21), affective psychosis patients (N 
= 20) and volunteer controls (N = 21). Schizophrenics and affectives conformed to 
diagnoses from the Present State Examination and DSM-III. The researchers 
measured the coronal surface area, areas of the right and left lateral ventricles, right 
and left temporal lobes and, from every slice in which they were present, the area of 
the right and left temporal horns of the lateral ventricles. Results showed a trend 
toward a relationship between diagnosis and temporal lobe size. There was a 
significan; diagnosis by hemisphere interaction, as indicated by the schizophrenic 
patients having smaller left temporal lobes as compared to their right, while the other 
two groups showed the reverse. No significant relationship between temporal horn 
size and diagnosis was observed, while consideration of only male subjects showed a 
significan; lateralised effect. There were no significant relationships observed between 
brain structural abnormality and performance on several tests of cognitive ability. 
The authcrs present two ways in which their findings may be interpreted. The first 
possibility is that these, as well as their previous post-mortem findings, may be taken 
as evident of a progressive degeneration. The other possibility is that they reflect a 
change that is present early, prior to age of onset, and that it is evidence of an arrest 
of cerebral lateralisation.

Suddath, Casanova, Goldberg, et al. (1989) report finding the right prefrontal region 
and the right temporal lobe to be larger than left in normal controls (N = 17) and in 
patients with schizophrenia (N = 17; DSM-III). The right temporal lobe was larger in 
88% cf controls and in 93% of schizophrenics. Both gray and white matter volume was 
larger in the right temporal lobe, although the differences in temporal lobe gray 
matter were evident bilaterally and not asymmetric. They observed no asymmetries 
of the lateral cerebral ventricles. There was no main effect due to side in the
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schizophrenics and no side by diagnosis interaction between the groups. No further 
evidence of lateralised neuropathology was found.

Barta, Pearson, Powers, et al. (1990), using MRI, identified smaller superior temporal 
gyri bilaterally and smaller left amygdala volume in out-patient schizophrenics (N = 
15, DSM-III-R) than in matched control subjects (N = 15). Performing a covariate 
analysis revealed that left amygdala and temporal gyral volume were significantly 
reduced in schizophrenics and controls after overall brain volume and left temporal 
volume, respectively, had been taken into account.
In a study investigating handedness in schizophrenia, Satz, Green, Ganzell et al. 
(1990) divided schizophrenics into lateralised and non-lateralised handedness groups 
for comparison with neurological patient controls. The values of the left and right 
VBR were calculated from the MRI scans. The group of non-lateralized subjects had 
larger left and smaller right ventricles than did the lateralised schizophrenics and 
controls (p < .05). This study is problematic, however, in that the control subjects are 
not divided into lateralised and non-lateralised groups. The criterion used to assess 
handedness was based solely upon hand preference. A much more rigorous method, 
such as a motor performance task, might have been more appropriate. Hand 
preference may not be an efficient enough indicator of impaired neural functioning the 
way hand performance would be. Therefore these results should only be viewed as 
preliminary until the results can be replicated with better experimental control.

Suddath, Christison, Torrey, et al. (1990) considered anatomical measurements from 
MRI in 15 pairs of monozygotic twins discordant for schizophrenia. Measurements 
included total prefrontal area, prefrontal white matter area, prefrontal grey matter 
area, total temporal lobe, temporal lobe white matter and temporal lobe grey matter. 
Other measurements performed were the area of the amygdala, hippocampus, third 
ventricle and temporal horns of the lateral ventricles. As well as having larger 
cerebral ventricles, the left temporal lobe was significantly smaller in the 
schizophrenic twin than in the non-affected twin (p < .002). However, the authors 

reject this finding of a greater decrease in left temporal lobe area, concluding that "the 
pathologic process is not confined to the left hemisphere."

In commenting on the published data of Suddath et al., Crow has emphasized the 
significant difference between the volume measurements for the entire temporal lobe
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of the left hemispheres of the schizophrenic and non-affected co-twin. Crow suggests 
that the planum temporale may be a candidate for structural change observed in the 
left hemisphere in schizophrenia. While admittedly intrigued with the idea of 
lateralised brain abnormalities, Suddath and associates are reluctant to view this 
suggestion as a feasible explanation for their findings (Weinberger, Suddath, Torrey 
et al., 1990).

In a recent study, Young, Blackwood, Roxborough, et al. (1991) examined thirty-one 
right handed schizophrenics (RDC) and thirty-three right handed, volunteer controls. 
Left and right area measurements were made on the amygdala, hippocampus caudate 
nucleus, and cingulate gyrus. The total areas of the frontal and temporal lobes were 
also measured. In both schizophrenics and controls the temporal lobe area was 
smaller on the left than on the right. The size of this asymmetry did not differ 
between the groups. The right amygdala was found to be smaller than the left in the 
control group only as indicated by a significant left-right difference interaction (p < 
.05). In the schizophrenic group, but not in controls, the parahippocampal gyrus was 
smaller on the left than on the right (p < .05) but the absolute left-right difference 
between the two groups was not significant.

Finally, in a well controlled investigation by Harvey, Ron, Murray et al. (1991) the Tx 
relaxation times of the basal ganglia and the frontoparietal region were compared 
between schizophrenic patients (RDC; N = 49) and normal controls (N = 36). The T1 
relaxation time can be used to determine the chemical composition of tissues by the 
effects on proton mobility and energy exchange (the signal intensity for each tissue is 
determined by its T: and T2 relaxation times plus its proton density). Control subjects 
were matched for age, sex, and race with the schizophrenic subjects and were scanned 
concurrently to avoid problems with scanner attenuation drift. No differences were 
found to exist between the right and left hemisphere white matter Tx times amongst 
the control group. As well, when schizophrenics were considered, no differences 
between the hemispheres. As compared to controls, no overall group difference was 
observed; nor was there any significant interactions suggesting any lateralised effects. 
Likewise, no laterality effects were observed when Tx times were analysed for the 
basal ganglia. The confidence intervals for the difference in T1 relaxation times 
between the hemispheres (-1.2 to 2.1 milliseconds) are suggestive of no lateralised 
differences amongst schizophrenics.
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MRI studies have provided little conclusive evidence for asymmetries of brain 
pathology in schizophrenia. Frequently measurements in both hemispheres of 
schizophrenics are found to differ from those of controls, while still other studies fail 

to find differences between the hemispheres. Where lateralised differences are 
reported, some investigators describe volume reduction of an entire hemisphere, while 
others report a reduction of only a specific hemipsheric area. There is often little 
agreement between researchers about the significance or general importance of 
lateralised findings. Finally, the methodology of some studies again my be 
questionai I e which could invalidate results.

Positron Em ission Tomographic Findings

The more recent technology of Positron Emission Tomography (PET) has aided 
researchers in visualising blood flow rates as well as glucose consumption in the brain. 
Such technology has an advantage over CT and MRI scanning in that PET allows the 
visualisation of the brain "in action,." Radiolabelled molecules, which typically take 
the form of nC, 18F or 150  (DeLisi, 1986), can be inhaled. Radioactive water is 
typically used to investigate rates of cerebral blood flow. From the number of 
positrons emitted during the decay of these molecules, changes in activity levels of 
various brain regions can be compared after performance of cognitve tasks in order to 
determine increases or decreases in blood flow or consumption of glucose.

Schizophrenia researchers have not been slow to recognise the potential of such a 
technique in understanding the brain deficits that may underlay schizophrenia. PET 
has been used to support findings from the earlier cerebral blood-flow work of Ingvar 
and Frazen, who have suggested that chronic schizophrenics suffer from reduced 
frontal lobe activity (Ingvar and Frazen, 1974; Frazen and Ingvar, 1975; Ingvar, 1979). 
This reduction sometimes occurs in conjunction with findings of lower lateralised 
regional glucose metabolism (Table 4.3).

Glucose Uptake in Brain Sections and Regions of Interest
In an early investigation, Buchsbaum, Ingvar, Kessler et al. (1982) attempted to 
support previous cerebral blood-flow findings investigating 2-deoxyglucose 18F uptake 
in eight schizophrenics (DSM-III) and six volunteer controls. The schizophrenic 
patients were slightly younger that the controls (schizophrenics, mean = 21.6 years;
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controls, mean = 26.0 years). Three brain image slices (supraventricular, 
midventricular, and infraventricular) were divided into eight, wedge-shaped sections 
(four right and four left), via anatomical landmarks. No hemisphere differences within 
the control group reached statistical significance. The metabolic rate was found to be 
greatest in the lower two slices (p < .05). Controls showed hypofrontal resting activity 
with a clear anteroposterior gradient. Again, no asymmetric effect was seen in the 
anteroposterior gradient in controls.

Comparing the schizophrenics with the controls, the expected identification of 
hypofrontality in the schizophrenic subjects was substantiated in the supraventricular 
slice. No hemispheric effect was detected when schizophrenics were compared to 
controls. When considering the schizophrenics by themselves, however, 2- 
deoxyglucose-18F uptake was significantly diminished in the left cortex as compared 
to the right (p < .05). When comparing the central grey matter of both groups, there 
was a borderline significant hemisphere-by-diagnosis interaction (p < .07). The 
metabolism of the left anterior grey matter tended to be less in the schizophrenics 
than in controls. The values on the right did not differ between the groups. The 
schizophrenics had lower left side values while the controls had lower right side values 
(p < .05, paired differences).

Confirming the findings of hypofrontality was the main objective of this investigation, 
although, this was the first study to identify basal-ganglia dysfunction in vivo, 
primarily of the caudate nucleus, in schizophrenics. The authors speculate that a 

functional relationship exists between the low activity in the frontal cortex and that 
of the basal ganglia. The authors note that the low left hemisphere metabolic values 
were obtained under resting conditions and did not require the performance of any 
cognitive task.

Brodie, Christman, Corona et al. (1984) using PET, report observing increased left 
hypofrontality in a sample of six non-medicated, chronic schizophrenics (RDC criteria) 
using the region-of-interest technique. These findings remained after the 
schizophrenic group was treated with neuroleptics and then rescanned. They indicate 
that left frontal hypodensity is likely to be one of the major physiological problems 
associated with the chronic state of schizophrenia. However, low sample sizes hamper 
the results of this study, which the authors admit to being only preliminary.
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Buchsbaum, DeLisi, Holcomb et al. (1984) investigated brain glucose metabolism in 
sixteen patients with schizophrenia and eleven patients with affective disorders (DSM- 
III, Schedule for Affective Disorders and PSE), comparing them to nineteen controls, 
matched for age and sex. Four intensities of electrical stimulation were applied to the 
right forearm of subjects prior to scanning to increase the metabolic rate of the 
primary somatosensory area. Scan slices were collected from three brain levels; the 
supraventricular, midventricular and infraventricular. Each slice was then divided 
into both left and right (1) anterior, (2) midanterior, (3) midposterior and (4) posterior 

sections.

The authors observed that in the normal subjects the electrical stimulation on the 
right forearm increased glucose usage in the pre- and post- central gyri of left cerebral 
cortex (p < .03). In general, the left hemisphere showed higher rates of glucose 
metabolism than the right (p < .03). In cortical areas below the primary 
somatosensory area there was no left hemisphere predominance. There was a slight 
right sided increase in glucose use which was observed in the area of the angular and 
supramarginal gyri of the supraventricular level.

While normal subjects showed positive left minus right values, the schizophrenics had 
negative left minus right values in the primary somatosensory area (p < .01). Thus, 
suggestive of right hemisphere deficit in activity. In spite of this, no overall laterality 
effect was noticed when all three groups were compared. Furthermore, a subsequent 
correlational study by DeLisi, Buchsbaum, Holcomb et al. (1985), found twenty-one 
chronic schizophrenic patients to have no difference in left/right ratios as compared 
to twenty-one normal controls.

Comparing six chronic schizophrenics, six chronic depressives and twelve control 
subjects, Kling, Metter, Riege and Kuhl (1986) found that the schizophrenic metabolic 
rates were lower than those of the control subjects in the frontal, right posterior 
inferior frontal, Broca’s and Wernicke’s areas (all results, p < .001). Following 
adjustment for the number of comparisons, only the metabolic rates in the lower right 
posterior frontal and left Wernicke’s areas were considered significant (both results, 
p < .002). The authors did find a trend for schizophrenics with high VBR values to 
have reduced metabolism in Broca’s and in Wernicke’s areas. The study did not 
confirm reports of "hypofrontality" in schizophrenia.
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Volkow, Brodie, Wolf et al. (1986), while not describing their results, provide a table 
which appears to show that schizophrenic regional glucose metabolism to be increased 
following neuroleptic treatment as compared to controls. This increase seems to occur 
predominately in the left hemisphere, particularly, the left frontal, parietal, and 
temporal lobes. It is likely that because of the very low number of schizophrenics 
examined (schizophrenics N = 4; controls N = 12) that the authors did not feel it 
worthwhile detailing the lateralised metabolic findings in this study.

In a subsequent investigation, Volkow, Wolf, Van Gelder et al. (1987) compared two 
conditions of cerebral activation under PET to determine which of the two was more 
closely related to the schizophrenic’s clinical symptoms. Patients met both DSM-III 
and RDC criteria for chronic schizophrenia before inclusion in the study and all 
subjects were right handed. Assessment for the presence of positive (N = 8) or 
negative (N = 10) symptoms was performed on the basis of Andreason (1982). In order 
to compare levels of activity, metabolic rates while performing an eye tracking task 
were compared to baseline (eyes closed) activity for schizophrenics and controls.

Schizophrenic patients had lower glucose metabolic rates than the normal subjects for 
both left and right frontal cortex during both levels of activation as compared to 
baseline. Patients with negative symptoms had lower absolute metabolic values both 
at baseline and during the task condition than did patients with positive symptoms. 
The differences were significant for both left and right measurements. However, 
baseline metabolism in the frontal lobes had no significant correlations with clinical 
variables. During the eye tracking task, though, a significant pattern of significant 
negative correlations between metabolism in the left frontal lobe and items related to 
tension, depressive mood and suspicion on the Brief Psychiatric Rating Scale was 
observed (rs = -0.5, -0.52 and -0.62, respectively).

In addition, all brain regions measured showed significant positive correlations with 

the number of positive symptoms. These correlations were reduced to insignificance 
during the eye tracking task. Only the areas of the left hemisphere correlated 
negatively with the number of negative symptoms. During the task, all brain areas 
showed significant negative correlations with the number of negative symptoms. 
Hypofrontality was reported to be greater in the right frontal cortex.
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These authors believe that the predominant association between negative and positive 
symptoms with the metabolism of the left hemisphere is in agreement with other 
studies reporting left hemispheric abnormalities. The association between these 
relationships and depressive symptoms is consistent with research indicating that 
stroke patients suffer depression when the stroke is localised to the anterior portions 
of the left hemisphere. Also, the associations with the other variables (anxiety and 
tension) suggests that asymmetry patterns may be influenced by the affective state of 
the subject.

An investigation by Gin* and colleagues (1987a) revealed that, while not being able to 
confirm findings of hypofrontality, they did find that schizophrenics (N = 12) had a 
steeper cortical to subcortical metabolic gradient than did age and sex matched 
controls (N = 12). Metabolism was found to be greater in the left than in the right 
subcortical regions for schizophrenics. Comparing schizophrenics with low and high 
severity it was found that higher left-hemisphere metabolism was associated with 
higher severity.

The authors believe the most important finding to be the steeper cortical to subcortical 
gradient in schizophrenics. Their results partially support their previous hypothesis 
of left-hemisphere overactivation in schizophrenia (Gur, 1978; Gur et al.> 1985). In 
addition, higher left-hemisphere metabolism was associated with more severe 
symptoms, suggesting that high metabolic rates are not necessarily related to better 
clinical outlook.

In a follow-up to this study Gur et al. (1987b) confirmed these PET findings in a group 
of fifteen schizophrenics (11 from their original study) and eight control subjects (7 
from their original study) by comparing their metabolic rates on two occasions. Again, 
schizophrenics differed from controls in having a steeper cortical to subcortical 
gradient. It was also observed that a change in lateralised metabolic rate from a bias 
toward the left back toward the right hemisphere was associated with an improvement 
in scores on the Brief Psychiatric Rating Scale (p < .025). The authors argue that this 
is indicative of a laterality imbalance in schizophrenia which involves increased 
metabolic activity in the left hemisphere. These findings are contrary to other reports 
suggesting decreased left hemispheric metabolism.
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Recently, Levy, Laska, Brodie et al. (1991) apply a more mathematical approach to 
interpreting PET metabolism data. They believe that using a region o f interest (ROI) 
method when analyzing brain metabolism may neglect valuable information. Studies 
are increasingly measuring more and more ROIs. This is problematic in that the 
method of measuring ROIs has not been standardised and there remains little 
agreement between studies as to which ROIs are important. In addition, the number 
of ROIs needed to encompass the entire brain is larger than the usual number of 
subjects in the typical PET study. These, plus other difficulties, make the 
interpretation of ROI results often risky and can invalidate conclusions.

With this in mind, Levy et al. consider the spectral signature of brain metabolic 
activity using a method termed function-of -interest (FOI). The precise details of this 
method will not be described here. However, the result is a three dimensional curve 
whose function represents the position of metabolic levels distributed in the brain.

Levy et al. applied their technique to the PET scans of twenty unmedicated 
schizophrenic (DSM-III and RDC) patients and 40 normal control subjects. Firstly, 
the schizophrenic group had a larger percentage of brain activity at lower metabolic 
rates. Thus, it was clear that schizophrenics suffer from hypometabolism as compared 
to controls. Secondly, it was noted that brain activity is substantially lateralised to 
the right in the mid-range of metabolic values for schizophrenics, but only slightly so 
for controls. At higher metabolic rates the mean spectral signature for the normals 
was moderately lateralised to the right, while in schizophrenics the signature was 
lateralised to the left. Therefore, the authors conclude that there is a relative 
laterality effect as schizophrenics compare to normals, and an absolute laterality effect 
for schizophrenics by themselves. Hypometabolism in the right and hypermetabolism 
in the left of the schizophrenic patients.

Finally, schizophrenics showed reduced brain activity in the frontal lobes at high rates 
of metabolism. Schizophrenics tended to have brain activity located anteriorly a t low 
metabolic rates, while at higher metabolic rates their brain activity was more posterior 
than in normal brains. Also, schizophrenics had brain activity located higher in the 
brain than the controls. This recalls the cortical/subcortical differences already 
explored by Gur et al. (1987a, 1987b).
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The authors warn that as this is the first study to apply such a method and their 
results should be taken only as preliminary. It is interesting to see such a method 
developed, though it may fail to find practical application with the development of 
stereotactic normalisation (Frith, pers. commun.). Regardless, these authors are in 
agreement with Gur that there is increased, or overactivated, metabolism in the left 

hemisphere.

Studies using positron emission tomography have reported a lateralisation of 
metabolism in the schizophrenic brain. It is difficult to determine, however, which 
studies are in conflict and which ones simply do not measure what previous authors 
have. Some studies find specific locations in each hemisphere where metabolism 
differs from controls. While some find reduced metabolism located in the left 
hemisphere others find metabolism to be increased. It remains unclear if increased 
or reduced metabolism is related to a poor clinical outlook and severity of illness. 
Where found, lateralised metabolic rates occur as moderate effects, often secondary to 
the findings of hypofrontality. In addition, the statistical considerations outlined by 
Levy et al. may invalidate many of the conclusions of these studies. Therefore, the 
notion that there is lateralised metabolic activity in schizophrenia remains 
unsubstantiated.

Lateralised Post-Mortem Findings

Post-mortem investigations are, regrettably, not conducted as frequently as CT, MRI 
or PET studies. However, they are still fraught with their own methodological 
problems (for a discussion see Kirch and Weinberger, 1986; Casanova and Kleinman, 
1990). These usually regard the study being performed in retrospect, many years after 
a series of patients have died. This leads to difficulty in performing an "up-to-date" 
diagnosis, based solely upon past medical and psychiatric records. Difficulties also 
arise when controls are not matched with the schizophrenics for the interval between 
death and autopsy. Initial shrinkage of the brain after placement in a storage medium 
covaries with the concentration of formaldehyde in which the brain is placed. These 

studies are still the most valuable for researchers, as they allow for direct viewing of 
brain structures. For example, brain tissues may be sectioned to investigate levels of 
neuronal organisation. Studies which have investigated the schizophrenic brain post
mortem have also suggested pathology to be lateralised.

91



Chapter 4

An investigation relating left/right volumetric asymmetries to anterior vermian 
atrophy was performed by Luchins, Morihisha, Weinberger and Wyatt (1981). Using 
twelve schizophrenic and thirty-two control brains they failed to find any differences 
between left/right ratios in the two groups. They did, however, observe that tljeir was 
a significant negative rank order correlation between left/right ratio and the difference 

between actual and expected vermian area according to age (p = .05). This is taken 
to suggest that schizophrenics with cerebellar atrophy have more normal left/right 
asymmetries than do patients who do not show atrophy.

This study is peculiar in that the authors provide very little a priori reasoning for 
investigating the cerebellum, other than a single example of their own previous 
research. Also, the authors use two methods for determining brain areas from the 
brain sections; a hand planimeter and an electronic computing planimeter. No 
explanation is provided for this and no analyses are performed to compare the two 
methods. Finally, it appears that when correlating vermian area with age, a standard 
least-squares regression was used (about which no statistical information is furnished), 
while the correlation between the vermian residual and left/right ratio was a rank 
order correlation. This gives the impression that Luchins et al. may have been 
"significance hunting."

Brown, Colter, Corsellis, Crow et al. (1986) studied the brains of patients who died in 
Runwell Hospital, England between 1956 and 1978. Measurements included brain 
weight from before and after fixation, height and weight of the subjects (taken from 
hospital records), coronal brain area, temporal lobe area, lateral sulcus area, the area 
of the lateral and third ventricles, the corpus striatum, average cortical widths, the 
distance between the lateral sulcus and the corpus callosum, and average corpus .

— G  5 1
callosum width. The area of the parahippocampal gyrus was greater)on the left than 
on the right in the schizophrenics, a finding not present in the affective patients (p <
.02). These authors also noted that coronal brain area was unchanged, implying that 

structural changes were not generalized in the schizophrenic brains. Finding 
structural changes in the thickness of the parahippocampal gyrus are supported by 
similar findings by Bogerts et al. (1985). The authors report that these results suggest 
changes are localized to the temporal lobe.
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In a subsequent investigation, these same researchers (Crow, Ball, Bloom, et ah, 1990) 
analyzed the brains of schizophrenics (N = 22), Alzheimer’s patients (N = 30) and 
normal controls (N = 26). All schizophrenic patients met the Feighner criteria for 
definite schizophrenia. The lateral ventricle was filled with Urografin 150 (a 
radiopa que material) and a roentgenographic image of the ventricle was obtained in 
the lateral aspect. The outline of the ventricle was subdivided into sections by lines 
drawn perpendicular to the ventral surface of the brain. This procedure produced 
sections which defined the anterior horn, the posterior horn, the temporal horn and 
the body of the ventricle. The results showed that while Alzheimer’s patients had a 
global reduction in all ventricular sections compared to controls, the schizophrenics 
had ventricles whose size became greater moving from anterior through to posterior. 
In particular, the temporal horn of the schizophrenics was profoundly larger than the 
temporal horn in the other groups. There was a significant side-by-diagnosis 
interaction where on the right side of the brain the difference between the groups in 
terms of temporal horn area was negligible, but on the left side the difference was 
substantial, in excess of 100% (p < .002). No such asymmetry was seen in the 
Alzheimer’s patients. Nor was there evidence of cellular gliosis in the schizophrenics 
as one might expect from a degenerative process. The enlargement of the temporal 
horn remained even when other variables had been taken into account. The authors 
conclude that these findings are most likely genetically determined by the mechanism 
which controls asymmetrical brain growth.

Altshuler, Conrad, Kovelman and Scheibel (1987) studied left hippocampal cells of 
schizophrenic brains from the Yakovlev Collection. They measured the orientation of 

2808 cells of the hippocampal pyramidal layer. Analysis revealed that there was 
significant cell disarray amongst the schizophrenic brains as compared to the age- 
matched controls. Their data also suggested a relationship between degree of cell 
disarray and severity of behaviourial impairment.

Because only the left hemisphere hippocampal cells were studied in that investigation, 
a further investigation (Conrad, Abebe, Austin, Forsythe and Scheibel, 1991) was 
conducted investigating cell disarray in the right hippocampi. Axes of orientation of 
10,800 cells were determined. Subjects were 10 schizophrenic and 10 age-matched 
control subjects. Cells of the right hippocampus showed significantly more disarray 
in the schizophrenics than in controls. This was most evident at the interfaces
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between cornu Ammonis zones 1 and 2, and zones 2 and 3. They conclude that the 
presence of cell disarray in the right hippocampi "makes the notion of schizophrenia 
as predominantly a left hemisphere syndrome less likely." They believe that 
schizophrenia may be a bilateral rather than a unilateral disfunction. However, while 
the mean ages were approximately equal between the two groups, the schizophrenic 
group had four times the variation in age over the controls (forty percent of 
schizophrenic subjects were older than sixty, while the control group had no one older 
than sixty). It is unclear if greater cell disorganisation was related to the age of the 
subjects. Low subject numbers hamper any attempts to generalise results. Because 
so many cells were considered and a large amount of averaging had to be performed 
to calculate a cell disorganisation index, it is difficult to perceive the true meaning of 
the index used.

Heckers, Heinsen, Heinsen and Beckman (1990) examined the volume of the limbic 
structures in the medial temporal lobe of schizophrenic patients. The twenty (9 male, 
11 female) schizophrenic brains were closely matched for age and sex with 20 normal 
brains. Blind evaluations of the amygdala, hippocampus and of the lateral ventricle 
were performed correcting for shrinkage of tissue. They found that there was a 
tendency for the hippocampal formation to be smaller bilaterally in the schizophrenics, 
although this volume reduction was not significant on either side when compared with 
controls. No significant side differences in hippocampal volume were observed in 
either group. The volumes of the left and right hemispheres were equal. The lateral 
ventricle was larger bilaterally in the schizophrenics but there was no difference 
between the hemispheres. The three horns of the ventricles tended to be larger in 
schizophrenics than in controls but not significantly so. Because of the small sample 
sizes in this study, the evaluation of volume differences was confined to only one 
subtype of schizophrenia (DSM-III type 295.3). Comparison of these schizophrenics 
with their matched controls showed no significant differences in amygdala or 
hippocampal volume in either hemisphere. The volume of the lateral ventricle in the 
schizophrenic subgroup was larger on the left side (p = .005) but not on the right (p 
= .173). ANOVA with diagnosis and sex as factors with age as a covariate showed a 
significant effect due to diagnosis (p < .01). It also revealed significant effects for the 
anterior, the inferior and posterior horn (all ps < .05). No such differences were seen 
in the right hemisphere. However, lateral ventricle volume was significantly 
correlated with age (p = .003) and the inferior horn volume was significantly correlated
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with fixation time (p = .022). These researchers do not indicate that these 
relationships were taken into account in their lateralised findings.

In a recent investigation, Heckers, Heinsen, Geiger and feeckman (1991) estimated the 
total number of neurons in the hippocampus of schizophrenics and controls. Thirteen 
schizophrenic and 13 control brains, matched for age and sex, were used in the 
investigation. They found the volumes of the left and right cerebral hemispheres to 
be nearly equal in both schizophrenics and controls. The hippocampal formation 
tended to be smaller in the schizophrenics. This effect was larger on the left side, 
however not significantly so. After estimating the hippocampal white matter by 
subtracting pyramidal cell layer volume from total hippocampal volume, analysis 
revealed a significant reduction in white matter on the left side in the schizophrenics. 
The total number of hippocampal neurons was reduced on the left side of 
schizophrenics, but again failed to reach significance (p = .147). However, it was found 
that the time of fixation in formaldehyde was significantly correlated with the volume 
of the pyramidal cell layer (left, r = .47, p = .014) and the total number of neurons 
(left, r = .537, p = .005; and right, r  = .405, p = .04). After an analysis of covariance, 
no significant lateralised differences were observed between schizophrenics and 
controls regarding pyramidal cell volume and total neurons.

Post-mortem investigations are not performed as frequently as neuroimaging studies. 
They have found also found it difficult to achieve the subject numbers of some brain 
scanning investigations. Peculiar forms of statistical analyses have also been 
performed in some studies. Findings of cell disorganisation, while initially supportive, 
have been found bilaterally in the hippocampus. Laterality effects have been found 
to covary with the length of fixation time, a common problem with post-mortem 
studies. When these effects taken into account laterality effects tend to disappear. 
It is therefore unclear if enough evidence can be found in the post-mortem literature 
to support the notion of lateralised neuropathology in schizohrenia.

D iscussion

Neuroimaging and post-mortem studies have reported finding lateralised 
neuropathology in the brains of schizophrenic patients. Early computed tomographic 
investigations epitomise the theoretical and methodological difficulties involved in 
analyzing neuroimages. Reversals of asymmetry were described in some studies, but
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these findings disappeared with increased experimental control. Unsound 
methodology in some studies have made findings difficult to interpret, if  not 
completely invalid. Brain density, from computed tomography, is ill-defined and it is 
unclear if density actually reflects any pathological state.

Magnetic resonance studies are better than CT in determining the areas and volumes 
of particular brain structures in schizophrenia because of the large increase in image 
resolution. In spite of this, lateralised findings take many forms and make it difficult 
to find consistencies. For instance, some studies observe the area of an entire 
hemisphere to be reduced, where others find one particular lateralised region to be 
affected. Where lateralised pathologies have been found there is much disagreement 
between researchers as to the meaning and importance of such findings.

Studies of brain metabolism using PET tend to find lateralised glucose consumption 
as only a moderate finding, second to findings of hypofrontality. Some investigations 
report reductions in the metabolism of structures in the left hemisphere. However, 
others identify increased left hemisphere metabolism. Uncertainty regarding the 
relationship of increased or decreased metabolism to clinical outcome leaves the 
interpretation of metabolic changes in schizophrenia unclear. Still most researchers 
appear to view a reduction in metabolism as undesirable. Statistical problems with 
the ROI technique, used in many investigations, may invalidate their conclusions. An 
attempt to overcome these problems identified the left hemisphere to have overactive 
rather than underactive metabolism.

Only a relatively small number of studies identifying lateralised neuropathology in 
schizophrenia postmortem have been conducted. There are numerous problems known 
to plague any postmortem investigation, which can seriously affect results. Among 
these are low sample sizes, retrospective diagnosis, and brain shrinkage when in 
storage. Studies from the early 1980s suggesting a lateralised effect show serious 
statistical flaws and can hardly be considered valid. Some later studies have 
identified lateralised pathologies, but more recent investigation find cell disarray to 
be a bilateral phenomenon. With regard to methodological practices, it is worth noting 
that often control subjects had not been specifically scanned for the brain imaging 
investigation in question. Van Horn and McManus (1992; Chapter 3), in a meta
analysis of VBR studies, have shown that selection biases have the effect of reducing
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the variance of the control group VBR when subjects are drawn from neurological files. 
Researchers should, therefore, be cautious when making inferences based upon 
selected controls as statistical differences may be unrealistically large.

From this review of CT, MRI, PET and postmortem investigations of abnormalities in 

schizophrenia, it stands that the lateralisation of pathologies remains vague. While 
the timing of any pre-natal insult is difficult to pin down after a review of this 
literature, there no support for the notion that an insult is occurring during the third 
trimester. This review also finds no evidence to support the hypothesis that 
schizophrenia may be related to abnormal hemisphere development. Researchers are, 
however, encouraged to report further the lateralisation of abnormalities, for purposes 
of clarity when describing abnormalities, but also in order to aid in the understanding 
of the disorder. Nevertheless, at this time it is doubtful that lateralised 
neuropathologies provide any diagnostic power in the identification of schizophrenics, 
or any insight into the underlying cause of the disorder.
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Chapter 5

The Nature o f Dom inant and  
Non-Dom inant Hand Perform ance

"We say that a person is right handed if he for preference uses his right hand rather 
than his left to carry out the more skilled kinds of movement and is more skilful at 
such movements with the right hand than with his left. The converse is true of a left 
handed person." Brain (1945), cited in Annett (1985) Left, Right, Hand and Brain, 
Lawrence Erlbaum.
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General Introduction

Investigations of hand skill are useful in that the performance level of the hands may 
be compared, thus providing an experimental approach to the measurement of 
handedness. Tasks such as picking up pins, cutting with scissors, placing pegs in 
holes, and typewriting have been used as tests of hand performance (Provins, 1967a, 
1967b). Using a peg-moving task, Annett (1970,1983a, 1983b, 1985) has shown that 
the distribution of differences in the performance of the two hands is shifted to the 
right of zero.

Little attention has been given to how hand performance and the difference between 
the hands varies as a function of task difficulty. While several studies of hand 
performance have attempted to investigate this question (Steingrueber, 1975; Todor 
and Doane, 1978) they appear only to be interested in the fact that there is an 
observable difference between the dominant and non-dominant hands. The work of 
Annett, Annett, Hudson, and Turner (1979) did consider the effects of varying 
movement amplitude and tolerance on the difference between the hands. They 
reported that the difference between the hands was affected by tolerance but not 
amplitude.

The question of whether or not the difference between the hands changes with task 
difficulty is not trivial and, seems to me, to be fundamental to the arguments of the 
underlying structure, purpose, and development of handedness. It is unclear whether 
or not the differences between the hands result from some built-in feature of the 
nervous system suggestive of differences in organisation of the cerebral hemispheres 
(Flowers, 1975). Whether or not differences in sensory feed-back and motor- 
programmes (Keele, 1968; Schmidt, Zelaznik, Hawkins, Frank, and Quinn, 1979), 
neural dynamics (Bullock and Grossberg, 1988), or simply the physical characteristics 
of the musculature and joints (such as force and stiffness; Stein, 1982) explain the 
tendency for the right hand to out-perform the left are not typically investigated by 
motor-skills researchers. However the role of sensory feed-back has been questioned 

(Peters, 1980), O^y by taking a more motor-skills approach to the investigation of 
dominant/non-dominant hand performance may such aspects may be elucidated.

However, while Annett uses difference scores to index the direction and degree of 
handedness, still other researchers have employed the use of a Laterality Index
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(Steingrueber, 1975; Todor and Doane, 1978; Tapley and Bryden, 1985; McManus, 
1985) when using other measures of motor asymmetry. This index is typically 
calculated as 100*(L-R)/(L+R), which ranges between ±1.0, where no difference 
between the hands is indicated by a score of zero. This index is not exclusively used 
in studies of handedness, but also has been used in electro-physiological investigations 

(Johnstone, Galin, and Herron, 1979), dichotic listening and hemifield investigations 
(see Chapman and Chapman, 1988 for discussion).

In addition, much like hand preference (detailed in the thesis Introduction), the 
dimensionality of the differences in hand performance are of interest to researchers. 
Tasks presumably related to fine motor skill may show more of a difference between 
the hands than those involving more gross motor skill (Fagot and Vauclate, 1990). 
Peters (1980) examined the sub-components of tapping movements of each hand and 
suggests that differences in force modulation and the subtlety of hand movement are 
related to the degree of handedness, while level of fatigue was not.

The Concept of Task Difficulty and the Speed-Accuracy Trade-Off in Motor Research 
The concept of task difficulty in motor control theory comes primarily from the work 
of Fitts (1954) who proposed that the amount of time taken to perform ballistic aiming 
movements can be expressed as the logarithmic relation

lofcC îr)

where b0 and bx are determined empirically, A is the movement amplitude, and W is 
the width of the target being aimed toward8. The log2 portion in the right-hand side 
of the equation is often referred to as the Index of Difficulty of Movement (ID). When 
first proposed the ID was interpreted, in terms of information theory, as bits. 
Information theory as applied to psychology has lost much of its usefulness, but Fitts’ 
Law is still used to explain the speed of aiming movements (Kerr and Langolf, 1977;

^ h e use of log to the base 2 is inconsequential, and any logarithm will scale accordingly. 
It is interesting to note that when using the natural logarithm (base e), the derived index of 
difficulty can often be approximated by the reciprocal of 0 = 2*Tan'1(W/A), where 0 is in 
radians.
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Crossman and Goodeve, 19839, Rosenbaum, 1991). This index quantifies the speed- 
accuracy trade-off between distance of movement and width of target (see Keele, 1968 
for detailed discussion). More recently linear and square-root approximations to Fitts’ 
Law have been explored and found to also provide good fits to the data (Meyer, 
Abrams, Kornblum, et al., 1988).

The Structure o f th is Chapter

The purpose of this chapter is to investigate how variations on this general theme of 
task difficulty affect the observable differences between the dominant and non
dominant hands. Considered in separate but detailed sections, attempts a t looking at 
differences between the hands using progressively difficult tasks will be reviewed. 
Several different methods of assessing hand performance will be applied, each 
designed to vary in its difficulty. Firstly, two versions of the Annett pegboard will be 
used; secondly, the Tapley and Bryden Circle Marking task will be considered; thirdly, 
the pen and paper, as well as a computerised version of the Bishop Square Tracing 
task will be used, extended to include seven squares of varying difficulty; finally, a 
pursuit tracking task will be used to identify the spectrum of variable error 
performance of the two hands and where they differ the most. Factor analyses of the 
differences in performance between the hands on each task will then be considered in 
turn, followed by a principle component analysis of the factor scores obtained from 
each of the individual tasks. Using such an approach I hope to more fully present how 
differences in performance between the hands are affected with varying the difficulty 
of certain tasks, how findings compare with the work of other researchers, what the 
findings may imply when indexing handedness, and the factorial nature of hand 

performance.

^ h is  article being a re-publication of their now legendary manuscript prepared for the 
Experimental Psychology Society meeting of 1963.
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Section  I. The Pegboard Task

The pegboard task of Annett (1970,1983a, 1983b, 1985) has been employed frequently 
by researchers "task for the measurement of hand performance (Peters and 

Servos, 1989; McManus et al., in press). The rationale behind performing the task is 
quite simple, it is straight forward to administer, and data is typically collected in the 
form of the time to complete the task with both the dominant and non-dominant hands 
(an exception is the film analysis of Annett, Annett, Hudson and Turner, 1979). It has 
been shown that there is a considerable effect size between dominant and non
dominant hand performance, which in the general population demonstrates a reliable 
rightward bias, or "right shift," in the distribution of laterality scores (Annett, 1985). 
Annett and colleagues have used this task extensively to provide evidence for a genetic 
component to handedness (Annett and Kilshaw, 1983; Kilshaw and Annett, 1983; 
Annett, 1985).

However, little research has been done with regard to the understanding of the 
various components which make up this task and how these relate to the difference 
between the hands. As far as can be seen, there has been only one attempt to do so. 
Annett, Annett, Hudson and Turner (1979; Experiment I) constructed versions of the 
task varying the differences between the pegboard’s rows (movement amplitude), and 
the size of the holes themselves (movement tolerance) in order to determine if hand 
performance followed Fitts’ Law (Fitts, 1954). Results from their initial experiment 
indicated that increases in the amplitude of movement produced uniform increases in 
task completion time. However, Annett, et al. did not identify a change in the 
difference between the hands on this dimension. They did find that reductions in the 
size of the holes resulted in varying the differences between dominant and non
dominant hands, with the smallest hole size producing the greatest difference.

The earlier work of Annett, Golby and Kay (1958) noted that the positioning element 
of peg moving time was the most sensitive to changes in the peg to hole size ratio. In 
a second experiment, Annett et al. (1979; Experiment II) filmed subject’s performance 
on the task and determined that the major difference between the dominant and non
dominant hands is located in positioning each peg into its destination hole. In 
addition, the non-preferred hand produced a greater number of corrective movements 
to place the pegs. The authors concluded that the motor output of the non-preferred 
hand is "simply more noisy than that of the preferred hand." Furthermore, that it is
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unlikely that differences between hands in the aiming movements are due to 
differences in the efficiency in feedback processing.

The first procedure presented here, while similar to that of Annett, Annett, Hudson 
and Turner (1979, experiment I), also differs in that I have constructed a single 
pegboard task (see Colour Plate 5.1) that enables any distance between the rows of 

pegs between 5 and 64 centimetres, and allows the distance between the holes to be 
manipulated. The varying of hole distance is, like hole diameter, likely to tap directly 
into the finer motor skill aspects of the task. Also, Annett et al. (1979) used only 
extreme right handed females in their experiment. Here the performance of both right 
and left hand dominant subjects of both sexes is compared.

A second experiment with the pegboard is also conducted. Again similar to 
experiment I of Annett et al. (1979), the peg-to-hole size relationship using a 
"standard" pegboard based upon the dimensions of the Annett pegboard (Annett 1970, 
1983a, 1983b, 1985) is considered. However, unlike Annett et al., the shape of the end 
of the peg is varied as it may aid in placement, therefore affecting the difference 
between the hands. Presumably this should affect the number of correcting 
movements needed to accurately place the peg. That is, varying the shape of the peg’s 
end might result in differences between the number of correcting movements produced 
with the hands, thereby increasing the difference in movement time between the 
hands. Here this prediction is tested indirectly by using round and flat ended pegs.

Pegboard Experim ent 1: Method

Subjects: One hundred and twelve subjects took part in this experiment. There were 
fifty-six male and fifty-six female university students having mean±SD ages of 
25.7±6.58 and 26.7±7.56, respectively. The subjects were divided into groups of right- 
and left-hand dominant on the basis of writing hand responses on the 28-item 
questionnaire of McManus (1979, 1985). There were fifty-six right and fifty-six left 
hand dominant subjects, with mean±SD ages of 25.6±6.66 and 26.8±7.63, respectively.

Apparatus: The apparatus for this experiment was based upon the pegboard task of 
Annett (Annett, 1970; Annett, Hudson, and Turner, 1974; Kilshaw and Annett, 1983), 
and in particular the study of Annett, Annett, Hudson and Turner (1979). The 
pegboard was constructed such that one of the rows could be placed at any position
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along a dove-tail guide at any distance between 5 and 64 centimetres from the 
opposite row. Once placed into position, the row may be locked into position by aid 
of an Allen key. The same distances between the rows that were used by Annett et 
al. (1979), those being 20.327" 30.48, and 40.64 centimetres were employed for this 
experiment. In addition, each row was constructed such that the rows of holes could 

be rotated 90° to expose a new series of holes with a different distance between them. 
There were ten holes on each face of the row, separated by four different distances 
between the holes, those being 1.5, 2.25, 3.0, and 3.7510 centimetres. The pegs used 
were made of red perspex, whose dimensions were 5cm long and 0.95cm in diameter. 
This "universal" pegboard can be seen in Colour Plate 1.

Procedure: The method of administration described here is slightly different from that 
used by Annett et al. (1979) in that here the emphasis is on task difficulty. For 
example, subjects were seated at one end of the pegboard which was placed on a table 
at about the subject’s waist height. The pegs originated in the row that was closest 
to them and subjects were required to move them to the row furthest from them. This 
differs from the previous work of Annett (1970,1979), who had subjects s tan d  in front 
of the pegboard and asked subjects to move pegs to the holes closest to their bodies. 
It would seem that the task could be made more difficult by moving the pegs away 
from the body rather than towards it. Moving the pegs away from the body means 
that the final adjusting (or correcting) movements are made with the arm extended 
which would enhance the need for finer motor skill. In addition, the target hole tends 
to appear as an ellipse, with increasing eccentricity, as distance from the subject 

increased. Both of these factors are likely to increase the task’s difficulty.

Subjects were asked to begin with their right hand from the right side of the pegboard, 
and with their left hand from the left side, so that they were working across their body 
on every trial. At each row and hole distance setting, subjects performed the task with 
their dominant and non-dominant hands in a randomised order. After both hands had 
been used, the distance between the holes was changed. This was done until all four 
distances between holes had been varied, also in a randomised fashion. Then the

1(These can be seen as the baseline dimensions of the pegboard task used in the study of
Annett, Annett, Hudson and Turner (1979). These same measurements are also commonly
given as the dimensions of the pegboard task. See the M ethod section under Pegboard
Experiment II for a detailed description of the "standard" pegboard.
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distance between the rows was changed, and the hole distance trials were repeated, 
and so forth. The time for a subject to move all of the pegs from one side of the 
pegboard to the other was measured to the nearest hundredth of a second using a 
hand-held stop watch. If at any time during a trial, a subject dropped or mishandled 

a peg the trial was stopped and begun again. This was done as many times as 
necessary until the subject completed placing all the pegs in their holes without error.

Statistical Analysis: A 2x2x2x3x4 split-plot design was used in the analysis of 
pegboard times. The two between-subjects variables were the subject’s hand 
dominance, and the subject’s gender; while the three within-subjects variables were 
the hand used to perform the task, the distance between the rows, and the distance 
between the holes. Where there were significant effects found on a main factor, 
involving multiple degrees of freedom, polynomial contrasts were performed. This was 
done in order to determine the type of relationship hand performance had with that 
factor.

R esults
The descriptive statistics for each condition of the experiment are presented in Table
5.1. Means and their standard errors, as well as signed performance laterality indices 
(100*(L-R)/(L+R)) are presented. Considering between-subjects effects, there was no 
difference between the subjects that were right-hand and those left hand dominant for 
writing, indicating that left handers performed no better on the pegboard task than 
did right handers (see Table 5.2). There was, however, a significant difference 
between males and females in the mean time to complete the task (F(l,108) = 6.81, 
p = 0.001), with females being slower overall. In considering the within-subjects 
effects, it can be seen that there was a highly significant difference between 
performance with the dominant hand and the non-dominant hand (F( 1,108) = 126.43, 
p <0.001). The group-by-hand interaction just fails to reach significance(F(l,108) = 
3.22, p = 0.075), but the group-by-gender-by-hand indicates a slight difference between 
males and females of both groups when using their non-dominant hands (F(l,108) = 
7.20, p = 0.008). There was a significant within-subjects effect due to varying the 
distance between the rows of the pegboard (F(2,216) = 1064.45, p < 0.001). Polynomial 
contrasts indicated this to be comprised of a linear increase in performance time as 
the distance between the rows increased (Linear, F(l,216) = 2127.73, p < 0.001). 
However, the hand-by-rows interaction was not found to be significant, indicating that
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the difference between the hands did not systematically change as the distance 
between the rows increased. Figure 5.1 shows graphically the decrease in overall 
performance for both right- and left-handers and how the difference between their 
dominant and non-dominant hands remains unchanged with increasing movement 

amplitude. No group-by-rows effect was significant, but there was a significant 
gender-by-rows interaction (F(2,216) = 4.21, p =0.016).

There was a significant within-subjects effect due to varying the distance between the 
holes of the pegboard (F(3,324) = 278.77, p < 0.001). Contrasts indicated that this 
effect comprised of linear, quadratic and cubic components (Linear, F(1,324) = 712.76, 
p <0.001; Quadratic, F(l,324) = 117.50, p <0.001; Cubic, F(l,324) = 5.24, p = 0.016). 
Again, no significant interaction was found in the hand-by-holes interaction, indicating 
that the difference between the hands did not change as a function of increasing hole 
distance. Figure 5.2 shows the decreasing performance times with increasing distance 
between the holes, although the difference between the hands remained unchanged 
in both right- and left-handers. The group-by-holes interaction was not significant, nor 
was there a gender-by-holes interaction. No higher order interactions proved to. be 
significant, except for a group-by-gender-by-hand-by-holes interaction (F(3,324) = 3.84, 
p = 0.01), indicating differing performance in the hole distances conditions between the 
sexes of one of the groups. As this is a four-way interaction and its occurrence was 
not anticipated any further interpretation of its relevance will not be attempted.

Pegboard Experim ent 2: Method

Subjects: The 112 subjects for this experiment are the same as in pegboard 
experiment 1.

Apparatus: Several references to the measurements of the pegboard task as used by 
Annett (1970, 1976, 1974) were obtained from the literature and from books (Annett, 
1985; Bishop, 1991). Information regarding the construction of the pegboard was 
taken from these sources in order to construct a pegboard to the same dimensions as 
that used previously *Annett {e.g. distance between the rows, number of holes, hole 
diameter, etc.). Where there was insufficient information {e.g. height of the pegboard, 
width of a row, etc.) logical conclusions were drawn as to what such dimensions must 
have been based upon available measurements and from Figures 11.1 and 11.2 of Left, 
Right, Hand and Brain (Annett, 1985). As it turns out, only one of the measurements
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could not be reproduced precisely; due to the availability of materials, the width of the 
rows on the present pegboard appear to be smaller than that used by Annett. 
However, in all other respects an accurate reproduction of the Annett pegboard was 
constructed. The dimensions of this pegboard are presented in Table 5.3. To my 
knowledge this is the most complete description for dimensions of the pegboard yet 
presented. The pegboard constructed for this experiment can be seen in Colour Plate
5.2.

Annett et al. (1979; Experiment I) varied the peg-to-hole size ratio by increasing the 
size of the holes relative to the size of the pegs. In this experiment, the peg-to-hole 
size ratio is also manipulated, however this is done by using two different peg sizes 
(0.95 cm and 1.25 cm) and keeping the hole size constant. In addition to this, the 
shape of the end of the pegs is also examined. A rounded shape to the peg may aid 
as a guide to the placement of the peg, while a flat end is likely to increase the 
number of corrective movements needed before the final placement of the peg. 
Corrective movements were analyzed in the second experiment of Annett, Annett, 
Hudson and Turner (1979) and it was observed that the non-preferred hand of subjects 
made nearly 50% more corrections than the preferred hand. Such corrective 
movements may themselves be open to manipulation and may influence performance 
times. The pegs for this experiment were again made of red perspex and of the 
standard length (see Table 5.3). However, one end had been cut flat, while the other 
had been rounded off. The two different sets of pegs can be seen in Colour Plate 5.3 
and how the peg sizes and end shapes differ is more closely seen in Colour Plate 5.4.

Procedure: Each subject sat facing the pegboard that was positioned on a table at 
about waist height. As in first pegboard experiment, the pegs were placed in the row 
closest to the subject with either the rounded end or the flat end downward in the 
hole. This was randomised across trials and across subjects. The size of peg diameter 
with which the subject began each condition with was also randomised across trials. 

Subjects were told that with their right hand they should begin from the right side of 
the board, and with their left hand from the left side of the board. If at any time a 
peg was dropped, the trial was stopped and restarted.

The time for a subject to complete the task was recorded to the nearest hundredth of 
a second using a hand-held stopwatch. Each condition was performed twice with each
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hand in either a D, ND, ND, D or a ND, D, D, ND format in order to take into account 
effects due to practice. Upon completion of all trials for a given peg shape, the pegs 
were turned over in the holes to the new shape and the next trial began. Both right 
hand and left hand values for each condition were then averaged for each hand and 
used for subsequent analysis.

Statistical Analysis: A 2x2x2x2x2 analysis of variance, with three repeated measures, 
was performed on the data. The between-subjects variables were the subject's hand 
dominance and the subject’s gender; while the within-subjects variables were the hand 
used to perform the task, the size of the peg used, and the shape of the peg’s end.

Results

Summary statistics in the form of mean±SE pegboard times are presented in Table 
5.4. The analysis of variance on the task completion times (Table 5.5), indicates that 
the two groups did not differ in their overall performance on the pegboard. There was 
a slight effect due to gender, but not significantly so. There was a significant effect 
due to which hand was used to perform the task (F(l,108) = 107.82, p < 0.001), 
indicating that the non-dominant hand was slower than the dominant. There was a 
highly significant effect due to the shape of the peg’s end (F( 1,108) = 1459.80, p < 
0.001), demonstrating that use of flat ended pegs results in an overall increase in 
performance time. There was also a significant effect due to the size of the pegs 
(F(l,108) = 913.06, p < 0.001), indicating that a larger peg-to-hole ratio reduces 
performance. The interaction between these two variables also proves to be significant 
(F(1,108) = 243.25, p < 0.001), with large, flat pegs producing the greatest increase in 
time taken to complete the task. No significant hand-by-size or hand-by-shape 
interactions were observed, indicating no overall change in the size of the difference 
between the dominant and non-dominant hands. Figures 5.3 shows graphically the 
varying levels of performance with the different peg-styles for right- and left-hand- 
dominant subjects. There were, however, significant gender-by-hand-by-size (F(l,108) 
= 4.07, p = 0.046) and gender-by-hand-by-shape interactions (F( 1,108) = 5.79, 0.02), 
suggesting that the time difference between dominant and non-dominant hands differs 
between males and females.

116



Chapter 5

D iscussion

Using a pegboard that is more flexible than traditionally used pegboards, it can be 
seen that there are considerable effects u v a r y i n g  the distance between the rows 
and between the holes of pegs. Firstly, the manipulation of the distance between the 
rows shows an effect similar to that observed by Annett, Annett, Hudson and Turner. 
Annett et al. describe subject’s performance times as "increasing uniformly" with the 
increase in movement amplitude. This is supported here with a significant effect 
found when increasing this distance and confirmed with a linear contrast. Secondly, 
the manipulation of the distance between the holes shows a curvi-linear decrease in 
performance time with an increase in hole distance. It is noteworthy, however, that 
there were no hand-by-condition interactions among these variables. This leads to 
questions regarding some of the previous findings of Annett et al. (1979). They found 
an increasing difference between the hands with decreasing lateral tolerance of hole 
size. However, adopting a similar approach here, the expected interactions fail to be 
statistically significance on both hole and row distance factors. From this it may be 
argued that the difference between the dominant and non-dominant hands does not 
change with increasing task difficulty.

This result is not entirely new and has been shown in another context with subject age 
being shown to relate to overall performance time. Annett (1970) investigated the 
performance of different age groups of children (ages 3.5 to 15.0 years) on the 
pegboard task. Figure 1 of her study shows the mean performance times of the 
dominant and non-dominant hands plotted against age. Higher overall pegboard times 
are associated with younger subjects. Scrutiny of her figure shows that the difference 
between the two mean values remains unchanged, although overall time decreases 
with age. Table 2 of her study reports a nonsignificant effect due to age on the 
difference between the hands. Therefore, regardless of overall pegboard time, it would 
seem that the difference between the hands remains the same.

The finding that there are no difference in overall performance between right and left 
handers is inconsistent with the previous finding of Kilshaw and Annett (1983a) and 
Annett and Manning (1989) that left handers show superior skill when performing the 
pegboard task (supposedly associated with greater intelligence among the non- 
dextrals). Their findings are taken as evidence explaining the preservation of non- 
dextrality in the population as a balanced polymorphism. There is no support from
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this analysis that left handers show superior performance when using the pegboard 
task as a measure of motor asymmetry, but that there is a trend for left-handers to 
show a reduced difference between the hands.

It can be seen from varying peg-to-hole size ratio on the standard sized pegboard that 

the time taken to complete the placement of the pegs increases. This is consistent 
with the work of Annett et al. and would be expected given Fitts’ Law. However, the 
peg’s shape also affects performance time. This finding probably represents an 
increase in the number of corrective movements needed for placing the peg in its 
destination hole when the end of the peg is flat. Annett et al. report differences 
between the number of corrective movements needed between subject’s dominant and 
non-dominant hands on the order of 50%. Here one would expect an increase in the 
number of corrective movements when the peg’s end is flat to produce an increased 
difference between the two hands. Here the predicted increase in that difference was 
not observed.

Taken together these two experiments provide compelling evidence that on the 
pegboard task the difference between the hands remains unchanged regardless of 
increases in task difficulty. Such findings also question the notion that the difference 
between the hands is proportional to overall movement time.
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Section II: The Circle M arking Task

The notion that the difference between the dominant and non-dominant hands should 
be investigated by considering task difficulty was addressed by Flowers (1975). He 
divided subjects on the basis of hand preference into those who were lateralised (left 
or right handed) and those that were "ambilateral". Using Fitts’ (1954) tapping test, 
Flowers varied the distance between the target plates and their size according to Fitts’ 
logarithmic relationship. He then had subjects perform each of the conditions with 
both their dominant and non-dominant hands. Flowers noted that there were 
significant differences between the groups when using their preferred hands, with the 
two lateralised groups having much faster rates of performance than the mixed 
handed group. No differences were observed between the groups when using their 
non-preferred hand. However, it is not entirely clear whether the ambilateral group 
even have a preferred hand, hence their consideration as a separate group. Upon 
dividing the ambilateral group into "right", "left", and "mixed" ambilaterals Flowers 
notes that it is still the mixed group which show the slower rates of performance.

One result which Flowers does not adequately discuss is whether or not the size of the 
difference between the hands changes with increasing task difficulty. Flowers seems 
only to consider effects for each condition rather than examining the experiment as a 
whole. Scrutiny of Figures 1 and 3 of his manuscript indicate that there is a definite 
increase in mean movement time associated with task difficulty. However, there does 
not appear to be any systematic variation in the difference between the preferred and 
non-preferred hands of the three groups. While the right handed subjects do show a 
slightly increased difference, this is found only at the highest level of difficulty, 
resulting from them having the poorest performance of all groups using their non
preferred hand. None-the-less, it is difficult to conclude on the basis of visual 
inspection whether their is any meaningful increase in the difference between the 
hands in Flowers’ subjects.

In a similar study, Todor and Doane (1978) used Fitts’ tapping task paradigm to 
investigate the performance of right handed, ambidextral, and ambisinistral subjects. 
They classified subjects on the basis of a laterality index (the difference in 
performance between the hands divided by the sum of the performance values for each 
hand) from performance on the condition having the highest index of difficulty. Their 
previous experience shows this to be the level at which the difference between the
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hands is less than in other conditions. The results from their study are, to say the 
least, rather confusing. While collecting data from six conditions of the task the 
authors only chose to include two conditions for the purposes of analysis. 
Furthermore, these two conditions have the same index of difficulty and therefore do 
not provide any information regarding increases or decreases in the relative level of 
performance between the hands. Needless to say the results from this investigation 
are rather unclear and, again, it is difficult to determine if the difference between the 
hands changes with increasing task difficulty.

Steingrueber (1975) varied the diameter of circles in a circle dotting task and the side 
length of aligned squares in order to address the question of increasing task difficulty 
on the differences between the hands. Using a laterality index for scoring the degree 
and direction of performance asymmetry he found degree of laterality to decrease with 
decreasing task difficulty. Steingrueber concluded that this finding represents the 
diminishing dominance of one hand relative to the other when there is a low skill 
requirement. However, because Steingrueber does not consider the performance of 
each hand separately it cannot be determined which hand is more affected by the level 
of task complexity.

The above investigations, while focusing more on the differences between the hands, 
do begin to address a fundamental question about human handedness. How does task 
difficulty affect the differences between the dominant and non-dominant hand? The 
use, in many studies, of a laterality score, indexing the proportional difference between 
the hands, would imply that the difference between the hands scales with the overall 
time to complete the task (Buxton, 1937; Johnstone, Galin, and Herron, 1979). This 

predicts that the difference between the hands should covary directly with task 
difficulty11. The first two studies described above utilise a Fitts’ Law paradigm to 
investigate between-subjects differences in hand performance, yet ignore within- 
subjects effects which would indicate whether there is or is not a scalable difference. 
While it is not entirely clear if a Fitts’ Law paradigm was used in the third study, the 
circle diameter appears to vary logarithmically and a performance laterality index 
was found to decrease with decrease with decreasing task difficulty suggesting a hand-

nEarly uses of the laterality index (for instance, Lederer, 1939), employed laterality indices 
when using frequency data for each hand. When using frequency data the use of this index 
is valid.
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by-condition interaction. However, the performance of the each hand separately was 
ignored so the actual difference between the hands is unknown. Therefore, it is 
unclear whether the difference in performance between the hands can be indexed as 
a proportional difference.

The importance of the concept of how to index the direction and degree of performance 
asymmetry is not a trivial one. The understanding of the dimensions of the 
distribution of asymmetry could be seriously undermined by utilising an inappropriate 
scale upon which to consider laterality. Meta-analytic comparisons of studies may 
obtain inaccurate results assuming the laterality index to "correct" for overall 
performance.

The present investigation will use a Fitts’ Law approach to task difficulty, but will 
adapt the circle marking task of Tapley and Bryden (1983) for such purposes. The 
Tapley and Bryden Task (Tapley and Bryden, 1983) is a hand performance task where 
subjects are required to place a single dot inside of a series of circles as quickly as 
possible. This task can be administered in two ways; either by having subjects place 
dots in as many circles as possible in a fixed amount of time; or by having subjects 
place dots in all the circles and recording the amount of time that is taken. The first 
method has been shown to provide reliable performance measurements (test-retest r 
= .81, p < 0.001; Tapley and Bryden, 1983).

Borod, Koff, and Caron (1984) have independently presented a similar task called the 
target test as a measure of hand performance. This task resembles the Tapley and 
Bryden Task, but uses small concentric rings, or targets, that allow not only speed but 
accuracy to be measured. Borod et al. have shown that right and left handers show 
clear patterns of asymmetry in both speed and accuracy using this task. The task 
used by Steingrueber (1975) is also similar to the one used by Tapley and Bryden.

Given that the circles in the task are of a certain size and a certain distance apart, one 
might expect that the Tapley and Bryden task would be governed by Fitts’ Law. This 
is easily testable by varying the circle diameter logarithmically with respect to the 
distance between the circle foci. Tapley and Bryden used a laterality index for scoring 
this test specifically because of their suspicion that differences in performance between 
the hands scale proportionally with the total number of circles marked. A within-
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subjects design will look specifically at the question of the proportional difference 
between the hands and attempt to shed light on whether researchers can
consider such a notion as a valid measure of motor asymmetry.

Method

Subjects: The same fifty-six subjects participated in this experiment. Subjects were 
grouped into either left-handed or right-handed groups on the basis of extreme scores 
for writing hand (±1.0) on the 28-item handedness questionnaire of McManus (1979, 
1985). There were 28 right-handers and 28 left-handers in each group having equal 
numbers of males and females (Ns = 14 per group). The groups were recruited via 
posters, a subject pool, and through personal appeal and were reimbursed for their 
participation. Subjects were typically university students and were closely matched 
for age; mean±SD ages for the groups were, right-handers 23.43±6.25 (males, 
22.36±1.50; females, 24.50±8.75), left-handers 26.25±6.89 (males, 25.28±5.37; females, 
27.21±8.23).

Apparatus: The Tapley and Bryden Circle marking task consists of a series of evenly 
spaced circles in which the subject must place one mark (a dot) inside of the circle. 
The distance between the circles was set at 1.5cm, and from this circle diameters were 
determined which satisfied Fitts’ Index of Difficulties equalling 1.0, 1.5, 2.0, and 2.5 
(1.00cm, ,55cm, .33cm, and .25cm, respectively). A felt-tipped pen was used for 
marking the circles because it made a clear mark from which it was easy to determine 
a correct "hit" inside the circle. It was calculated that the tip of the pen left a mark 
0.2cm in diameter. The size of this mark becomes increasingly important when the 
size of the circle becomes smaller (i.e. the standard difficulty becomes greater) acting 
as a conceptually limiting factor in performance (ultimately the diameter of the pen 
mark exceeds that of the circle). Therefore, pen-tip size needs to be taken into account 
in calculations of difficulty. "Corrected" indices were recalculated after subtracting the 
diameter of the tip of the pen from the diameter of the circle. The final difficulty 
indices were 1.3, 2.2, 3.3, and 4.2. The task, in its various degrees of difficulty, is 
presented in Appendix B.

Procedure: Each level of difficulty was performed twice by subjects with their
dominant and non-dominant hands in a randomised order. Subjects began each 
condition by beginning in the upper-left-most circle and marking the circles in a left-
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to-right direction. Tapley and Bryden do not describe how the subjects in their 
experiment were required to proceed marking the circles, but it was felt that a left-to- 
right direction was most consistent with the direction used for writing (upon which the 
groups were determined). Subjects were given 20 seconds to mark as many circles as 
they could, after which the next condition was presented until all sixteen trials had 
been performed. Scoring of the task was consistent with the method used by Tapley 
and Bryden, where only dots that were entirely within the boundary of the circle were 
considered as valid.

Statistical Analyses: Data for the number of circles marked for each hand was 
averaged across the two trials and was considered in a 2x2x2x4 split plot analysis of 
variance (ANOVA). The between-subjects factors were the handedness group and the 
gender of the subjects, while the within-subjects factors were the hand used to perform 
the task and the level of difficulty. In addition, laterality indices were calculated for 
the subjects in two forms; 1) the number of circles marked between the two trials for 
each hand were averaged and then the laterality index was determined; and 2) 
individual laterality indices were calculated for each trial and then averaged. A 2x4 
ANOVA was performed on the pooled trial scores (number 1, above) in order to observe 
the behaviour of the laterality index as task difficulty was made to increase. The 
between-subjects variable for this analysis was the handedness group, while the 
within-subjects variable was the level of task difficulty.

Results
Descriptive statistics for each hand in each condition of the experimental design can 
be seen in Table 5.6, while the ANOVA summary table comparing the scores of both 
hands is presented in Table 5.7. The ANOVA summary table analysing the laterality 
indices is presented in Table 5.8.

There was a significant difference between the hands (F(l,52) = 318.87, p < 0.001), 
indicating that the non-dominant hand marked fewer circles than the dominant hand. 
There was a considerable effect due to task difficulty, showing that the overall number 
of circles marked decreases with increasing difficulty (F(3,156) = 693.25, p < 0.001). 
There was a significant group-by-hand interaction (F(l,52) = 5.20, p = 0.027), 
indicating that the difference between the dominant and non-dominant hands in the 
left handed group was less than in the right handed group. There was also a
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significant gender-by-circle interaction (F(3,156) = 3.49, p = 0.017), suggesting that 
females marked fewer circles than did males as task difficulty increased. Note that 
no hand-by-circle interactions were found to be significant, indicating that the 
difference between the hands did not change as a function of task difficulty. Figures 
5.4 and 5.5 (mean performance plotted against uncorrected and corrected difficulties, 
respectively) show clearly that there is a large decrease in performance with 
increasing task difficulty and that the difference between the dominant and non
dominant hands of both groups is unaffected. These figures also show that the 
difference between the hands is less in the left-hand dominant group.

Table 5.6 shows the pooled trial and the across trial mean laterality indices. Analysis 
of the pooled trial laterality indices revealed a significant difference between the 
groups (F(l,54) = 5.58, p = 0.021), with left-handers showing lower absolute laterality 
indices than those of the right-handers. There was also a significant effect due to the 
task difficulty (F(3,162) = 24.60, p <0.001), with the laterality indices getting larger 
as the circle diameter decreased (Linear, F(l,162) = 66.43, p < 0.001; Quad., F(l,162) 
= 7.38, p = 0.01). Figure 5.6 shows how, despite there being no change in the 
difference between the hands, the laterality indices appear to indicate greater 
lateralisation with increasing task difficulty.

D iscussion

Taken individually, each condition replicates the findings of typical studies of hand 
performance of left- and right-handers; that the dominant hand performs better than 
the non-dominant hand in both groups, while this difference is reduced in left-handers 

(see also Section 1). However, it is noteworthy that this difference does not change as 
a function of task difficulty. A similar result was observed using the Annett pegboard 
task in Section 1. Thus, the difference between the hands is not proportional to total 
hand performance. This finding leads to serious problems when considering the 
scoring of motor asymmetry by laterality index. This is best seen in the analysis of 
the laterality indices across the conditions of task difficulty.

One might initially believe that as the task became more difficult the subjects would 
become more lateralised as a result. Steingrueber came to this precise conclusion 
when analysing the laterality scores in his experiment. However, as it can be seen,

124



Chapter 5

this is an artifact of the laterality index due to the fact that the difference between the 
hands does not change with the overall level of performance.

These results indicate that it is probably unwise to employ a laterality index to score 
motor performance asymmetry, at least not without understanding the performance 
of each hand separately as a function of task difficulty. An a priori decision regarding 

the scoring of laterality indices may be inappropriate and falsely represent the true 
effects in traditional statistical modelling. Even in single condition experiments where 
the dominant and non-dominant hand perform a task with only one level of difficulty, 
calculation of a laterality index may unrealistically score subjects with high total 
performance times as being ambidextral. Scoring in such a way may lead to 
particularly erroneous conclusions regarding pathological populations.

125



Chapter 5

Section HE: The Square Tracing Task

As was mentioned in the Introduction, Bishop (1980; see also Bishop, 1991) 
constructed a square tracing task for use in identifying pathological left handedness 
in a large sample of children. This task consists of two concentric squares printed 
upon a piece of paper separated by a gap of a fixed size. Previously, this task has 
been shown to be sensitive to the non-preferred hand performance of left-handers 
(Gillberg, Waldenstrom and Rasmussen, 1984), a finding replicated by Peters and 
Servos (1989). Peters and Servos also found that the difference between the hands 
was larger when the hands performed the task simultaneously. In addition, these 
authors also rated the quality of square tracing on a scale from 1 to 5 (5 being worst). 
The only significant difference observed was that left-handers showed a higher quality 
of tracing performance with their non-preferred hand. However, earlier references 
exist as to the use of square tracing as a test of motor performance. Hinrichs (1970) 
included tracing a 12.7cm square with a 0.63cm gap as one of two "kinesthetic tests," 
where the other was a 12.7 cm diameter circle similarly constructed. Subjects were 
blindfolded when tracing the square, intended to increase reliance on kinesthetic cues. 
Performance was scored by rating the location and quality of the trace.

Square tracing performance may typically be addressed in two ways. The first, and 
most obvious way, is measuring speed or the amount of time taken by each hand to 
circumnavigate around the gap between the squares. The second method is to 
consider the degree of accuracy with which the trace was made by determining the 
number of times a subject’s trace passes outside of the outer or inside of the inner 
square. The first method is straight forward and can be assessed by using a hand
held stop watch. The second method of assessment, on the other hand, poses some 
problem. Firstly, it is highly likely that varying the size of the gap between the 
squares will affect the number of times a subject passes outside of the permitted area. 
More careful square tracing will reduce the number of errors made. Therefore, this 
is a classic example of a speed- accuracy trade-off, and will be strongly correlated with 
the first method of measuring performance. Secondly, counting the number of times 

a subject’s trace strays outside of the outer or inside of the inner square is an 
extremely tedious task, particularly with the form the task takes in this investigation. 
Rating the quality of the trace also poses problems in terms of inter-rater reliability 
and what constitutes a good trace.
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On this basis, I have chosen to concentrate more on the first method, measuring hand 
speed,°as it is consistent with how I have previously measured hand performance 
when analysing hand skill in the previous sections. In Bishop’s original experiment 
only one form of square was used. However, as with the previous two chapters we are 
interested in the degree to which rate of hand performance is affected by increasing 
task difficulty (again analogous to Fitts’ law). In this investigation I have extended 
the number of squares, which increase with difficulty in order to assess 1) the way in 
which increasing difficulty affects general performance on the task, and 2) whether 
this increase in difficulty affects the difference between the dominant and non
dominant hands.

Also in this investigation, a version of the task has also been computerised in an 
attempt to provide more information regarding the relative hand performance of right 
and left handers. A computerised version allows for more accurate measurement of 
trace time, and order of presentation effects can be controlled for. The two versions 
may be compared to determine if they are measuring handedness to the same degree.

Method

Subjects: Twenty-eight right-hand-dominant and twenty-eight left-hand-dominant 
individuals, defined on the basis of writing hand, took part in the experiment. In each 
group there were 14 males and 14 females. The mean±SD age of the right-handers 
was 23.43±6.26 (males 22.36±1.50; females 24.50±8.75) and the mean±SD age of the 
left-handers was 26.25±6.89 (males 25.29±5.37; females 27.21±8.24). Subjects were 
recruited for the experiment via posters, personal appeal, or via a subject pool. All 
subjects were reimbursed for their participation in the experiment.

Apparatus:
The Pen and Paper Square Tracing Task: Bishop’s square tracing task was extended 
to include a series of squares increasing in difficulty. Here difficulty is defined as the 
reciprocal of the distance between the inner and outer squares. This is consistent with 
the work by Meyers, Abrams, Komblum, et al. (1988) who in considering alternatives 
to Fitts’ (1954) logarithmic equation, and suggest the use of linear as well as a square- 
root approximations (see also Rosenbaum, 1991 for discussion). While Fitts’ equation 
is traditionally used to model ballistic aiming movements, I have chosen here to adopt
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Meyers et al.’s linear method in defining the square’s difficulty, which is simply given 
as

M7’=60+61* ( |p

where MT is movement time, b0 and bj are empirical constants, A is movement 
amplitude and W is target width, in this case square side length and distance between 
inner and outer squares. As I shall only be considering a single square side length of 
5 centimetres, the equation can be viewed simply as the reciprocal of the distance 
between the inner and outer squares. This same side length has been used previously 
by Bishop (1980, 1991), but is different to that used by Peters and Servos (1989) who 
used a 10 centimetre square. A further description and the squares themselves are 
presented in Appendix C. Seven squares were then constructed which had difficulty 
indices ranging from 1.0 to 4.0, in 0.5 increments. Each was printed individually onto 
sheets of A4 paper. In all there were 14 squares presented to each subject, seven for 
each hand.

The Computerised Square Tracing Task: An IBM compatible personal computer (Dell, 
80286 processor) was programmed to present two concentric squares on a VGA 
SuperColor+ computer monitor. The code for this programme is also presented in 
Appendix C The side length of the object square {e.g. the midpoint between the inner 
and outer squares), like in the pen and paper version, was set at 5 centimetres. From 
this side length, a series of seven squares was again determined for difficulties 
ranging from 1.0 to 4.0, in 0.5 increments.

The order of presentation in the computerised version was based upon the latin square 
design presented in Table 5.9, where subjects numbered 1-28 are right handed and 29- 
56 are left handed. Each square is identified in Table 5.9 by its index of difficulty. 
This latin square design was used to control for presentation across subjects and to 
reduce any effects due to order. Persons assigned an even subject number began the 
task with their dominant hand, while odd numbered subjects began with their non
dominant hand. This hand was used to complete each in the series of seven squares. 
The data from this hand on all the squares was saved to 3.5 inch floppy disk, after
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which the remaining hand was used on the same seven squares and its data saved to 
the same file.

Procedure:
The Pen and Paper Version: The pen and paper version of the square tracing task was 
administered to the subjects in a randomised order of presentation when using this 
version of the task. The hand beginning the task first was randomised across subjects. 
Subjects were instructed to travel in an anti-clockwise fashion beginning from a small 
target in the lower-left hand comer. The^were asked to make contact with the three 
targets, located in each of the remaining three comers, and then return to the starting 
point. The amount of time taken to circumnavigate each square was recorded with a 
hand held stopwatch to the nearest 100th of a second.

The Computerised Version: Similarly, subjects were asked to use a joystick to pass a 
cursor between the gap made by the squares presented on the computer screen by the 
computerised square tracing task. Each subject was required to begin by placing the 
cursor in a small starting box in the lower-left corner of the gap between the squares. 
When this was done the experimenter pressed the space-bar on the computer keyboard 
which started the timer and also placed four small targets on each of the comers of 
the object square. Subjects were again instructed to travel in an anti-clockwise 
direction and to hit the targets as they traced. Upon hitting the target the computer 
emitted a tone (250 Hertz, for 0.2 seconds), indicating to the subject that they had hit 
the target and could continue their trace. The targets are necessary in both versions 
of the task in order to avoid subjects "cutting the corners" of the square and not 

travelling f u r i  distance on each square (i.e. 4 x side length). Each subject was 
asked to trace around each square in an anti-clockwise manner. Upon returning the 
cursor to the starting box the timer was stopped, the screen was cleared and the data 
for that trace was saved to disk. The time taken for each subject to circumnavigate 
each square was recorded by the computer to the nearest 100th of a second.

In both versions of the task subjects were told to work quickly but accurately , by 
avoiding passing inside of the inner square or outside of the outer square, if at all 
possible.
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Method o f Analysis:
Trace Time on the Pen and Paper Version: The time taken for subjects to
circumnavigate the squares was recorded to the nearest 100th of a second by a hand
held stopwatch. The order of presentation of the squares was randomised across 
subjects and not systematically presented. A 2x2x2x7 split-plot analysis of variance 
was performed on the data. The between-subjects variables were hand dominance 
group and gender; while the within-subjects variables were the hand used to perform 
the task and the square difficulty.

Trace Time on the Computerised Version: A 2x2x2x7 split-plot analysis of variance 
was performed on the computerised square tracing data. The between-subjects 
variables were hand dominance group, and gender; while the within-subjects variables 
were the hand used on the task, and the square difficulty.

Comparison o f the Two Versions: A further analysis was performed in order to 
compare the two versions of the task. A 2x2x2x2x7 split-plot analysis of variance was 
performed on the data from the two versions. This analysis therefore consisted of the 
between-subjects effects being the hand dominance group, and gender. The within- 
subjects effects being the hand used to trace the squares, the version of the task, and 
the square difficulty.

R esults

Pen and Paper Version Trace Times: Descriptive statistics for the performance times 

on the square tracing task are presented in Table 5.10. These results are presented 
graphically in Figure 5.7. The full analysis of variance summary table can be seen 
in Table 5.11.

Analysis of variance showed that there were no significant between-subjects effects. 
There was a significant difference between the performance of the dominant and non
dominant hands (F(l,52) = 136.53, p < .001), with the dominant hand performing 
faster overall than the non-dominant hand. The group-by-hand interaction proved to 
be significant, indicating that the difference between the hands of left handers to be 
less than that of right handers. The gender-by-hand and group-by-gender-by-hand 

interactions did not prove to be significant. There was a significant effect due to the

130



Chapter 5

square difficulty (F(6,312) = 130.43, p < .001) with performance time being composed 
of a highly significant positive linear contrast (t(312) = 17.67, p < .001), a quadratic 
component (t(312) = 3.53, p = .001), and a cubic component (t(312) = 2.41, p = .019). 
Inspection of Figure 5.7 would indicate this relationship to be predominantly linear. 
The group-by-square, gender-by-square, and the group-by-gender-by-square 
interactions were not found to be significant. The hand-by-square interaction proved 
to be significant (F(6,312) = 3.01, p = 0.007), comprised primarily of a positive linear 
component (t(312) = 3.85, p < 0.001) showing the difference between the hands to be 
steadily increasing with increasing square difficulty. No other interactions proved to 
be significant. These findings confirm that the overall performance time on the square 
tracing task, as well as the difference between the hands are highly dependent upon 
task difficulty.

Computerised Version Trace Times: Again, descriptive statistics are presented in 
tabular form in Table 5.13 and they can be seen graphically in Figure 5.8. No 
between-subjects effects were found to be significant. The within-subjects effect due 
to increasing square difficulty proved to be highly significant (F(6,312) = 56.66, p < 
0.001). This was primarily comprised of a positive linear increase in time to complete 
the squares (t(312) = 11.92, p < 0.001). No further within-subjects effects were found 
to be significant. It should be noted that no hand, nor hand-by-square interaction was 
observed, as was with the pen and paper version. Figure 5.8 shows that while there 
is a definite effect on trace performance time as square difficulty increases, there are 
no differences between the hands, nor between the two groups.

Comparison of the Pen and Paper and Computerised Trace Times: Analysis of 
variance comparing the pen and paper and computerised versions of the square tracing 
task showed no between-subjects effect to be significant (see Table 5.14). There was 
a highly significant difference in overall performance between the two versions (F(l,52) 
= 117.37, p < 0.001), but no significant group, gender nor group-by-gender interactions 
with version. Again there was a significant overall difference between performance 
with the dominant and with the non-dominant hand (F(l,52) = 24.09, p < 0.001). 
However, no group, gender nor group-by-gender interactions with hand proved to be 
significant. Effects due to square difficulty again proved to be highly significant 
(F(6,312) = 115.38, p < 0.001), indicating overall performance time on both versions 
to increase with increasing square difficulty. Polynomial contrasts indicated this effect
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to be composed of a highly significant linear (t(312) = 15.64, p = <0.001), as well as 
quadratic (t(312) = 2.60, p = 0.012) components. No group or gender interactions with 
square difficulty were found to be significant. The version-by-hand interaction was 
significant (F(l,52) = 8.87, p = 0.004), indicating the difference in performance between 

the hands to be greater in the pen and paper version. A borderline significant effect 
of group-by-version-by-hand was also observed (F(l,52) = 3.88, p = 0.054). The 
version-by-square interaction was significant (F(6,312) = 6.41, p < 0.001), showing 
there to be a steeper linear (t(312) = 4.17, p <0.001) decline in performance on the 
computerised version. No hand-by-square nor version-by-hand-by-square interaction 
effects were significant which might be the result of much larger variance in the 
computerised version.

D iscussion

The pen and paper version of the task proves to be a highly sensitive test in terms of 
identifying differences between the hands. The finding that the difference between the 
dominant and non-dominant hands increases with increasing task difficulty appears 
to be a reliable finding in fight of my previous experimental and pilot study work. The 
computerised version of the task, however, does not show any significant difference 
between the dominant and non-dominant hands, let alone that this difference is 
increasing. The task does appear to be sensitive to increasing task difficulty, but this 
proves useless as a task of hand performance when it is not sensitive to dominant/non
dominant hand differences.

The subjects for this experiment were divided into handedness groups on the basis of 
hand used for writing. Therefore, it may not be surprising that the task which is more 
closely related to hand writing shows the difference between the hands. A subject’s 
previous experience, or lack thereof, with the apparatus used with the computerised 
version of the task may have clouded the attempt to use more sophisticated means of 
for studying relative hand performance. A computer joystick and a pen are not 
interchangeable implements and further efforts at computerisation of some methods 
of hand performance may need to progress cautiously with regard to the form with 
which the interactive device takes.
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The use of compensatory and pursuit tracking tasks to investigate human motor 
control has an extensive history and early work tended to concentrate on applications 

for human-machine systems such as aircraft control (Briggs, Fitts, andBahrick, 1957; 
ChernikofF and Taylor, 1960; Chemikoff and LeMay, 1963). More recently, it has been 
demonstrated that Fitts’ Law can also be used to describe tracking performance when 
trace velocity is taken into account (Jagacinski, Repperger, Ward, and Moran, 1980). 
Viviani and colleagues (1985,1987) have also noted that the degree of error in pursuit 
tracking and drawing movements is a function of the degree of curvature of the course 
being tracked. Earlier researchers also noted that when using a one-dimensional 
tracking task, the level of accuracy was aversely affected by an increase in the speed 
of the target (Noble, Fitts, and Warren, 1955; Frith, 1973). Frith and Lang (1979) 
employed a two-dimensional tracking paradigm to investigate the effects of learning 
and reminiscence on task performance. They observed that only following a brief rest 
between trials did subjects show any improvement in their level of performance. 
Tracking tasks have proved useful in the development of early theories of human 
motor control (Noble, Fitts and Warren, 1955; Crossman, 1960; Keele and Posner, 
1968).

However, as far as can be seen, little if any application has been made using the 
tracking task paradigm to understanding the differences between the right and left 
hand performance12. Typical tracking experiments involve only the use of only right- 
handed subjects performing the tracking tasks with only their dominant hand (e.g. 
Viviani, Campadelli, and Mounoud, 1987). The use of tracking tasks in the 
understanding of hand performance asymmetry has several advantages which are not 
found in typical handedness tasks (e.g. the Annett Pegboard (Annett, 1970)). Firstly, 
it should be possible to identify the degree of each hand’s performance amplitude, 
indicating the level of motor performance over a broad spectrum; secondly, the 
frequency range over which the difference between the hands is the greatest can be

12My search of the motor performance and handedness literatures revealed no 
investigations specifically making left-right comparisons on tracking tasks in the last 20 years 
(PsychLit, 1974-1992). My belief is that this probably represents a large gap in current 
understanding of both fields. Motor theory could benefit by employing paradigms where both 
hands are used, while students of human handedness could benefit by employing a more motor 
skills approach.
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identified. This could prove to have both theoretical and practical importance, in that 
theories of brain asymmetry would need to explain why the hands differ the most over 
this range, as would students of motor performance. Furthermore, other tasks of hand 
performance can be correlated with these amplitude differences to see which are 
measuring the difference between the hands where it is the largest.

One draw-back to the use of two-dimensional tracking is that typical hand movements 
take place in three-dimensions. This section will deal with hand tracking of targets 
moving along planar (2D) trajectories. Although this is a special case of all hand 
movement, the work of Viviani and colleagues (Viviani and Turzoulo, 1982; Viviani 
and McCollum, 1983) has suggested that many complex tri-dimensional movements 
can be broken down into such special cases.

Method

Subjects: This experiment differs from typical tracking paradigm investigations in 
that a larger sample of subjects was used, rather than a few subjects tested over many 
sessions. The subjects for this experiment were university undergraduates who had 
been reimbursed for their participation. Subjects were divided into left- and right- 
hand dominant groups on the basis of showing extreme scores for writing hand (±1.0 
hand preference) on the 28-item handedness questionnaire of McManus (1979,1985). 
There were 28 right handers and 28 left handers comprised of equal numbers of males 
(n = 14 per group) and females (n = 14 per group). The ages of the groups were 
matched as closely as possible. The mean±SD ages for the right handers was 
25.6±6.67 (males, 25.6±6.57; females, 25.6±6.88) and for the left handers was 

26.7±7.63 (males, 25.7±7.10; females, 27.7±8.12).

Apparatus: A computer program was developed which allows the display of a line 
course on an VGA Supercolor+ computer monitor. This program is available for 
inspection in Appendix D. The program allows for the generation of course stimuli by 
a user defined number of Fourier harmonics for both X and Y axes and transforming 
them into screen coordinates. In this case 25 harmonics were used to comprise each 
course. Two-hundred XY pairs of coordinates were then calculated to complete each 
of four courses. These courses are made to vary in their complexity by varying the 
slope of the log amplitude values relative to the log frequency components. The more 

steeply negative the slope the more elliptical the resulting course, while more complex
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courses were obtained with a higher slope {i.e. they contained more high frequency 
components). Four courses were used in the experiment and will herby be referred to 
as courses A, B, C, and D. These courses can be seen in Figures 5.9 through 5.12, 

respectively. Each course was produced on the screen ten times a t a rate of one 
completed cycle every five seconds (33 seconds total time for each course). On every 

odd numbered cycle the course drew itself, while on every even numbered cycle the 
course erased itself, therefore controlling for input preview and knowledge of results 
(see Wickens, 1984, p. 428, for a detailed discussion). By repeating the course several 
times, each subject had several attempts to minimise their error at every point on the 
course.

Procedure: Subjects were seated 0.75 metres from the computer screen. Subjects were 
asked to use a joystick (Mach III, CH Products, California, U.S.A.) to track the 
stimulus with either their dominant or non-dominant hand. The joystick was encased 
in a symmetric perspex box in order to control for a one centimetre right of centre 
asymmetry in the joystick. An earlier pilot study using the joystick without this box 
indicated that this asymmetry resulted in a serious bias in favour of right hand 
performance. The perspex box eliminated this biasing effect. The joystick was 
positioned on a table directly in front of the subject at about waist height.

The first five points of each course were presented as a small line segment on the 
computer monitor in order to indicate where the course was to start. It was explained 
to the subjects that they should attempt, at all times, to minimize the distance 
between the cursor and the position of the moving course. Subjects were told that 
ideal performance was keeping the cursor superimposed on the end of the course at 
all times as it was being produced. Subjects began each trial by positioning the cursor 
on top of the line segment. When they had done so the experimenter started the trial 
by pressing the computer’s space bar.

At the end of each trial, the percentage of time spent within a small region around the 
end of the course was presented to subjects following each trial as an indicator of their 
level of performance (with perfect performance equalling 100 percent). The four 
courses were presented to subjects in a latin square design so as to control for the 
effects of presentation. Subjects performed each of the courses twice with each hand
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(for a total of sixteen trials) following either a D, ND, ND, D or a ND, D, D, ND 
format. In all 32,000 XY data pairs were collected per subject in this experiment.

The position of the cursor on the screen was recorded at a frequency of 55 times per 
second and stored in the computer’s memory. Upon completion of each trial the data 
was written to a file on 3.5 inch high-density floppy disk. The X and Y data were 
stored in separate matrices in the file so that they could be most easily read separately 
for analysis.

Fourier Analysis: A Fortran program was written on a MicroVax computer which used 
the FFT routine of the NAG Fortran Library of mathematical algorithms (Numerical 
Algorithms Group, 1988). The X- and Y- axes positions from each subject’s course 
were subjected separately to Fourier analysis determining the amplitude coefficients. 
Each cycle of the subject’s course was analyzed separately and the amplitude and 
phase values were then averaged across each of the cycles. Both amplitude and phase 
coefficients of the X- and Y- positions, from the first to the twenty-fifth harmonic (0.3 
to 7.5 Hertz), were themselves saved to files in a format compatible with the SPSSx 
statistical package (1988).

Statistical Analysis of Frequency Components: Each subject’s dominant and non
dominant hand tracking amplitude components were scored by calculating an absolute 
index of relative performance as represented by the Log Amplitude Ratio

Ampn,
Log Amplitude Ratio =Abs Logl(X )

to be used as depended variable. Here Amp0bg represents the subject’s actual 
amplitude, while A m p^ is the amplitude of the course they are tracking13. On this 
scale a value of zero indicates an equivalent level of performance between the hand 
in question and the course amplitude, while a positive value represents the variable 
error with that hand. It is variable error that is of the most interest, indicating the 
degree to which subjects are in error when tracking each course. Constant error

13In engineering, the ratio of output amplitude level to that of the input level is known as 
"transmissibility", and is useful for understanding the residual amplitude from a system 
following perturbation by an input wave form. The index of performance used here can be 
viewed as simply the logarithm of hand performance transmissibility.
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represents the degree and direction of performance in terms of over- or under-shooting 
the target, but will not be addressed here.

Two 2x2x2x25 split plot, analyses of variance (ANOVA) having two repeated measures 
were performed on the amplitude coefficients, one for the X-value and Y-value log 
amplitude ratios for each of the four courses. The between-subjects independent 
variables were the handedness of the subjects, and subject gender, while the within- 
subjects variables were the frequency harmonic and the replication of that condition 
(to investigate effects due to learning).

In order to consider the relative difference in performance between the dominant and 
non-dominant hands, the deviation between the absolute log amplitude ratios was 
used. Here a value of zero represents equal performance between the hands, a 
positive value represents poorer non-dominant hand performance, and a negative 
value indicates poorer dominant hand performance in tracking the course.

A further 2x2x2x25 ANOVA was performed on the difference between the non- 
dominant and dominant hands, or the difference between the values for each hand 
obtained from equation 3. Again, there were two between-subjects conditions, 
representing the handedness group and the gender of the subjects, and two within- 
subjects measures, representing the frequency harmonic and the replication of that 
course.

Results

In order to best present results, summary of the findings from this and the other three 
courses can be seen in Tables 5.15 and 5.16, while the full analyses of variance tables 
for each course are given in Appendix D14. Averaged X- and Y-axes tracking 
performance values are presented for the dominant hand in Figure 5.13 and for the 
non-dominant hand in Figure 5.14. The relative levels of performance between the 
hands are presented separately for the X- and Y-axes for right-hand dominant (Figures 
5.15 and 5.16) and for left-hand-dominant-subjects (Figures 5.17 and 5.18).

14I have chosen only to present selected statistical values in the text as there are, in fact, 
26 separate ANOVAs on the tracking task data. Results from each course will be discussed 
in detail.
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Analysis o f Course A: Analysis of the dominant hand amplitude ratios for the X- 
dimension on Course A, showed no between-subjects effects to be significant (Appendix 
D, Table 1). There was a significant within-subjects effect due to harmonic (F(24,1248) 
= 2384.53, p < .001), indicating that the amplitude of the dominant hand relative to 
the expected amplitude increased over the range of frequency harmonics. There was 
also a borderline significant replication-by-harmonic interaction (F(24,1248) = 1.52, p 
= .051), suggesting that certain harmonics may be more sensitive to the effects of 
learning.

Analysis of the non-dominant hand performance similarly showed no between subjects 
effects (Appendix D, Table 2). There was a significant within-subjects effect due to the 
replication of the trace (F(l,52) = 4.18, p = .046), indicating that practice had a slight 
effect on performance. Again there was a highly significant within-subjects effect due 
to harmonic (F(24,1248) = 2556.48, p < .001), indicating that the amplitude of the non
dominant hand increased relative to the expected amplitude across the frequency 
harmonics. There was also a significant gender-by-harmonic interaction (F(24,1248) 
= 1.64, p = .027), suggesting that males and females may differ with respect to their 
degree of increased amplitude.

Considering the analysis of the differences between the hands along the X-axis 
(Appendix D, Table 3), no between-subjects effects proved to be significant, indicating 
no differences in the level of be tween-hand performance among right and left handers, 
and males and females. Considering within-subjects effects, there was a significant 
effect due to harmonic (F(24,1248) = 4.03, p < .001), indicating that the difference 
between the dominant and non-dominant hands varies systematically across the 
harmonics. There was also a significant group-by-harmonic interaction (F(24,1248) = 
1.62, p = .029), indicating that left-handers show less of a difference between their 
hands than right-handers. No other within-subjects effects proved to be significant.

The analysis of the dominant hand along the Y-axis revealed no between-subjects 
effects (Appendix D, Table 4). There was a significant within-subjects effect due to 
harmonic (F(24,1248) = 1297.11, p < .001). There was also a significant group-by- 
harmonic interaction (F(24,1248) = 2.56, p < .001), suggesting that right and left 
handers differ in the size of their dominant hand amplitudes. There was also a 
significant group-by-replication-by-harmonic interaction (F(24,1248) = 1.93, p = .005).
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The analysis of non-dominant hand Y-axis amplitudes revealed no between-subjects 
effects (Appendix D, Table 5). There was a significant within-subjects effects due to 
the replication of the trace (F(l,52) = 4.35, p = .042), suggesting practice effects. There 

was a significant effect due to the frequency harmonic (F(24,1248) = 1425.30, p < .001). 
No further within-subjects effects were found to be significant.

The analysis of the difference between the hands along Y-axis (Appendix D, Table 6), 
like the X-axis values, showed no between subjects effects to be significant, showing 
that right and left handers not to differ overall in their degree of asymmetry. There 
was a significant within-subjects effect due to harmonic (F(24,1248) = 2.34, p < .001), 
indicating that the difference between the hands varies systematically across the 
frequency harmonics. There was also a group-by-harmonic interaction (F(24,1248) = 
1.65, p = .025), suggesting that left-handers show less of a difference between their 
hands across specific harmonics. There was also a group-by-replication-by-harmonic 
interaction (F(24,1248) = 2.12, p = .001), suggesting that left-hander’s hand 
performance may be more sensitive to the effects of learning across specific frequency 
ranges.

Analysis of Course B: The analysis of the dominant hand performance along the X- 
axis revealed no between subjects effects (Appendix D, Table 7). There was a 
significant within-subjects effect due to the replication of the trace (F(l,52) = 17.79, 
p < .001), indicating the effects of practice on performing the tracking task. There was 
a highly significant effect due to harmonic (F(24,1248) = 236.69, p < .001), indicating 
that the amplitude of the dominant hand increased relative to the expected course 
amplitude across the frequency harmonics. There was a significant replication-by- 
harmonic interaction (F(24,1248) = 9.98, p < .001), indicating certain harmonics to be 
more sensitive to the effects of practice.

The analysis of the non-dominant hand amplitude ratios along the X-axis similarly 
showed no between-subjects effects (Appendix D, Table 8). A significant within- 
subjects effect was observed due to the replication of the trace (F(l,52) = 44.07, p < 
.001), again showing the effects of practice. There was a significant gender-by- 
replicate interaction (F(l,52) = 8.32, p = .006), suggesting that males and females may 
differ in the level to which their performance is affected by practice. There was a 
highly significant effect due to harmonic (F(24,1248) = 235.96, p < .001), indicating
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that the amplitude of the non-dominant hand is elevated relative to the amplitude of 
the course amplitude. There was also a significant group-by-harmonic interaction 
(F(24,1248) = 2.45, p < .001), suggesting that right and left handers show different 
levels of amplitude increase relative to the course amplitude across the frequency 
harmonics. A significant replication-by-harmonic interaction was observed (F(24,1248) 
= 9.48, p < .001), indicating again that certain harmonics may be more sensitive to the 
effects of practice. A four-way interaction of group-by-gender-by-harmonic-by-replicate 
was also observed (p = .022).

The only between-subjects effect observed when analysing the differences between the 
hands along the X-axis values was that of a group-by-gender interaction (F(l,52) = 
8.73, p = .005), indicating that left-handed females showed less of an overall difference 
in the amplitude values of their dominant and non-dominant hands (Appendix D, 
Table 9). There was a significant within-subjects effect due to the replication of the 
task (F(l, 52) = 5.76, p = .02), with the amplitude ratio of the second replication being 
less than the first, which is suggestive of the effect of practice. There was also a 
gender-by-replicate interaction (F(l,52) = 6.45, p = .014), indicating that females 
showed less degree of difference between the hands on the second replication. Again 
there was a significant effect due to frequency harmonic (F(24,1248) = 2.19, p = .001), 
and due to the replication of the trace (F(l,52) = 9.56, p = .003), again indicative of the 
effect on performance due to practice. There was a significant effect due to frequency 
harmonic (F(24,1248) = 228.12, p < .001). A group-by-gender-by-harmonic interaction 
was also observed (F(24,1248) = 1.63, p = .028). There was a replication-by-harmonic 
interaction (F(24,1248) = 5.65, p < .001).

Analysis of the Y-axis differences between the hands revealed no between- and no 
within-subjects effects, indicating that on this course the log ratio of amplitude of the 
two hands is not significantly different from zero (Appendix D, Table 12). This is best 
seen in the fact that there is no within-subjects effect due to the frequency harmonic.

Analysis of Course C: Analysis of the dominant hand along the X-axis revealed no 
between-subjects effects (Appendix D, Table 13). The was a significant within-subjects 
effect due to the replication of the trace (F(l,52) = 20.54, p < .001). Again there was 
a considerable effect due to harmonic (F(24,1248) = 177.52, p < .001), indicating that 

dominant hand amplitude significantly increased across the harmonics. There was
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also a significant replication-by-harmonic interaction (F(24,1248) = 2.76, p < .001), 
suggesting that certain harmonics may be more sensitive to the effects of practice.

The analysis of non-dominant hand performance along the X-axis revealed no between- 
subjects effects (Appendix D, Table 14). There was a significant within-subjects effect 
due to the replication of the trace (F(l,52) = 9.52, p = .003), again showing that there 

were practice effects. There was also a gender-by-replicate interaction (F(l,52) = 6.02, 
p = .018), indicating that males and females may differ in how much their performance 
is affected by practice. There was a significant effect due to harmonic (F(24,1248) = 
178.40, p < .001), showing that the non-dominant hand increased its amplitude 
relative to the course amplitude across the frequency harmonics. A three-way 
interaction of group-by-replicate-by-harmonic was found to be significant (F(24,1248) 
=1.59, p = .036), suggesting that right and left handers differ in the effects due to 
practice on certain frequency harmonics.

Analysis of the X-axis difference between non-dominant and dominant amplitude 
ratios for Course C revealed no between-subjects effects (Appendix D, Table 15).. A 
gender-by-replication within-subjects effects was found to be significant, but only 
slightly so (F(l,52) = 4.31, p = .043). No significant effect was observed for the 
frequency harmonic indicating that the amplitude ratio differences did not 
systematically varied across the harmonics (F(24,1248) = 0.95, p = .534). There was, 
however, a significant replication-by-harmonic interaction (F(24,1248) = 1.80, p = .011), 
again indicating that certain harmonics may be more sensitive to learning than others. 

No further within-subjects effects proved to be significant.

There was a significant between-subjects effect due to gender (F(l,52) = 5.16, p = .027) 
when analysing the dominant hand on the Y-axis, showing a difference between males 
and females (Appendix D, Table 16). There was a significant within-subjects effect 
due to the replication of the trace (F(l,52) = 5.87, p = .019). Again there was a 
significant effect due to frequency harmonic (F(24,1248) = 77.56, p < .001). There were 
also significant group-by-harmonic (F(24,1248) = 1.84, p = .008) and gender-by- 
harmonic interactions (F(24,1248) = 2.11, p = .001).

The analysis of the non-dominant hand along the Y-axis revealed a significant 
between-subjects effect due to gender (F(l,52) = 7.20, p = .01), showing that males and
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females differ in the size of their non-dominant hand amplitudes on Course C 
(Appendix D, Table 17). There was a significant within-subjects effect due to the 
frequency harmonic (F(24,1248) = 78.68, p < .001) and also a gender-by-harmonic 
interaction (F(24,1248) = 2.61, p < .001).

The analysis of the Y-axis amplitude ratios of non-dominant to dominant hand 
performance revealed no between-subjects effects (Appendix D, Table 18). There was 
a significant gender-by-replication within-subjects effect (F(l,52) = 6.50, p = .014), 
indicating that left handers show less of an effect due to learning than the other 
groups. There was also a highly significant group-by-gender-by-replication interaction 
(F(l, 52) = 14.47, p < .001), indicating that learning effects may be less in left handed 
females. No further within-subjects effects were found to be significant.

Analysis of Course D: No between-subjects effect were found to be significant when 
analysing the dominant hand X-axis amplitude ratios (Appendix D, Table 19). There 
was a significant effect due to the replication of the trace of Course D (F(l,52) = 10.93, 
p =.002). There was also a significant group-by-replication effect (F(l,52) = 8.13, p 
=.006), suggesting that right and left handers may differ in the way they are affected 
by practice. There was a significant effect due to harmonic (F(24,1248) = 77.46, p < 
.001), showing the dominant hand to have increased amplitude relative to the course 
amplitude. There was a significant gender-by-harmonic interaction (F(24,1248) = 2.04, 
p = .002), suggesting that males and females differ in the degree of amplitude 
increase.

The analysis of the non-dominant hand amplitude ratios along the X-axis revealed no 

significant between-subjects effects (Appendix D, Table 20). There was a significant 
within-subjects effect due to the replication of the Course D trace (F(l,52) = 12.65, p 
= .001), again representing effects due to practice. There was a significant effect due 
to harmonic (F(24,1248) = 71.12, p < .001). A four-way interaction of group-by-gender- 
by-replication-by-harmonic was also observed to be significant (F(24,1248) = 1.68, p = 
.022).

Analysis of the differences in X-axis amplitude ratios between the hands for Course 
D revealed no significant between-subjects effects (Appendix D, Table 21). The only 

within-subjects effect observed to be significant was the effects due to harmonic
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(F(24,1248) = 1.63, p = .029), indicating that the non-dominant hand to show larger 
amplitudes across the frequency harmonics.

Consideration of dominant hand Y-axis amplitudes revealed no between-subjects 

effects to be significant (Appendix D, Table 22). There was a within-subjects effect due 

to the replication of Course D (F(l,52) = 7.31, p = .009), again indicating the effects 
of practice. Again the frequency harmonic proved to show a significant effect 
(F(24,1248) = 67.81, p < .001). No other within-subjects effect were found to be 
significant.

The non-dominant hand Y-axis analysis showed no between-subjects effects as 
significant (Appendix D, Table 23). The within-subjects effect of replication again 
proved to be significant (F(l,52) = 6.67, p = .013). The effects due to the frequency 
harmonics again were found to be significant (F(24,1248) = 74.72, p < .001).

The analysis of the difference between Y-axis amplitude ratios indicated no significant 
between- nor significant within-subjects effects, indicating there to be no systematic 
differences between the hands and no effects due to practice on this difference when 
tracing on this course (Appendix D, Table 24).

D iscussion

The level of performance amplitude values for the dominant and non-dominant hands 
are increased relative to the true amplitude values making up each course. This is 
plainly evident on each of the courses, yet scrutiny of the results indicates that this 
effect gets smaller the more complex the course15. Figures 5.13 and 5.14 are graphs 
of the absolute log amplitude ratios plotted against their respective frequencies in 
Hertz. It can be seen that the amplitude ratios are the largest on Course A, and 
becoming progressively smaller on Courses B through D. The difference between the 
dominant and non-dominant hands is most marked on Courses A and B, while Courses 
C and D show no significant differences in performance between the two hands. The 
differences between the hands of Courses A and B appear to be the highest after about 
2.0 Hertz after which the curve can be seen to level off (see Figure 5.14 through 5.18).

15Lack of enough computer memory on the Department of Psychology Microvax hindered 
any attempts to make direct comparisons of the different Courses.
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It is evident from both these figures that above 4.0 Hertz the graph become unstable, 
due to random fluctuations in the amplitude values at that level.

It may seem paradoxical that overall performance as well as the difference between 
the hands is greatest on the least complex of the four courses. However, the more 
complex courses are harder to track, involving a greater number of high-frequency 

components. This results in log amplitude ratios on the least complex courses to be 
larger than on the more complex courses. It is also likely that the harder courses have 
high-frequency amplitudes that are simply closer to the limits of available control on 
this task. Numerous subjects reported finding Courses C and D to be extremely 
difficult to follow with either hand.

The effects due to the replication of each trace are likely to be analogous to the 
findings of Frith and Lang (1979) who showed that a waiting period of 10 minutes 
improved subject’s performance on a predictable pursuit tracking task. Where no 
waiting period was given between trials no such improvement was observed. Frith 
and Lang argue that it is during the waiting period that motor programmes are 
assimilated and refined to cope with future motor demands. During the present 
experiment, however, the break between trials (while the computer was saving data) 
was filled by performing another task of handedness. Speculation regarding the 
underlying mechanism for the improvement in this case might be that perhaps even 
while occupied by another different task motor programmes for pursuit tracking are 
able to become refined and "automatised." There are also replication-by-harmonic 
interactions suggesting that certain harmonics may be more sensitive to the effects of 
learning.

That no substantial between-subjects differences were observed may not be surprising. 
However, it does appear that left-handers tend to show a less of a difference between 
their hands than do right handers (see Analysis of Course A for example). This is 
consistent with the finding of other researchers using more conventional tasks of hand 
performance, in particular the work of Peters (1987). Such a reduced difference is 
often attributed to left-handers living in a right-handed world, therefore they receive 
more practice with their non-preferred hand. However, Peters argues that this 
decreased difference is inherent in Annett’s (1978) model of handedness. Peters
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hypothesizes that left-handers may be better at allocating attention to the performance 
of both hands {e.g. both hemispheres).

Taken together, these results 1) provide useful insight into the frequency range where 
the difference between the hands is the greatest; 2) indicate that more difficult courses 
are harder to trace and show less of a difference between the hands; 3) again indicate 
that the difference between the hands is less in left-handers; and that 4) certain 
frequencies may be more sensitive to the effects of learning.
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Section V: The Factorial Structure o f Hand Perform ance

As with hand preference, it is unclear whether hand performance should be considered 
as uni- or multi-dimensional. In the Introduction to this thesis it was noted that hand 
preference is probably best considered as uni-dimensional as authors invariably 
identify a "primary handedness factor" when factor analysing handedness 

questionnaires. In this section principal component analyses are performed on the 
experimental data from the Annett pegboard, the Tapley and Bryden circle marking, 
the Bishop square tracing, and the pursuit tracking tasks in order to determine the 
factorial structure of hand performance. Each task will be examined separately, while 
in a final analysis the factor scores derived from each principed component analysis 
will themselves be analyzed.

The Annett Pegboard Task

The 20 difference scores and 20 laterality indices from the two Annett pegboard tasks 
(see Section I) were subjected separately to princip component analysis. As the 
analysis of the difference scores and the laterality indices produced the same results, 
I shall only report the results using the laterality indices. Five factors emerged having 
eigenvalues greater than unity, in total accounting for 62.0% of the variance. 
However, upon inspection of the factor plot only first two factors were distinguishable 
from the scree slope. A subsequent analysis forced the extraction of only two factors. 
The first factor accounted for 33.7% of the variance, while the second accounted for 
8.2%. In total the two factors accounted for 41.9% of the variance. The varimax 
rotated factor matrix can be seen in Table 5.17.

It can be seen that factor 1 shows strong, positive factor loadings, while the second 
factor lacks such structure. A final analysis of the Annett pegboard was performed, 
this time extracting only a single factor. The factor loadings for this analysis are 
listed in Table 5.18. The mean inter-item correlation of the pegboard tasks was 0.296, 
while the a-reliability of the first factor of laterality scores was very high at 0.890. 
From this it seems that the differences between the hands on the pegboard task are 
best described as uni-factorial.

The Tapley and Bryden Task

Eight difference scores and 8 laterality indices were computed from the Tapley and 

Bryden task (see Section II) and were subjected separately to principal component
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analysis. Again the difference and laterality score analyses produced identical results, 
so I shall only present the results using the laterality indices. This analysis indicated 
the presence of a single factor, accounting for 49.0% of the variance. A second factor 

accounted for an additional 11.9% of the variance, but had an eigenvalue less than 
unity (Table 5.19). The varimax rotated factor matrix for the single factor extraction 
is presented in Table 5.20.

From this it appears that the difference between the hands on the Tapley and Bryden 
task, like on the pegboard task, can be considered as a single factor. The mean inter
item correlations were 0.412 for the laterality indices with an a-reliability of 0.816.

The Bishop Square Tracing Task

Similarly, the 7 difference scores and laterality indices from the pen and paper version 
of the square tracing task were subjected separately to principal component analysis. 
Data from the computerised square tracing task was not considered as they failed to 
show any reliable differences between the dominant and non-dominant hands. Again, 
identical results were obtained from both difference and laterality scores, therefor only 
the analysis of the laterality indices will be reported.

An initial factor analysis of the laterality scores revealed the existence of three factors. 
Inspection of the factor plot indicated that, while its eigenvalue was equal to unity, the 
third factor was not obviously distinguishable from the scree slope. A further analysis 
was performed which forced the extraction of two factors. The first of these factors 
accounted for 29.9% of the variance, while the second accounted for 17.3%. The 
varimax factor matrix is presented in Table 5.21. From inspection of the factor matrix 
it can be seen that the first factor shows the most structure. In the second factor, of 
the 7 loadings, there are two negative loadings. It would therefore appear that there 
is one factor that represents the difference between the hands on the square tracing 
task. Table 5.22 gives the factor loadings for the single factor extraction on the seven 
square tracing task conditions.

The mean inter-item correlation the laterality indices was 0.154, while the a-reliability 
was only moderate, equalling 0.581. These values are rather low for the task that was 
found to show an increasing difference between the hands as task difficulty increased.
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Collective Analysis o f The Three Perform ance Tasks

One would predict on the basis of finding that each of the three tasks can be explained 
by single factors, presumably measuring a latent variable of handedness, that there 
should be a high degree of correlation between these tasks. Therefore, in order to 

determine if the three tasks can be said to be measuring the same aspect of 
handedness, we subjected the 20 pegboard, the 8 circle marking, and the 7 square 
tracing laterality indices to joint factor analysis. Ten factors emerged having 
eigenvalues greater than unity. Again, however, inspection of the factor plot showed 
that only the first three could clearly be distinguished from the scree plot. A further 
analysis forced the extraction of only three factors. The first factor accounted for 
20.6% of the variance, the second 12.8%, and the third 6.5%. The varimax factor 
matrix is presented in Table 5.23.

It can be seen that the three factors each represent one of the three different tasks. 
Factor 1 can be seen to represent performance with the pegboard, factor 2 with the 
circle marking scores, and factor 3 with the square tracing laterality scores.

Not surprisingly, the laterality indices show the same pattern of loading, with each 
of the tasks being associated with their own factors. While at first it may seem 
unremarkable that when values from three tasks were factor analyzed three factors 
were found. However, it should be remembered that when each of the tasks were 
considered individually they were primarily explained by a single factor, presumably 
related to a latent variable reflecting handedness. It is therefore surprising that these 
tasks fail to correlate together.

The Pursuit Tracking Task

Factor Analyses of X-Axis Tracking Task Amplitudes: In addition to traditional 
significance testing of the between and within subjects effects (as was done in Section 
IV), factor analyses of performance across the frequency harmonics can also be 
investigated. While at first this may seem to be unfounded and inappropriate with 
frequency components, the factor analyses of wave-form components is not without 
precedence. Analysis of alpha, beta, delta, and theta components from 
electroencephalographic data was performed using factor analytic techniques (Gasser, 
Mocks, and Bacher, 1983). Three factors were found to account for over 90% of the
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variance in EEG amplitude values from each frequency band. Such methodology has 
proved important in understanding the sub-components of brain activity.

A similar approach may also prove useful in understanding further the underlying 
nature of motor control and handedness. For example, factor scores representing 
performance across a frequency range could be used as a criteria which tasks of hand 
performance must attain in order to be considered as measuring handedness. That 
flexor-extensor and lateral movement are independently controlled might also be 
investigated.

The log ratios of the non-dominant hand to dominant hand amplitudes were averaged 
across the four courses on each harmonic. The twenty-five averaged values were then 
subjected to factor analysis. In the initial analysis of the X-axis amplitude values 8 
factors had eigen values greater than unity. However, from scrutiny of the eigenvalue 
plot only the first three factors were easily distinguishable from the scree slope. A 
subsequent analysis was performed extracting only the first three factors.

The first factor, accounting for 36.9% of the variance, was found to show strong factor 
loadings on the harmonics ranging from 3.3 to 7.5 Hertz. The second factor, 
accounting for 9.4% of the variance, had factor loadings strongly associated with the 
frequency range of 1.8 to 3.0 Hertz. While the third factor, accounting for 8.0% of the 
variance, was associated with harmonics ranging from 0.3 to 1.5 Hertz. In all these 
three factors accounted for 54.3% of the variance. From this principle component 
factor matrix it can be seen that three factors best represent the entire range of 
harmonics and can be said to be representing low, medium, and high frequency ranges 
with respect to the differences between the hands. The X-axis frequency factor 
loadings are listed in Table 5.24. The mean inter-item correlations for the three 
factors were 0.51, 0.43, and 0.23, while a-reliabilities were 0.94, 0.79 and 0.56, 
respectively.

Factor Analysis of Y-Axis Tracking Task Amplitudes: The same analysis was
performed considering the Y-axis values. Again an initial analysis revealed 6 factors 
with eigenvalues greater than unity and upon inspection of the factor plot only the 
first three were distinguishable from the scree slope. A second analysis was performed 
extracting only the first three factors.
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These three factors accounted for a total of 56.2% of the variance in amplitude ratios. 
The first factor accounted for 38.7% of the variance and was found to be associated 
most with the frequency range of 3.6 to 7.5 Hertz. The second factor, accounting for 
10.6% of the variance, was found to include frequencies in the range of 1.5 to 4.2 
Hertz. The third factor included frequency values in the range of 0.3 to 1.2 Hertz and 

accounted for 7.0% of the variance. The factor loadings for the Y-axis components are 
present in Table 5.25. The mean inter-item correlations within each of the three 
factors were 0.49, 0.44, and 0.23, and the a-reliabilities were 0.93, 0.79, and 0.52, 
respectively.

In both of the above factor matrices, an arbitrary cutoff of 0.4 was used for considering 
a harmonic as loading onto a factor. This might be taken as being overly conservative, 
however it can be seen that such a cutoff separates the factors most cleanly. This is 
particularly the case in the analysis of the X-axis amplitudes. The Y-axis analysis, on 
the other hand, shows some overlap between factors 1 and 2 (Frequency Harmonics 
12 to 14, that is 3.6 to 4.2 Hertz).

Analysis ofX-  and Y-Axes Factor Scores: From both X- and Y-axes analyses factor 
scores were obtained from the three extracted factors, and both sets were subjects to 
a final principle component analysis16. With regard to the Y-axis factors, I have 
arbitrarily chosen to include the same harmonics making up the three factors as those 
in the X-axis analysis (harmonics 1 to 5, 6 to 10, and 11 to 25 making up factors 3, 2, 
and 1, respectively). From the Y-axis analysis it can be seen that the cutoff points are 

approximately the same and, in addition, this allows for a more consistent manner of 
considering the two analyses. I hope that this shall cause no conceptual problems in 

practice.

Three factors emerged after varimax rotation accounting for 75% of the variance in the 
factor scores. Not surprisingly, factor 1 included the X- and Y-axis factor scores from 

the frequency range of 3.3 to 7.5 Hertz (29.4% of variance). Factor 2 contained the 
factor scores from the frequency range 0.3 to 1.5 Hertz and accounted for 22.0% of the 
variance. While finally, factor 3 contained factor scores from the frequency range 1.8

16It was not possible to run an omnibus principle component analysis of the X- and Y-axes 
amplitudes due to lack of enough computer memory. I hope that this approach serves as an 
adequate substitute.
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to 3.0 Hertz, accounting for 23.2% of the variance. The factor loadings are presented 
in Table 5.26. The mean inter-item correlations within each of the three factors were 
0.41, 0.48, and 0.27, respectively, while the a-reliabilities of the factors were 0.645, 
0.420, and 0.576.

The principal component analysis of the averaged log non-dominant to dominant hand 
amplitude ratios provides a very clear assessment of the sub-components of relative 
hand performance. The analysis of the X-axis components proves to be the most clear, 
with the third factor representing frequency values from 0.3 to 1.2 Hertz, factor 2 
values from 1.5 to 3.3 Hertz, and factor 1 values from 3.6 to 7.5 Hertz. While not as 
cleanly divided as in the X-axis amplitude analysis, the Y-axis show a very similar 
pattern of results. Factor analysis of the factor scores from each analysis indicates 
that low, medium, and high frequency ranges, respectively, load together. This degree 
of covariation suggests that the X- and Y-axes amplitude differences could be argued 
to be jointly controlled.

A nalysis o f Factor Scores from All Principle Component Analyses

Among the original aims for developing a pursuit tracking paradigm for investigating 
hand performance, it was felt that tracking performance would act as a criterion by 
which to gauge other assessments of hand performance. From a factor analytic 
investigation it would be possible to determine which frequency ranges different tasks 
of handedness can be said to be tapping in assessing hand performance. Here the 
factor scores from each of the previous principal component analyses (the Annett 
pegboard, the Tapley and Bryden task, the Bishop square tracing task, and the X- and 
Y-axes of the pursuit tracking task) are themselves factor analyzed to determine if it 
is possible to identify which frequency ranges the tasks are measuring.

Four factors emerged having eigenvalues greater than unity. The first factor 
accounted for 20.0% of the variance, the second 19.6%, the third 15.3%, and the fourth 
factor accounted for 11.7% of the variance. In all the four factors accounted for 67.2% 
of the variance. Table 5.27 shows the varimax factor matrix. While the various 
factor-scores for the X- and Y- amplitude variables appear to show some degree of 
association, there is generally little discernable structure. The Bishop Square Tracing 
task seems to load onto the first factor with X-Medium, Y-Lo, and Y-Medium. 
However, the Annett Pegboard and Tapley and Bryden Tasks load by themselves onto
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the fourth factor. I shall not present them here, but when plotting the relevant factor 
scores against one another there is very little indication that there is truly any 
relationship at all between the factors. It would therefore seem that there is no 
coherent structure amongst the task factor scores and that it may be best concluded 

that little relationship exists between these handedness tasks.
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Section  VI: Summ ary o f Findings, General D iscussion  and Conclusions

Summary of Findings
The examination of three tasks of hand performance in relation to task difficulty has 
resulted in some interesting findings. The Annett pegboard task was made to vary in 
its difficulty with respect to the amplitude of movement and to the distance between 
the holes. While there were marked and significant changes in overall performance 
with increased performance time with increasing movement amplitude and decreasing 
distance between the holes, no significant changes were observed in the difference 
between the hands. In a second version of the pegboard task, the peg-to-hole size ratio 
was varied as was the shape of the end of the pegs. Similarly, there were significant 
effects on overall performance, with poorest performance using large, flat pegs. 
However, the difference between the dominant and non-dominant hands was not 
affected by the increase in difficulty.

A similar observation was made with the Tapley and Bryden circle marking task. As 
the circles were made more difficult by increasing Fitts’ index, overall performance 
was found to decrease. However, the difference between the hands was not found to 
change with increasing task difficulty. This was found to have an interesting effect 
on the behaviour of laterality indices calculated for each condition. The laterality 
values became more extreme as difficulty increased, giving the impression of 
increasing lateralisation. However, this is artifactual due to indexing the difference 
between the hands as proportional when the difference was found to remain 
unchanged regardless of task difficulty.

The experiment using the Bishop Square Tracing task found differing results when 
both a pen and paper version as well as a computerised version of the task were used. 
The computerised task, while showing an decrease in speed of performance with task 
difficulty failed to show any difference between the hands. The pen and paper version 
not only showed decreasing overall performance between the hands, but also showed 
an increasing difference between the performance with the dominant and non
dominant hands. It could be argued that this difference is proportional to overall trace 
time, however, it may be unwise to jump to this conclusion. Further experiments are 
needed to determine if this is, in fact, the case.
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Comparing the variable error of the two hands on a pursuit tracking task showed that 
the difference between the hands became reliable at around 0.6 to 0.9 Hertz and 
reached its maximum at after about 3.6 Hertz. However, the size of this difference 
depended upon the course that was tracked as the difference between the hands 
became smaller with more complex courses. This was true in both X- and Y- 
dimensions.

Factor analysis of laterality indices from the Annett, Tapley and Bryden, and Bishop 
tasks indicated that the differences in performance could each be explained by single 
factors. A collective analysis of all these tasks showed that each of the tasks loaded 
onto separate factors indicating low correlations between tasks. Factor analyses of the 
X- and Y-axes of pursuit tracking performance revealed three factors representing low, 
medium, and high frequency ranges. Each of the respective X-axis ranges correlated 
with its corresponding Y-axis counterpart. A final analysis analysing the factor scores 
from each of these analyses revealed little, if any, coherent structure indicating that 
there is little covariation between these handedness tasks.

General D iscussion
Taken together these handedness experiments show a unique pattern of results that, 
to my knowledge, have not been previously described. That the difference between the 
hands was found on the Annett pegboard and the Tapley and Bryden Circle marking 
task to remain unchanged as the task difficulty changed questions some of the 
fundamental assumptions researchers make about hand performance. For example, 

the use of laterality scores to index direction and degree of hand performance is likely 
to be erroneous, making the assumption that the difference between the hands scales 
with overall performance. Several researchers have used this index and in some cases 
their results may have been seriously misinterpreted. Scores computed for the circle 
marking task show that "lateralisation" apparently increases with the harder 
conditions. However, Bishop’s task does show a linear increase in the difference 
between the hands, but it may be wrong to assume that a laterality score will 
accurately represent this.
That the pegboard, circle marking, and square tracing tasks can each be considered 
as a single factor is also surprising. One would have expected to identify factors 
related to gross movement (such as the ballistic movement of transporting the peg) as 
well as related to fine motor movements (such as the positioning of the large, flat

154



Chapter 5

ended peg). It is also counter-intuitive that while each of these tasks can be explained 
by a single factor, presumably reflecting handedness, there is no correlation between 
the tasks. However, Fleishman and Hempel (1956) also found it difficult to relate 
different tasks of motor performance. Conducting a factor analytic investigation using 

24 separate motor performance measures, they could only account for 47% of the 
variance after extracting 10 factors. Each factor alone accounted for less than 8% of 
the variance. Although, they attempt an interpretation of these factors, it is difficult 
to feel confident about their results. However, other factor analytical work by 
Hinrichs (1970), Fleishman (1960) also suggests very little relationship between 
various measures of motor skill, including pursuit tracking. Using a pegboard task, 
pursuit rotor, square and circle tracing measures, and simple reaction time, Hinrichs 
found that performance could be predicted by task-specific factors only after much 
practice had been done within each task. No clear factors were observed with loadings 
from pursuit rotor performance and any of the other tasks. Hinrichs argues that there 
must be many different patterns of proficiency involved in each task bearing little 
relation to proficiency on any other task. It would seem that specific approaches to 
performance are developed with practice which are then specific to that task. 
Fleishman and Rich (1963) have shown that early performance on a two-hand 
coordination task is related more to spatial orientation. Following several trials this 
relationship decreases in favour of kinesthetic sensitivity. The finding in Section IV 
that there may be specific harmonics more sensitive to the effects of practice may be 
consistent with this and the phenomenon of reminiscence investigated by other 
authors (Eysenck and Frith, 1977; Frith and Lang 1979).

In conclusion, this chapter has identified several findings which are surprising and 
sometimes at variance with work by previous researchers. This chapter also 

illustrates how the assumptions often made regarding hand performance are not 
necessarily true.
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Chapter 5

Table 5.2: ANOVA Table for Pegboard  Experim ent 1

Source SS df MS F P

Betw een Subjects 314882.80 112
Constant 313460.07 1 313460.07 25515.21 <.001
Group 12.15 1 12.15 0.99 0.322
Gender 83.66 1 83.66 6.81 0.100
Group x Gender 0.12 1 0.12 0.01 0.922
Ss within groups 1326.80 108 12.89

W ithin Subjects 4400.50 2464
Hand 267.47 1 267.47 126.43 <0.001
Group x Hand 6.82 1 6.82 3.22 0.075
Gender x Hand 2.36 1 2.36 1.12 0.293
Group x Gender x 15.23 1 15.23 7.20 0.008

Hand
Ss x Hand within groups 228.48 108 2.12

Holes 409.40 3 136.47 278.77 <0.001

Linear 349.25 1 349.25 712.76 <0.001
Quadratic 57.56 1 57.56 117.50 <0.001
Cubic 2.56 1 2.56 5.24 0.016

Group x Holes 1.15 3 0.38 0.78 0.505
Gender x Holes 0.65 3 0.22 0.44 0.722
Group x Gender x 3.22 3 1.07 2.19 0.089

Holes
Ss x Holes within groups 158.60 324 0.49

Rows 2321.14 2 1160.57 1064.45 <0.001

Linear 2319.22 1 2319.22 2127.73 <0.001
Quadratic 1.92 1 1.92 1.75 0.141

Group x Rows 3.81 2 1.91 1.75 0.177
Gender x Rows 9.18 2 4.59 4.21 0.016
Group x Gender x Rows 2.57 2 1.28 1.18 0.310
Ss x Rows within groups 235.50 216 1.09

Hand x Holes 0.43 3 0.14 0.43 0.729
Group x Hand x Holes 1.05 3 0.35 1.07 0.361
Gender x Hand x Holes 0.47 3 0.16 0.48 0.694
Group x Gender x 3.77 3 1.26 3.84 0.010

Hand x Holes
Ss x Hand x Holes 106.10 324 0.33

within groups

Hand x Rows 1.31 2 0.56 1.27 0.284
Group x Hand x Rows 0.11 2 0.06 0.13 0.879
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Gender x Hand x Rows 0.53 2 0.26 0.59 0.553
Group x Gender x 0.26 2 0.13 0.29 0.750

Hand x Rows
Ss x Hand x Rows 96.13 216 0.45

within Groups

Rows x Holes 2.48 6 0.41 0.97 0.445
Group x Rows x Holes 2.44 6 0.41 0.96 0.455
Gender x Rows x Holes 0.98 6 0.16 0.38 0.891

Group x Gender x 2.13 6 0.36 0.83 0.543
Rows x Holes

Ss x Rows x Holes 276.19 648 0.43
within groups

Hand x Holes x Rows 1.50 6 0.25 0.69 0.657
Group x Hand x 0.97 6 0.16 0.45 0.847

Holes x Rows
Gender x Hand x 1.61 6 0.27 0.74 0.616

Holes x Rows
Group x Gender x 2.33 6 0.39 1.08 0.375

Hand x Holes x Rows
Ss x Hand x Holes x Rows 234.13 648 0.36

within groups

Total 319283.30 2688
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Table 5.3: Standard Pegboard D im ensions

Dim ension M easurem ent

Overall Length 38.50cm

Overall Width 24.00cm

Overall Height 5.08cm

Thickness of Base 2.54cm

Row Width 2.54cm

Row Height 2.54cm

Distance Between Rows 
( f r o m  h o l e  c e n t r e s )

20.32cm

Number of Holes 10

Diameter of Holes 1.27cm

Depth of Holes 2.22cm

Distance Between Holes
( f r o m  h o l e  c e n t r e s )

3.75cm

Length of Pegs 5.08cm

Diameter of Pegs 0.95cm; Small 
1.25cm; Large
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Table 5.4: Mean±SE S tandard  Pegboard Perform ance Tim es and  
L aterality  Indices

R ight H and Dom inant; 
N = 56

Left H and Dom inant; 
N = 56

Shape 
of Peg

H and Small Pegs Large Pegs Small
Pegs

Large
Pegs

Round D 8.02±0.13 8.80±0.15 8.04±0.11 8.74±0.08

ND 8.71±0.14 9.40±0.17 8.43±0.11 9.35±0.12

LI 4.10±0.68 3.27±0.74 -2.41±0.59 -3.40±0.66

Flat D 9.17±0.15 10.91±0.19 9.15±0.14 11.16±0.15

ND 9.71±0.16 11.52±0.18 9.69±0.11 11.57±0.15

LI 2.81±0.63 2.74±0.77 -2.93±0.62 -1.86±0.61
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Table 5.5: ANOVA Table for Pegboard Experim ent 2

Source SS df MS F P

Betw een Subjects
Constant

81623.01
81246.47

112
1

32349.36
81246.47 24170.19 <0.001

Group 0.04 1 0.04 0.01 0.910
Gender 12.40 1 12.40 3.69 0.057
Ss x Group x Gender 1.07 1 1.07 0.32 0.573

within groups

W ithin Subjects 
Hand

363.03

1410.83
67.51

108

784
1

3.36

67.51 107.82 <0.001
Group x Hand 0.83 1 0.83 1.33 0.252
Gender x Hand 1.69 1 1.69 2.71 0.103
Group x Gender x 0.59 1 0.59 0.94 0.334

Hand
Ss x Hand within 67.62 108 0.63
groups

Shape 627.16 1 627.16 1459.80 <0.001
Group x Shape 1.35 1 1.35 3.15 0.079
Gender x Shape 0.36 1 0.36 0.85 0.359
Group x Gender x 0.02 1 0.02 0.04 0.841

Shape
Ss x Shape within 46.40 108 0.43
groups

Size 389.05 1 389.05 913.06 <0.001
Group x Size 0.79 1 0.79 1.84 0.177
Gender x Size 0.00 1 0.00 0.00 0.952
Group x Gender x 1.53 1 1.53 3.59

Size
Ss x Size 46.02 108 0.43

within groups

Shape x Size 66.80 1 66.80 243.25 <0.001
Group x Shape x 0.15 1 0.15 0.55 0.460

Size
Gender x Shape x 0.01 1 0.01 0.02 0.876

Size
Group x Gender x 0.51 1 0.51 1.86 0.175

Shape x Size
Ss x Shape x Size 29.66 108 0.27

within groups

Shape x Hand 0.14 1 0.14 0.73 0.396
Group x Shape x 0.04 1 0.04 0.19 0.666

Hand
Gender x Shape x 1.09 1 1.09 5.79 0.018

Hand

161



Chapter

Group x Gender x 0.37 1 0.37 1.99 0.162
Hand x Shape

Ss x Shape x Hand 20.37 108 0.19
within groups

Size x Hand 0.02 1 0.02 0.10 0.752
Group x Size x 0.06 1 0.06 0.29 0.589

Hand
Gender x Size x 0.77 1 0.77 4.07 0.046

Hand
Group x Gender x 0.00 1 0.00 0.00 0.980

Size x Hand
Ss x Size x Hand 20.58 108 0.19

within groups

Hand x Shape x Size 0.14 1 0.14 0.85 0.360
Group x Hand x 0.90 1 0.90 5.33 0.023

Shape x Size
Gender x Shape x 0.01 1 0.01 0.06 0.802

Size x Hand
Group x Gender x 0.00 1 0.00 0.01 0.940

Shape x Size x 
Hand

Ss x Shape x Size x Hand 
within groups

18.29 108 0.17

Total 83033.84 896
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Chapter 5

Table 5.7: ANOVA Table for the  Tapley and  B ryden Circle M arking Task.

Source SS df MS F P

Betw een-subjects 921318.48 56
Constant 911480.04 1 911480.04 5015.01 <0.001
Group 149.16 1 149.16 0.82 0.369
Gender 175.63 1 175.63 0.97 0.330
Group x Gender 62.63 1 62.63 0.34 0.650
Ss within groups 9451.02 52 181.75

W ithin-subjects 74204.09 392
Hand 12766.23 1 12766.23 318.87 <0.001
Group x Hand 208.33 1 208.33 5.20 0.027
Gender x Hand 0.76 1 0.76 0.02 0.891
Group x Gender x 76.81 1 76.81 1.92 0.172

Hand
Ss within groups 2081.84 52 40.04

Circle 53662.26 3 17887.42 693.25 <0.001
Linear 52540.16 1 52540.16 2036.44 <0.001
Quadratic 1039.75 1 1039.75 40.30 <0.001
Cubic 82.35 1 82.35 3.19 0.001

Group x Circle 30.36 3 10.02 0.39 0.762
Gender x Circle 269.92 3 89.97 3.49 0.017
Group x Gender x 47.29 3 15.76 0.61 0.609

Circle
Ss within groups 4025.13 156 25.80

Hand x Circle 16.35 3 5.45 0.93 0.426
Group x Hand x 32.11 3 10.70 1.84 0.143

Circle
Gender x Hand x 40.85 3 13.62 2.34 0.076

Circle
Group x Gender x 36.25 3 12.08 2.07 0.106

Hand x Circle
Ss within groups 909.60 156 5.83

Total 995522.57 448
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Table 5.8: ANOVA Table for th e  L aterality  Indices on  th e  Tapley a n d  B ryden
Circle M arking Task

Source SS df MS F P

Bet ween-Subj ects 47583.79 56
Constant 38524.00 1 38524.00 253.77 <0.001
Group 862.07 1 862.07 5.68 0.021
Ss within groups 8197.72 54 151.81

W ithin-Subj ects 10837.16 168
Circle 3327.66 3 1109.22 24.60 <0.001

Linear 2994.53 1 2994.53 66.43 <0.001
Quadratic 332.72 1 332.72 7.38 0.010
Cubic 0.28 1 0.28 0.00 0.912

Group x Circle 206.05 3 68.68 1.52 0.210
Ss within groups 7303.45 162 45.08

Total 58420.95 224
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Table 5.9: L atin  square  design for th e  p resen ta tion  of squares on the 
com puterised  version of the  square  trac in g  task.

O rder of P resen ta tion

RH
Subject #s

LH
Subject #s

1 2 3 4 5 6 7

1-4 29-32 4.0 2.5 1.0 3.0 1.5 3.5 2.0

5-8 33-36 2.5 1.0 3.0 1.5 3.5 2.0 4.0

9-12 37-40 1.0 3.0 1.5 3.5 2.0 4.0 2.5

13-16 41-44 3.0 1.5 3.5 2.0 4.0 2.5 1.0

17-20 45-48 1.5 3.5 2.0 4.0 2.5 1.0 3.0

21-24 49-52 3.5 2.0 4.0 2.5 1.0 3.0 1.5

25-28 52-56 2.0 4.0 2.5 1.0 3.0 1.5 3.5
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Table 5.11: ANOVA table for the  pen  and  paper version of the  square  trac in g  
task.

Source SS df MS F P

Bet ween-Subj ects 23809.79 56
Constant 22928.55 1 22928.55 1406.84 <0.001
Group 6.46 1 6.46 0.40 0.532
Gender 26.49 1 26.49 1.63 0.208
Group x Gender 0.80 1 0.80 0.05 0.826
Ss within groups 847.49 52 16.30

W ithin-Subjects 1704.60 728
Hand 242.32 1 242.32 136.53 <0.001
Group x Hand 10.03 1 10.03 5.65 0.021
Gender x Hand 1.10 1 1.10 0.62 0.435
Group x Gender x 0.04 1 0.04 0.02 0.888

Hand
Ss within groups 92.99 52 1.77

Square 765.94 6 127.66 130.43 <0.001
Linear 754.09 1 745.09 769.48 <0.001
Quadradic 7.26 1 7.26 7.40 0.001
Cubic 2.76 1 2.76 2.82 0.019
Nonlinear 1.83 3 0.61 0.62 0.710

Group x Square 6.82 6 1.14 1.16 0.327
Gender x Square 3.60 6 0.60 0.61 0.719
Group x Gender x 4.99 6 0.83 0.85 0.533

Square
Ss within groups 305.35 312 0.98

Hand x Square 14.50 6 2.42 3.01 0.007
Linear 11.38 1 11.38 14.23 <0.001
Nonlinear 3.12 5 0.62 0.78 0.656

Group x Hand x 3.72 6 0.62 0.77 0.590
Square

Gender x Hand x 3.71 6 0.62 0.77 0.592
Square

Group x Gender x 1.45 6 0.24 0.30 0.936
Hand x Square

Ss within groups 250.04 312 0.80

Total 25514.39 784
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Table 5.13: ANOVA table for the  com puterised  version of the  square  trac ing  
task.

Source SS df MS F P

Bet ween-Subj ects 56854.91 56
Constant 53030.36 1 53030.36 749.57 <0.001
Group 18.16 1 18.16 0.26 0.615
Gender 126.25 1 126.25 1.78 0.187
Group x Gender 1.25 1 1.25 0.02 0.895
Ss within groups 3678.89 52 70.75

W ithin-Subj ects 4510.11 728
Hand 23.48 1 23.48 1.76 0.191
Group x Hand 15.41 1 15.41 1.15 0.288
Gender x Hand 2.04 1 2.04 0.15 0.697
Group x Gender x Hand 8.66 1 8.66 0.65 0.424
Ss within groups 694.24 52 13.35

Square 1593.16 6 265.53 56.66 <0.001
Linear 1570.65 1 1570.65 334.89 <0.001
Nonlinear 22.51 5 4.50 0.96 0.520

Group x Square 19.49 6 3.25 0.69 0.655
Gender x Square 5.90 6 0.98 0.21 0.974
Group x Gender x Square 14.05 6 2.34 0.50 0.808
Ss within groups 1462.24 312 4.69

Hand x Square 6.73 6 1.12 0.56 0.760
Group x Hand x Square 12.86 6 2.14 1.07 0.378
Gender x Hand x Square 6.85 6 1.14 0.57 0.752
Group x Gender x Hand x 22.54 6 3.76 1.88 0.083

Square
Ss within groups 622.41 312 1.99

Total 61365.02 784
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Table 5.14: ANOVA table for the  com parison of th e  pen  and  pap er and  
com puterised  versions of the  square  trac in g  tasks.

Source SS df MS F P

Bet ween-Subj ects 76133.78 56
Constant 72849.34 1 72849.34 1203.08 <0.001
Group 1.48 1 1.48 0.02 0.887
Gender 134.20 1 134.20 2.22 0.143
Group x Gender 0.03 1 0.03 0.00 0.984
Ss within groups 3148.73 52 60.55

W ithin-Subjects 10746.90 1512
Version 3109.57 1 3109.57 117.37 <0.001
Group x Version 23.14 1 23.14 0.87 0.354
Gender x Version 18.54 1 18.54 0.70 0.407
Group x Gender x 2.02 1 2.02 0.08 0.783

Version
Ss within groups 1377.66 52 26.49

Hand 208.33 1 208.33 24.09 <0.001
Group x Hand 0.29 1 0.29 0.03 0.856
Gender x Hand 3.07 1 3.07 0.35 0.554
Group x Gender x 3.80 1 3.80 0.44 0.511

Hand
Ss within groups 449.61 52 8.65

Square 2267.09 6 377.85 115.38 <0.001
Linear 2250.68 1 2250.68 688.28 <0.001
Quadratic 10.10 1 10.10 3.09 0.012
Nonlinear 6.31 4 6.31 1.92 0.053

Group x Square 7.40 6 1.23 0.38 0.894
Gender x Square 5.89 6 0.98 0.30 0.937
Group x Gender x 10.69 6 1.78 0.54 0.775

Square
Ss within groups 1021.74 312 3.27

Version x Hand 57.47 1 57.47 8.87 0.004
Group x Version x 25.16 1 25.16 3.88 0.054

Hand
Gender x Version x 0.07 1 0.07 0.01 0.916

Hand
Group x Gender x 4.90 1 4.90 0.76 0.388

Version x Hand
Ss within groups 336.93 52 6.48

Version x Square 92.01 6 15.33 6.41 <0.001
Linear 74.06 1 74.06 30.99 <0.001
Nonlinear 17.95 5 3.59 1.50 0.361

Group x Version x 18.91 6 3.15 1.32 0.248
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Square
Gender x Version x 3.61 6 0.60 0.25 0.958

Square
Group x Gender x 8.35 6 1.39 0.58 0.744

Version x Square
Ss within groups 745.85 312 2.39

Hand x Square 11.71 6 1.95 1.42 0.206
Group x Hand x 10.10 6 1.68 1.23 0.292

Square
Gender x Hand x 3.32 6 0.55 0.40 0.877

Square
Group x Gender x 16.46 6 2.74 2.00 0.066

Hand x Square
Ss within groups 428.49 312 1.37

Version x Hand x 9.51 6 1.59 1.11 0.354
Square

Group x Version x 6.48 6 1.08 0.76 0.602
Hand x Square

Gender x Verson x 7.24 6 1.21 0.85 0.533
Hand x Square

Group x Gender x 7.53 6 1.26 0.88 0.508
Version x Hand x
Square

Ss within groups 443.96 312 1.42

Total 86880.68 1568
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Chapter 5

Table 5.17: Pegboard  L aterality  Scores; Two F acto r E x traction

V ariable F actor 1 F acto r 2
D1H1LI 0.511 0.143
D1H2LI 0.581 -0.443
D1H3LI 0.740 0.153
D1H4LI 0.581 0.419
D2H1LI 0.644 0.063
D2H2LI 0.441 0.483
D2H3LI 0.653 0.063
D2H4LI 0.729 -0.073
D3H1LI 0.466 -0.122
D3H2LI 0.375 0.587
D3H3LI 0.435 0.444
D3H4LI 0.698 -0.037
SRI LI 0.751 -0.242
LR1LI 0.670 -0.098
SF1LI 0.472 -0.147
LF1LI 0.367 -0.431
SR2LI 0.565 -0.200
LR2LI 0.590 -0.277
SF2LI 0.656 0.151
LF2LI 0.555 -0.171
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Table 5.18: Pegboard  L aterality  Scores; Single F ac to r E xtraction

V ariable F acto r 1
D1H1LI 0.511
D1H2LI 0.581
D1H3LI 0.740
D1H4LI 0.581
D2H1LI 0.644
D2H2LI 0.441
D2H3LI 0.653
D2H4LI 0.729
D3H1LI 0.466
D3H2LI 0.375
D3H3LI 0.435
D3H4LI 0.698
SRI LI 0.750
LR1LI 0.670
SF1LI 0.472
LF1LI 0.367
SR2LI 0.560
LR2LI 0.612
SF2LI 0.446
LF2LI 0.554
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Table 5.19: Tapley and  Bryden Circle M arking Task: Two F ac to r E xtraction

V ariable F actor 1 Factor2
TB41LI 0.790 0.139
TB42LI 0.611 0.454
TB31LI 0.713 0.358
TB32LI 0.735 0.120
TB21LI 0.383 0.717
TB22LI 0.477 0.487
TB11LI 0.277 0.718
TB12LI 0.046 0.851
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Table 5.20: Tapley an d  B ryden Circle M arking Task: Single F acto r E xtraction

Variable Factor 1
TB41LI 0.668
TB42LI 0.756
TB31LI 0.763
TB33LI 0.614
TB21LI 0.772
TB24LI 0.681
TB11LI 0.696
TB12LI 0.621
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Table 5.21: Bishop Square T racing  Task: Two F ac to r E x traction

V ariable F actor 1 Factor2
SqrlLI 0.343 0.526
Sqr2LI 0.763 0.101
Sqr3LI 0.381 -0.734
Sqr4LI 0.233 0.656
Sqr5LI 0.639 0.130
Sqr6LI 0.483 0.291
Sqr7LI 0.647 -0.053
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Table 5.22: Bishop Square Tracing Task: Single Factor Extraction

Variable Factor 1
SqrlLI 0.523
Sqr2LI 0.740
Sqr3LI 0.558
Sqr4LI 0.475
Sqr5LI 0.638
Sqr6LI 0.559
Sqr7LI 0.573
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Table 5.23: Collective F actor M atrix  of th e  Annett, Tapley and  Bryden, an d
Bishop Tasks: T hree F ac to r E xtraction

Variable Factor 1 Factor 2 Factor 3
D1H1LI 0.501 0.217 -0.153
D1H2LI 0.553 0.008 -0.396
D1H3LI 0.743 0.114 0.006
D1H4LI 0.552 0.137 -0.340
D2H1LI 0.643 -0.078 -0.037
D2H2LI 0.427 0.162 -0.208
D2H3LI 0.631 0.094 -0.185
D2H4LI 0.706 0.124 -0.094
D3H1LI 0.478 -0.085 -0.081
D3H2LI 0.396 0.067 0.169
D3H3LI 0.420 0.049 -0.120
D3H4LI 0.689 0.085 -0.070
SRI LI 0.748 0.011 -0.015
LR1LI 0.655 0.131 0.102
SF1LI 0.503 -0.120 0.383
LF1LI 0.383 -0.133 -0.025
SR2LI 0.589 -0.027 0.260
LR2LI 0.599 -0.022 0.054
SF2LI 0.645 0.068 -0.031
LF2LI 0.568 0.002 0.321

TB41LI 0.174 0.692 -0.163
TB42LI -0.113 0.728 0.032
TB31LI 0.049 0.785 0.002
TB32LI 0.207 0.570 0.191
TB21LI -0.140 0.769 -0.034
TB22LI 0.280 0.634 -0.086
TB11LI 0.002 0.698 -0.077
TB12LI 0.071 0.587 0.186

SQR1LI -0.060 -0.062 0.518
SQR2LI 0.081 0.148 0.686
SQR3LI 0.130 -0.046 0.227
SQR4LI -0.240 0.443 0.208
SQR5LI 0.021 0.300 0.535
SQR6LI -0.252 -0.092 0.535
SQR7LI 0.080 0.436 0.473
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Table 5.24: X-Axis of P u rsu it Tracking: T hree F acto r E x trac tion

H arm onic Factor 1 F actor 2 F acto r 3
1 -0.056 -0.333 0.626
2 0.177 -0.124 0.715
3 -0.049 0.219 0.699
4 0.263 0.258 0.475
5 0.001 0.356 0.440
6 -0.011 0.726 0.029
7 0.099 0.772 -0.089
8 0.272 0.680 0.289
9 0.326 0.698 0.085
10 0.385 0.500 -0.025
11 0.688 0.259 0.110
12 0.687 0.170 0.094
13 0.541 -0.021 0.137
14 0.538 0.167 0.239
15 0.708 0.141 0.231
16 0.795 0.058 0.028
17 0.746 0.211 0.134
18 0.687 0.236 0.114
19 0.760 -0.053 0.057
20 0.738 0.353 -0.033
21 0.795 0.156 -0.152
22 0.793 -0.034 -0.034
23 0.788 0.088 0.102
24 0.669 0.287 -0.039
25 0.786 0.205 -0.133
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Table 5.25: Y-Axis of P u rsu it T racking: T hree F acto r E x traction

H arm onic Factor 1 F actor 2 F ac to r 3
1 0.325 0.126 0.627
2 -0.068 -0.054 0.824
3 0.359 0.130 0.445
4 0.140 0.212 0.542
5 0.179 0.786 0.116
6 -0.007 0.809 0.144
7 0.033 0.612 0.174
8 0.153 0.654 -0.041
9 0.398 0.992 -0.032
10 0.117 0.710 0.093
11 0.397 0.616 0.079
12 0.588 0.481 0.099
13 0.526 0.453 -0.269
14 0.485 0.508 0.244
15 0.590 0.294 0.286
16 0.652 0.242 0.274
17 0.636 0.167 0.136
18 0.714 0.135 0.032
19 0.805 0.223 -0.016
20 0.664 0.259 0.175
21 0.736 0.058 0.227
22 0.760 0.236 -0.091
23 0.764 0.111 0.183
24 0.766 0.097 0.264
25 0.848 0.011 0.042
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Table 5.26: X- and  Y-Axes P u rsu it T racking F actor Score M atrix

V ariable Factor 1 Factor 2 F actor 3

X-Hi 0.802 -0.182 0.233
Y-Hi 0.805 0.290 -0.265

X-Med -0.239 0.039 0.785
Y-Med 0.310 0.079 0.775

X-Lo 0.288 0.863 0.054
Y-Lo -0.197 0.830 0.061
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Table 5.27: Analysis of All F acto r Scores

V ariable
X-Lo
X-Med
X-Hi
Y-Lo
Y-Med
Y-Hi
Pegboard
Circle
Squares

Factor 1 
- 0.120 
0.806 

-0.039 
-0.486 
0.413 
0.166 

-0.263 
0.382 
0.616

F actor 2 
-0.079 
-0.040 
0.873 
0.430 
0.043 
0.768 

-0.241 
0.061 
0.212

F acto r 3 
0.803 
0.139 
0.211 
0.552 
0.653 

-0.225 
-0.080 
0.636 

-0.168

Factor 4 
-0.058 
-0.108 
-0.079 
0.012 
0.046 

-0.079 
0.732 
0.751 
0.205
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Colour Plate 5.1:
This is a photograph of the "universal" pegboard task. Note that the distance between 
the rows may be adjusted to any distance up to 40.64 centimetres and secured with 
the aid of an Allan key. The distance between the holes may also be adjusted by 
rotating each row 90° about it long axis to a new distance.
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Chapter 5

F igure  5.1:
This figure shows mean±SE performance times for the 56 right-hand and 56 left-hand 
dominant subjects as a function of the distance between the rows of pegs on the 
"universal" pegboard task. Note how that while overall time is increasing there is no 
change in the difference between the hands. The dark bars represents dominant hand 
performance, while the lighter bars represents non-dominant hand performance of the 
two groups.
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F igure 5.2:
This figure shows mean±SE performance time for right- and left-hand dominant 
subjects as a function of the distance between the holes on the universal pegboard. 
Here again there is no noticeable change in the difference between the hands, 
although overall performance time is greatly affected. Again, the darker bars 
represent dominant hand performance.
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Colour P late 5.2:
This photograph shows the standard pegboard task constructed from the dimensions 
given by other authors (see text) as to the dimensions of the pegboard. The base is 
made of pine and each of the rows is made of solid brass so it is quite heavy and 
resistant to movement while in use. Rubber feet on each comer further prevent the 
pegboard slipping while in use.
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Colour P late 5.3:
These are the two sets of pegs used with the "standard" pegboard task. Both the flat 
and round ends of the pegs were used in assessing hand performance.
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Colour P late  5.4:
This photograph provides a closer look at the two different peg styles used with the 
"standard" pegboard.
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Figure 5.3:
This figure presents mean±SE peg-moving times for the right- and left-hand dominant 
subjects on the "standard" pegboard (as given by the measurements of Annett and 
others). Each column group indicates subjects performance using either the small or 
large pegs, with their round or flat ends. It is clear that large/flat pegs produce the 
largest overall time, but again there is no systematic change in the difference between 
the hands. Darker coloured bars indicate dominant hand performance.
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Chapter 5

Figure 5.4:
Mean±SE numbers of circles marked in 20-seconds on the Tapley and Bryden task for 
both the 28 right- and 28 left-hand dominant subjects plotted against "uncorrected" 
task difficulty. It is clear that while there is a large difference between the hands, 
this difference does not systematically change as task difficulty increases and overall 
performance declines. The square symbols in the figure indicate right-hand dominant 
subjects, while the diamonds indicate the left-hand dominant.
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Figure 5.5:
Mean±SE numbers of circles marked in 20-seconds re-plotted against "corrected" task 
difficulty. The lines passing through the points serve to demonstrate the significant 
linear relationship following correction for pen diameter.
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Figure 5.6:
This figure shows the behaviour of the absolute mean±SE laterality indices for the 
right- and left-handers as corrected task difficulty increases. Recall that the actual 
difference between the hands remained unchanged as task difficulty increased. From 
this figure, one might falsely conclude that subjects were becoming more lateralised 
as difficulty increased.

206



A
bs

ol
ut

e 
L

at
er

al
it

y 
In

de
x

The Tapley and Bryden Task

RH/LI
LH/LI

0.0

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Index of D iff icu lty



Chapter 5

F igure  5.7:
Mean±SE pen-and-paper square tracing times for both right- and left-hand dominant 
subjects. Here the square-symbols in the figure indicate the right-handers, and the 
diamonds indicate the left-handers. Again the darker symbols represent dominant 
hand performance. Note that overall trace time performance is greatly affected by 
square difficulty. However, unlike in the previous sections the differences between the 
hands was found to increase with increasing task difficulty. The left-handers again 
show less of a difference between the hands than do the right handers, which is the 
result of better performance with their non-dominant hand.
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F igure 5.8:
Here the mean±SE computerised square tracing times for both the right- and left-hand 
dominant subjects are plotted against task difficulty. Notice that while overall time 
is systematically affected by increasing difficulty, there are no significant differences 
between the performance with the dominant and the non-dominant hands of either 
group.
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F igure 5.9:
This figure presents Course A.
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F igure 5.10:
This figure presents Course B.
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F igure 5.11:
This figure presents Course C.
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F igure 5.12:
This figure presents Course D.
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F igure 5.13:
Here mean log amplitude ratios have averaged across X- and Y-axes for the dominant 
hand of all the subjects are presented, plotted against their frequencies in Hertz to 
show the general performance level across the Fourier spectrum.
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Chapter 5

Figure 5.14:
Here mean log amplitude ratios have averaged across X- and Y-axes for the non
dominant hand of all the subjects are presented, plotted against their frequencies in 
Hertz.
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Figure 5.15:
The differences between the log amplitude ratios of the dominant and non-dominant 
hands of the 28 right-hand dominant subjects for the X-axis of each course.
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Figure 5.16:
The mean differences between the log amplitude ratios of the dominant and non
dominant hands of the 28 right-hand dominant subjects for the Y-axis of each course.
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F igure 5.17:
The mean differences between the log amplitude ratios of the dominant and non
dominant hands of the 28 left-hand dominant subjects for the X-axis of each course.
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F igure 5.18:
The mean differences between the log amplitude ratios of the dominant and non
dominant hands of the 28 left-hand dominant subjects for the Y-axis of each course.
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Chapter 6

The Incidence o f Non-Dextral 
Handedness in  Schizophrenia: 

A Meta-Analysis

"The origins of schizophrenia are multiple as are the determinants of sinistrality. 
Both schizophrenia and sinistrality are fundamentally related to a functional 
alteration of dominant hemispheric systems." Flor-Henry, P. (1990) "Sinistrality and 
psychopathology," In Coren, S. (Ed.) Left-Handedness. Elsevier (North-Holland), p. 
432.
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Introduction

Left handedness has been found to have an incidence in the range of 5 to 12 percent 
in the normal population (Hardyck and Petrinovich, 1977; Annett, 1985; McManus, 
1985). However, there are a number of research reports which describe an increase 

in this proportion amongst schizophrenic populations (Lishman and McMeekan, 1976; 
Dvirskii, 1976; Chaugule and McMaster, 1981). Another related finding is for there 
to be an increased number of schizophrenics showing ambidextral- or mixed- hand 
preference (Fleminger, Dalton and Standage, 1977; Green, Satz, Smith and Nelson, 
1989).

These findings are attractive to researchers of psychopathology and cerebral 
dominance and are often interpreted as a sign of some underlying neural malfunction 
responsible for the core symptoms seen in schizophrenia (e.g. Manschreck and Ames, 
1984). Indeed, ambiguous or mixed handedness has been hypothesized to represent 
an arrest or disturbance of neurodevelopment obstructing the normal course of brain 
lateralisation (Green, et al., 1989; Crow, 1990a, 1990b). Alternatively, Merrin (1984)

aM*b/3O0u3 W.udeJitess ca«
has argued that be explained as a result of an attentional deficit interfering
with usual unilateral responding, found no differences in the incidences of left- 
and mixed-handedness between schizophrenics and controls. However, this and the 
study by Gureje (1988) found greater dissociation between hand and eye dominance 
in schizophrenics.

Investigations of schizophrenic twins have produced conflicting results. In a sample 
of 61 twin pairs Boklage (1977) found that left handedness was more likely in 
monozygotic than in dizygotic schizophrenic twins, and that the incidence of left 
handedness was greater in schizophrenic than in normal twin pairs. Boklage (1984) 
has stated that his study "refutes any interpretation based on ’subtle brain insult’ as 
a cause of both NRH [non-right handedness] and schizophrenia" (p. 197). In an 
attempt to replicate these findings, Lewis, Chitkara and Reveley (1989) failed to find 
an association between twin zygosity, handedness and schizophrenia in 93 twin pairs 
(see also Luchins, Pollin and Wyatt, 1989).

While there has long been speculation regarding the role of handedness and laterality 
in psychopathology (Flor-Henry, 1969, 1979), a recent investigation by Faustman, 
Moses, Ringo and Newcomer (1991) reported impaired performance in left-handed
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schizophrenics on the Luria-Nebraska test battery. The brain imaging literature 
describing a lateralisation of neuropathology in schizophrenia view studies reporting 

increased non-dextrality as support for the notion that schizophrenia is a disorder 
of normal cerebral asymmetry resulting from either genetic or intrauterine 

mechanisms (Crow, Ball, Bloom et al., 1989; Luchins, Pollin, and Wyatt, 1980; 
Luchins, Weinberger and Wyatt, 1982; Reveley, Reveley, and Baldy, 1987). There are 
now studies reporting non-dextral psychiatric patients to show less severe tardive 
dyskinesia (for instance Barr, Mukheijee, Degreef, and Caracci, 1989) possibly 
suggestive of differences in dopamine sensitivity between handedness groups (Kern, 
Green, Satz, and Wirshing, 1991).

However, studies considering the incidence of hand preference in schizophrenic 
samples have become increasingly concerned with the proportion of mixed handers 
amongst schizophrenic samples. For example, Green, Satz, Smith and Nelson (1989) 
reported a left-ward shift in the distribution of hand preference with there being an 
increased number of mixed-handed schizophrenics as compared to controls. Shimizu, 
Endo, Yamaguchi, et al. (1985) found the incidences of left- and mixed-handedness to 
be increased in schizophrenics, and more mixed-handedness was found in subjects at 
risk for psychosis by Chapman and Chapman (1987).

From Satz’s (1972) pathological left-handedness model, one might expect to find more 
schizophrenics who prefer to do tasks with their left hands or show a reduced 
difference in preference between the hands. Alternatively, Bishop’s (1980) extended 
pathological model argues that persons with pathological left-handedness should show 
a greater difference between performance with their now dominant left-hand and 
performance with the now non-dominant right-hand. The non-dominant hand in 
people with pathological left-handedness should, in fact, perform worse than the non
dominant hands of right-hand dominant and of non-pathological left handers. Turning 
the argument around, from Bishop’s extended model one might expect to identify an 
increased incidence of extreme left hand preference amongst schizophrenics. As 
suggested by Yan, Flor-Henry, Dayi et al. (1985), Geschwind’s (Geschwind and Behan, 
1987) model of cerebral dominance and handedness might expect "anomalous" hand 
preference amongst schizophrenics (Gur, 1977).
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Note that these forms of non-right-handedness are all proposed to be the result of 
similar neurological mechanisms; an insult or retardation of the left cerebral 
hemisphere resulting in retarded or switched handedness. However, the arguments 
described above are also fundamentally different. Where one would expect to find 
more mixed or ambiguous or anomalous handedness, one would predict that the 
initially dominant left hemisphere may only become slightly affected thereby reducing 
the skill of the dominant hand in the direction of the level of the non-dominant hand. 
Where one would expect more extreme left-handedness, the once dominant left 
hemisphere has lost control of the once dominant right hand altogether and the 
originally non-dominant hand becomes the preferred hand.

Difficulties in Identifying Abnormal Handedness
Concern has been expressed by several authors regarding the selection of subjects 
(Randolph, Goldberg, Gold et al., 1990), differences in diagnostic criteria, and 
measurement of handedness in studies of the incidence of non-dextrality in 
schizophrenia. Green, et al. (1989) note that when using a conservative criterion one 
would expect the incidence of mixed handedness of any population to vary inversely 
with the number of test items. The fundamental assumptions and statistical 
procedures of some studies have also been questioned (Clyma, 1972). Reliability of 
test performance by schizophrenics has also been suggested as accounting for 
discrepant findings (Nasrallah, Keelor, Van Schroeder, and McCalley-Whitters, 1981). 
Such problems indicate that, paradoxically, studies which attempt to introduce greater 
methodological rigor into the study of hand preference in schizophrenia may be more 
likely to be affected by these problems. For example, a study employing Annett’s 
(1967) conservative criterion of non-right-handedness may, in fact, over-estimate the 
proportion of non-dextrality in their sample. Similarly, assessing handedness on the 
basis of self-report may produce differing results from the use of a demonstration task.

The purpose of this chapter is to investigate whether the evidence is strong enough 
to confirm the reports of increased non-right-handedness in schizophrenia. 
Furthermore, to determine the magnitude of effects due to sampling characteristics 
and methods of assessing handedness on the findings of non-dextrality in 
schizophrenia.
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M ethod

Study Selection: Of the number of studies in the literature investigating the incidence 
of non-dextrality in schizophrenia, twenty-one provided sufficient information about 
the samples and experimental approach for comparisons of the proportions of 

handedness to be made across investigations (Table 6.1). Studies were included in the 
meta-analytic procedure if, and only if, the distribution of handedness in the 
schizophrenic sample was compared to that of a normal control group. The control 
group had to either have been collected for the purpose of that study, from previous 
research by the same authors, or from the normative data from other researchers. 
Studies which used control data from other studies already included in this analysis 
were not considered. Therefore reports such as the ones by Luchins, Weinberger and 
Wyatt (1979) and Randolph, Goldberg, Gold, Daniel and Weinberger (1990) who 
compare the distribution of schizophrenic handedness to theoretical proportions were 
not included. The study of Oyebode and Davidson (1990), who subdivide a single 
schizophrenic sample for comparison was excluded, as was Bolin (1953) for only 
comparing handedness among various psychiatric groups. The study of Satz, Green, 
Ganzell, et al. (1990) was excluded on the grounds that while trying to show an 
association between anomalous hand preference and cerebral ventricular size, the 
authors failed to divide their normal control group into "lateralised" and "non- 
lateralised" subjects as they had done for their schizophrenic sample. Of the several 
investigations of Taylor, Fleminger and colleagues (Fleminger, Dalton, and Standage, 
1977; Taylor, Dalton, Fleminger, and Lishman, 1982a; Taylor, Dalton, and Fleminger, 
1982b; Taylor, Brown, and Gunn, 1983), only their 1980 and 1983 investigations were 
included in the analysis. It appears that both their 1982 investigations are re
interpretations of the same data set, while the 1980 and 1983 studies appear to have 
been independently collected. The investigation of McCreadie, Crorie, Barron and 
Winslow (1982) was also excluded because they compared the distribution of 
handedness in their schizophrenic sample to that of the control sample of Fleminger, 
Dalton and Standage (1977). Studies of handedness in schizophrenic twins were also 
not included {e.g. Boklage, 1977; Luchins, Pollin, and Wyatt, 1980; Lewis, Chitkara, 
and Reveley, 1989).

Study Variables: Data regarding factors associated with sample characteristics and 
the method by which handedness had been assessed was taken from each of the 
investigations. These are as follows:
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i. Gender Composition of Studies: There is evidence for the incidence of non-right 
handedness to be greater in female as compared to male schizophrenics and that non
right handed women show an earlier onset of schizophrenia (Hauser, Pollock, 
Finkelberg, et al., 1985). However, evidence also suggests that women from normal 
populations may be less likely to report non-right handedness (Bryden, 1977). 
Regrettably, in most of the studies collected, handedness was not generally divided 
into proportions specifically representing males and females. Information was 
provided in all but a single investigation (Wahl, 1976) for a gender composition value 
representative of the sample to be calculated. This takes the form of the proportion 
of males in the schizophrenic and control samples.

ii. Method of Handedness Assessment and Number o f Test Items: Three methods 
of assessing handedness were identified from the studies. These were coded into the 
data set as:

1) Simple Handedness Assessment 
(e.g. only the hand used for writing)

2 ) Handedness Questionnaire
3) Handedness Demonstration Task

The two degrees of freedom representing the three methods of assessment were also 
coded as dummy variables for use in multi-variate analyses; the first representing the 
presence or absence of the handedness questionnaire, and the second the presence or 
absence of the demonstration task. The inclusion of classification variables by 
"dummy coding" is a commonly used technique in multivariate analyses. Dummy 
coding is also a useful method in meta-analytic investigations (Rosenthal, 1984). The 
number of test items involved in the assessment of handedness was also included in 
the analysis.

iii. Criteria for Defining Non-Dextrality: A number of the studies present their 
results in terms of the classification described by Annett (1967), in which subjects are 
divided into right, left and mixed handedness groups with the latter taking the form 
of any subject showing a not completely rightward bias on at least one of the task or 
questionnaire items. This can lead to lower incidence of left handedness and a much 
increased incidence of mixed handedness. Alternatively, subjects are placed in a group
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after consideration of the distribution of "laterality" scores from which arbitrary cutoff 
points are determined. Here these two criteria have been coded:

1) Annett criteria
2) Distribution criteria

iv. Diagnostic Criteria Used: Unfortunately, information was not available in 
enough quantity to more thoroughly identify moderator variables amongst 
characteristics of the schizophrenic samples themselves (such as duration of illness, 
etc.). The only variable that was consistently reported was that of the diagnostic 
criteria, used to screen subjects for inclusion in the investigation. Diagnostic criteria 
are of interest because variation in what is considered to be central to the 
symptomatology of schizophrenia may greatly affect who is and who is not included 
in any investigation. The inclusion of more chronic subjects under one criterion may 
give different results than another study excluding such subjects. This variable may 
be seen as a proxy for response reliability in the schizophrenic samples. Three values 
where used to represent diagnostic criteria:

1) DSM-III criteria (APA, 1987)
2 ) RDC criteria (Feighner, et al., 1972)
3) other, including ICD-9, PSE, etc., or if not given

v. Grouping of Handedness Types: The method of breaking down handedness into 
groups was considered. Studies classified handedness as one of three categories R/L, 
R/M, or R/M/L. The method of this classification of handedness types was coded as 
1,2,3, respectively. The two degrees of freedom were coded as dummy variables 
representing the presence or absence of the R/L, and the presence or absence of the 
R/M/L classifications.

vi. Variables Which Could Not Be Included: Regrettably, many of the studies 
failed to report adequate information regarding several variables which are of some 

importance to schizophrenia researchers and could not be considered here. As the 
majority of studies failed to provide adequate information regarding the ages of its 
subjects (for instance -  no age information; Wahl, 1976; Taylor, Dalton and Fleminger, 
1980; Chaugule and Master, 1981: only age ranges; Oddy and Lobstein, 1972; 

Dvirskii, 1976) age could not be reliably considered in this analysis. Similarly, many
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studies did not provide information regarding the duration of illness (e.g. Lishman and 
McMeekan, 1976; Yan, et al., 1985) and so this variable could not be considered.

The year of study has been shown to be an important variable in understanding 
secular trends in methods of data collection. For instance, a recent meta-analysis of 

lateral ventricular enlargement in schizophrenia has shown that the difference 
between the reported size of the ventricles in schizophrenics and controls has reduced 
significantly since the initial account of an association between ventricular 
enlargement and schizophrenia (Van Horn and McManus, 1992; see Chapter 3). 
However, Seddon and McManus (in press) have found that there has been little change 
in the incidence of left-handedness over time after a meta-analysis of the world 
literature. While available from all investigation, in light of the results of Seddon and 
McManus as well as the limited number of studies, I have chosen not to include year 
of study in multi-variate analyses.

Statistical Analysis: Meta-analysis of research findings has not been a trouble free 
endeavour (Himter and Schmidt, 1990, for review). A central problem within the 
context of this method of inquiry is that in any meta-analytic study involving subject 
sizes as large as the present one, results may prove to be significant in a statistical 
rather than theoretically meaningful fashion. In addition, despite large sample sizes 
such studies can suffer from rather low power. Therefore, in this analysis the testing 
of the effects of moderator variables is conducted using only unweighted values. Here 
the issue raised by Hunter and Schmidt, that the critical factor is the number of 

studies and not the number of subjects, is adhered to. The incidence of non- 
dextrality was, therefore, compared employing only unweighted population estimates, 
using univariate analyses and multiple regression. In all analyses, missing values 
were replaced with population means as recommended by Cohen and Cohen (1983).

In addition to uni-variate analyses, multivariate regression analyses were also 
performed. Three separate multiple regressions were conducted using the study 
variables to predict the incidence of left, mixed, and general non-dextral handedness 
in 1) schizophrenics alone, 2) controls alone, and 3) for the differences between 
proportions using schizophrenic proportion as dependent variable with controls entered 
on the first step of the regression. The latter is effectively the same as performing an 
analysis of covariance.
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R esults

Study Characteristics and the Incidence of Non-Dextrality: The total number of 
schizophrenic subjects from 21 studies was 5569, while the number of control subjects 
was 15595. The mean±SD incidence from the studies of general non-dextrality in the 
schizophrenics was 0.296±0.190 and was 0.167 overall. The incidence of non-
dextrality in the controls was 0.222±0.163 in the 21 studies, and being 0.174 overall. 
The mean±SD proportion of left-handedness in schizophrenics was 0.099±0.110 and 
controls was 0.063±0.065, while overall the proportions were 0.070 and 0.063, 
respectively. The mean±SD proportion of mixed handedness in the 21 studies for the 
schizophrenics groups was 0.198±0.20, with 0.097 overall. In controls the mean 
proportion mixed handedness was 0.159±0.165, while there was an overall incidence 
of 0.111. Taken overall, the proportion of males in the schizophrenic and control 
subjects were nearly equal being 0.584 and 0.547, respectively.

In 4 (19%) of the studies a simple form of assessment was used, in 10 (47.6%) a 
questionnaire was used, and in 7 (33.3%) of studies required task items to .be 
demonstrated. An Annett-style method of determining non-right handedness was 
employed in 14 (66 .6%) of the studies, while non-right handedness was determined by 
consideration of handedness scores in 7 (33.3%) of the studies. The mean±SD number 
of items used was 9.35±5.28, with the mode and the median both being 10 items.

In 12 (57.1%) of the studies handedness was divided into right, mixed, and left 
handedness. Four (19%) of the studies only reported the of non-right
handedness in their subjects, while in 5 (23.8%) left handedness"the alternative to 
right handedness. The mean±SD proportion of males in the schizophrenic sample was 
0.70±0.195, while in controls this was slightly less being 0.67±0.230.

It is noteworthy that there are discrepancies between the mean study incidences and 
the overall incidences amongst the handedness groups in schizophrenics. While, the 
overall proportions are similar for schizophrenics and controls, the mean proportions 
from the studies invariably indicate greater non-dextrality in schizophrenics. Such 
discrepancies deserve further scrutiny and explanation.
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U nivariate Analyses on the Incidence o f H andedness

Schizophrenic vs. Control Incidence of Handedness:
The incidences of left, mixed, and non-dextral hand preference in schizophrenics and 
controls proved to be strongly intercorrelated (respectively, r(19) = 0.896, p < 0.001, 
r(19) = 0.588, p = 0.003, and r(19) = 0.515, p = 0.009). That such a strong degree of 
correlation exists between the incidences in these two groups strongly suggests the 
possibility of moderator variables related to the studies themselves.

Schizophrenic samples showed significantly greater left-handedness than control 
samples (paired t(20 ) = 2.81, p = 0.011), but not greater mixed-handedness (paired 
t(20) = 1.04, p = 0.312). There was a trend for the incidence of general non-dextrality 
to be greater in the schizophrenics (paired t(20) = 1.94, p = 0.067).

Effects o f Diagnostic Criteria: The incidence of left-handedness in the schizophrenics 
and controls w as no different across the diagnostic criteria. Schizophrenic samples 
did have a higher incidence of left-handedness than controls (F(l,18) = 4.97, p = 
0.039), but there was no significant group-by-diagnostic criteria interaction. Analysis 
of the incidence of mixed handedness in schizophrenics and controls revealed no 
between-, nor within-subjects effects. Considering general non-dextrality, while there 
was a within-subjects trend for a difference between the schizophrenics and controls 
(F(l,18) = 3.51, p = 0.077), no between-subjects differences were observed between the 
diagnostic criteria in the incidence of non-dextrality. There was no diagnostic criteria- 
by-group within-subjects interaction.

Method o f Measuring Handedness: The incidence of left-handedness was not found to 
differ as a function of the method of measuring handedness. There was a significant 
difference between the two groups (F(l,18) = 9.49, p = 0.006), but no group-by-method 
interaction. Analysing the incidence of mixed handedness in the two groups revealed 
no significant between-, nor within-subjects effects. There were no notable differences 
between the methods of measuring handedness on the incidence of general non- 
dextrality. There was a significant difference between the groups (F(l,18) = 7.18, p 
= 0.015), indicating schizophrenics to show increased non-dextrality relative to 
controls. No method-by-group interaction (F(2,18) = 2.50, p = 0.110) was observed to 
be significant. Table 6.2 shows the mean incidence of non-dextrality for each group 
by method of handedness measurement, which is also represented graphically in
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Figure 6.1. However, from inspection of the mean incidences, it can be seen that while 
the incidence of non-dextrality in the control samples dcf to t  differ significantly (one 
way ANOVA; F(2,18) = 0.295, p = 0.748), the schizophrenic incidence of non-dextrality 
varies significantly with the different methods (one way ANOVA; F(2,18) = 4.35, p = 
0.029).

Criteria for Identifying Non-Dextrality: Analysing the incidences of left-handedness 
in the two groups, there was no difference in the incidence due to the criteria defining 
non-right handedness. There was a significant difference between the groups in terms 
of the incidence of left-handedness (F(l,19) = 6.92, p = 0.016), but there was no 
criterion, nor group-by-criterion interaction. There was a significant difference 
between the methods of defining non-dextrality (F(l,19) = 8.18, p = 0.010), with the 
Annett criteria indicating greater mixed-handedness than the distribution criteria. 
There was a highly significant difference between the criteria in identifying general 
non-dextrality (F(l,19) = 14.04, p = 0.001). There was no difference between the 
groups in the incidence of non-dextrality, nor was there a criteria-by-group interaction. 
Figure 6.2  shows how the use of the Annett classification results in much greater 
incidences of left- and mixed- handedness than the consideration of the distribution 
of laterality scores.

M ultivariate Analysis o f Overall Incidences
From the above univariate analyses it can be seen that there are indications that 
variation in the incidences of handedness may be accounted for by using different 
methods of measuring handedness or for defining non-right handedness. However, the 

diagnostic criterion used to classify subjects was not found to affect the incidence of 
handedness. Now multivariate analyses will be performed to assess how these 
variables affect the incidence of handedness. The number of assessment items in the 
studies will be included in the analyses, as well as the proportion of males in the 
experimental samples to see if they can be viewed as significant moderators of the 
incidence of handedness. In addition to these variables and the dummy codings for 
method of measure and criteria for non-right handedness, three new variables were 
created. The first two were created by multiplying the number of assessment items 
by each of the dummy variables for the method of measuring handedness, while a 
third was created by multiplying the number of items by the criteria for handedness. 
These new variables, therefore, represent the interaction between the two variables,
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which may also prove to significantly predict the incidence of handedness. In all, eight 
variables were used as independent variables, those being the two dummy variables 
for method of assessment, the criterion for defining non-right handedness, the number 
of assessment items, the proportion of males in the sample, the two interaction 
variables between the dummy variables for method of assessment and number of 
items, and the interaction variable between number of items and criterion for defining 
non-right handedness. As was stated previously analyses will be performed for the 
incidence of left, mixed, and general non-dextrality, for schizophrenics, controls, and 
for schizophrenics with controls entered as a covariate. A stepwise multiple-regression 
approach was used for the determination of significant moderator variables.

The Incidence o f Left-Handedness: None of the eight variables entered proved to be 
significant after stepwise regression. Similarly, none of the eight variables 
significantly predicted the incidence of left handedness in the control sample. 
However, the incidence of left-handedness in the schizophrenics was significantly 
predicted by the control incidence (R2=0.85, F(l,19) = 77.66, p <0.001). Stepwise 
analysis indicated that the proportion of schizophrenic males in the sample affected 
the size of the difference between schizophrenics and controls (t(18) = 2.32, p = 0.033). 
Also, the dummy variable representing the presence or absence of the R/M/L 
classification of handedness proved to be significant (t(17) = -2.46, p = 0.025), 
indicating there to be less of a difference between the groups when using this 
classification. Figure 6.3 shows the relationship between the schizophrenic and control 
incidences of non-dextral handedness by handedness classification. In all, these three 
moderator variables accounted for 8 8 .8% of the variance in the difference between the 
incidences of schizophrenic and control left handedness.

The Incidence of Mixed Handedness: In the analysis of mixed handedness in the 
schizophrenics, the variable representing the interaction between the presence or 
absence of a handedness questionnaire and the number of items proved to be 
significant (R2 = 0.54, overall F(l,19) = 7.89, p = 0.011), indicating that when more 
questionnaire items were used there was a greater incidence of mixed handedness. 
Also, the criterion for defining non-right-handedness was found to be significant (t(18) 
= -2.35, p = 0.030), showing that mixed-handedness was less in studies using a 
distributional method. These two moderator variables accounted for 46.9% of the 
variance in the incidence of mixed-handedness in the schizophrenics. The criterion for
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defining non-right-handedness was also found to be a significant predictor in the 
incidence of mixed-handedness in the control samples (R2 = 0.22, t(19) = -2.31, p = 
0.032). The incidence of control mixed handedness accounted for 34.5% of the variance 
in schizophrenic mixed handedness (F(l,19) = 10 .02 , p = 0.005). The variable 
representing the interaction between the presence or absence of a demonstration task 

and the number of items proved to significantly predict the difference between the 
schizophrenics and controls on the next step (t(18) = -2.25, p = 0.05). This indicates 
that studies using fewer demonstration test items showed a greater difference in the 
incidence of mixed handedness.

The Incidence of Non-Dextrality: The analysis of the general incidence of non- 
dextrality in the schizophrenic samples revealed that the criteria*for defining non-right 
handedness was a significant predictor (R2=0.35, F(l,19) = 10.05, p = 0.005), indicating 
that where studies considered the distribution of handedness scores there was a 
reduced amount of mixed handedness. On the next step of the analysis, the variable 
representing the interaction between the presence or absence of a questionnaire 
method of assessment and the number of assessment items was found to be significant 
(t(18) = 2.30, p = 0.034), indicating that where more questionnaire items were used 
there was a greater incidence of non-dextrality in schizophrenics. In the analysis of 
the control samples, the criterion of defining non-right handedness was found to be a 
significant moderator of non-dextrality (R2=0.29, t(19) = -2.83, p = 0.011), indicating 
that greater non-dextrality was associated with using the Annett criterion for defining 
non-right handedness. The control sample incidence of non-dextrality significantly 
predicted the incidence in schizophrenics (R2=0.26, F(l,19) = 6.84, p = 0.017). On the 
next step of the regression the variable representing the interaction between the 
presence or absence of a demonstration task and the number of demonstration items 
was found to be significant (t(17) = -2.65, p = 0.016; overall R2 = 0.48, F(2,18) = 7.75, 
p = 0.003), indicating that the difference between schizophrenics and controls was 
greater when fewer demonstration task items were used.

D iscussion

This meta-analysis has sought to shed light on the findings of increased non-right 
handedness in schizophrenics as compared to controls and how study factors may 
contribute to the apparent size of this difference. While on average across the 21 

studies, the incidence of left- and general non-dextrality / s increased in
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schizophrenics, overall weighted incidences of left-handedness are very similar in the 
two groups. In the case of the overall proportion of mixed-handedness, the weighted 
incidence is only slightly less in schizophrenics than in controls (overall incidences 
0.097 and 0.111, respectively). This might be seen as indicating that th e ^  may be an 
increase in the incidence of right-handedness in schizophrenia. Fleminger, Dalton, 

and Standage (1977) reported an increase in the incidence of dextrality in 
schizophrenics. Their reasoning is somewhat counter to what we expect from 
arguments for pathological handedness in schizophrenia (Green, et al., 1989; Satz et 
al.y 1991) and the result is opposite to the more extreme left-handedness one might 
expect to find given Bishop’s (1980) extended pathological model. However, this is 
unlikely to be the case with the increased incidence being nearly negligible (1.4%).

It is clear from the multivariate analyses, though, that interactions between the 
number of items and the dummy variables for method of assessment and also the 
criterion for defining non-right handedness are the best predictors of non-dextrality 
in schizophrenics and controls, as well as the difference between these two groups. 
The fact that increased mixed-handedness is associated with a greater number of 
questionnaire items, while a reduced difference between the groups is associated with 
a greater number of demonstration items seems puzzling at first. It may be the case, 
however, that the responses to questionnaire items by schizophrenics are unreliable 
in that they are based more upon self-report. Schizophrenic subjects may not properly 
understanding the questions and thereby give inappropriate answers, more similar to 
random responses. Random responses to handedness assessment items would give the 
impression of mixed handedness. Demonstration tasks may be more reliable in that 
subjects must show the experimenter which hand they would use for the task and may 

require them to give more definite answers about which hand they use.

The criterion by which left- and mixed-handedness is defined has resulted in 
controversy amongst handedness researchers. In order to argue for the existence of 
a binomial distribution to handedness, Annett (1983; Annett and Kilshaw, 1983) 
employed the "conservative" right-handedness criterion of at least one instance of non
right handedness as being indicative of mixed handedness. However, what is 
conservative for one handedness group, in this sense, is liberal for another group and 
may falsely inflate the incidence of mixed-handedness (McManus, 1985a, 1985b). This 
is probably the case here, where the incidence of mixed-handedness is much higher in
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the studies using Annett’s criterion than in studies where the consideration of 
handedness scores was used.

While in general, studies report a greater incidence of left-handedness study factors 
appear to play a central role in the number of non-right-handers identified. 
Individually, factors like method of assessing handedness show little effect on the 
reported incidence. However, the significant interaction between method of 
assessment, definition of non-right-handedness and other variables (as identified by 

multivariate analyses) shows that how handedness is defined and measured affects 
the size of the increase in schizophrenics. This finding seriously questions the 
reliability of studies of handedness in schizophrenia, as well as having important 
implications for studies in other pathological groups. At this point it seems doubtful 
that there is an increased incidence of non-dextral handedness in schizophrenia, and 
that significant proportions of the variance the difference between schizophrenics and 
controls results from study factors.

Limitations of This Analysis: Regrettably, the approach of this investigation was 
rather limited due to the relatively small number of investigations included. 
Therefore, variables to be included in the analyses had to be carefully chosen. 
Variables were considered which had been suggested in the literature and which, in 
a more intuitively sense, might affect the incidence of handedness. This did not prove 
too difficult, however, few studies provided more information than what was collected 
here. In particular, data providing a more detailed picture of the characteristics of the 
schizophrenic samples were often not available from the studies. Merrin (1981) has 

expressed concern about the fact that "most studies involve large series without well 
defined diagnostic criteria." (p. 412). Researchers conducting future, large-scale 
investigations considering the incidence of handedness in any pathological population 
are strongly advised to include details of the age, form of illness, duration of illness, 
age of onset, etc. This information is likely to be of much importance to theories 
attempting to explain sub-groups of subjects who may show a left-hemispheric insult 
resulting in schizophrenia and or non-right-handedness.

Future investigations of handedness also may wish to assess the reliability of 
handedness as determined by the various methods of assessment in schizophrenic and 
other pathological populations. This could be done using both the Annett and the
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distributional definition for defining non-right-handedness. It may prove that the 
examination of the distribution of asymmetry scores for handedness proves to be a 
more accurate method by which to define non-right handedness in clinical samples.

Studies of the incidence of handedness in pathological samples should in every case 
include its own normal control group. Comparing the incidence of handedness to 
theoretical values may give results reflecting more the theoretical value chosen rather 
than anything fundamental in the disorder in question. Dividing a single pathological 
group into smaller groups for which the incidence of handedness is determined may 
given misleading results. Including more comprehensive sample information will also 
allow for more detailed meta-comparisons may be made in future.
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Table 6.2: The Incidence o f Left, Mixed and General Non-Dextrality in  
Schizophrenics and Controls

S c h i z o p h r e n i c s  

N  =  5 5 6 9

C o n t r o l s  

N  =  1 5 5 9 5

M e a n ± S E O v e r a l l M e a n ± S E O v e r a l l

L e f t 0 . 0 9 8 ± 0 . 0 1 9 0 . 0 7 0 0 . 0 6 3 ± 0 . 0 1 3 0 . 0 6 3

M i x e d 0 . 1 9 8 ± 0 . 0 3 4 0 . 0 9 7 0 . 1 5 9 ± 0 . 0 2 9 0 . 1 1 1

G e n e r a l  N o n -  

D e x t r a l i t y

0 . 2 9 6 ± 0 . 0 4 5 0 . 1 6 7 0 . 2 2 2 ± 0 . 0 3 7 0 . 1 7 5
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Table 6.3: The Incidences o f Left, Mixed, and General Non-Dextrality in  
Schizophrenics and Controls by M ethod o f M easuring H andedness

H a n d e d n e s s

C l a s s i f i c a t i o n

G r o u p S i m p l e  

N  S t u d i e s  =  4  

S  =  3 3 8  

C  =  1 2 0 6

Q u e s t ’n a i r e  

N  S t u d i e s  =  1 0  

S  =  3 3 0 1  

C  =  8 9 6 4

D e m o ’t i o n  

N  S t u d i e s  =  7  

S  =  1 9 3 0  

C  =  5 4 2 5

L e f t S c h i z o p h r e n i c s 0 . 1 7 5 ± 0 . 1 1 2 0 . 0 8 7 ± 0 . 0 1 8 0 . 0 7 2 ± 0 . 0 2 5

C o n t r o l s 0 . 1 0 2 ± 0 . 0 6 9 0 . 0 5 7 ± 0 . 0 0 9 0 . 0 4 9 ± 0 . 0 1 6

M i x e d S c h i z o p h r e n i c s 0 . 2 9 7 ± 0 . 1 7 4 0 . 1 0 9 ± 0 . 0 2 9 0 . 2 6 7 ± 0 . 0 7 1

C o n t r o l s 0 . 1 7 7 ± 0 . 1 1 9 0 . 1 4 5 ± 0 . 0 5 1 0 . 1 7 0 ± 0 . 0 6 4

G e n e r a l

N o n - D e x t r a l i t y

S c h i z o p h r e n i c s 0 . 4 7 2 ± 0 . 0 9 2 0 . 1 9 6 + 0 . 0 2 8 0 . 3 3 8 ± 0 . 0 8 6

C o n t r o l s 0 . 2 7 8 ± 0 . 0 8 5 0 . 2 0 1 ± 0 . 0 5 4 0 . 2 1 9 ± 0 . 0 6 3

S = Total number of schizophrenic subjects 
C = Total number of control subjects
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Table 6.4: The Incidences o f H andedness by M ethod o f D ividing the Sam ple

H a n d e d n e s s

C l a s s i f i c a t i o n

G r o u p R i g h t / L e f t  

N  S t u d i e s  =  5  

S  =  1 6 8 7  

C  =  5 5 7 6

R i g h t / M i x e d  

N  S t u d i e s  =  4  

S  = 4 4 1  

C  =  6 4 2

R / M / L  

N  S t u d i e s  =  1 2  

S  =  3 4 4 1  

C  =  9 3 5 2

L e f t S c h i z o p h r e n i c s 0 . 2 2 7 ± 0 . 0 6 6 * * * * 0 . 0 7 8 ± 0 . 0 1 4

C o n t r o l s 0 . 1 2 0 ± 0 . 0 4 6 * * * * 0 . 0 6 0 ± 0 . 0 0 8

M i x e d S c h i z o p h r e n i c s * * * * 0 . 3 7 5 ± 0 . 1 3 1 0 . 2 2 1 ± 0 . 0 4 5

C o n t r o l s * * * * 0 . 2 4 4 ± 0 . 0 9 2 0 . 1 9 8 ± 0 . 0 4 5

G e n e r a l

N o n - D e x t r a l i t y

S c h i z o p h r e n i c s 0 . 2 2 7 ± 0 . 0 6 6 0 . 3 7 5 ± 0 . 1 3 1 0 . 2 9 9 ± 0 . 0 5 3

C o n t r o l s 0 . 1 2 0 ± 0 . 0 4 6 0 . 2 4 4 ± 0 . 0 9 2 0 . 2 5 7 ± 0 . 0 4 9
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Figure 6.1:
The mean±SE incidence of non-dextrality in schizophrenics and controls by the method 
in which handedness was measured. Note that the simple form of measurement (e.g. 
Which hand do you used for writing?) shows a much greater proportion than in either 
the questionnaire or demonstration task methods. In addition, the difference is 
greater using a simple for of measurement.
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Figure 6.2:
The mean±SE incidence of general non-dextral-handedness is much lower in the 
studies which defined handedness after inspecting the distribution of laterality scores, 
as opposed to using the Annett criteria.
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Figure 6.3:
The study incidence of non-dextral hand preference for the schizophrenic sample 
plotted against the incidence for the control group by study method of classifying 
handedness. The diagonal line represents the line of equality where the incidence in 
schizophrenics is equal to that for control subjects.
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Chapter 7

Hand Performance in Schizophrenia

"If psychosis is related to the determinants of handedness, handedness anomalies 
would be expected in patient populations." Crow, T.J. (1990) "Nature of the genetic 
contribution to psychotic illness - a continuum viewpoint," Acta Psychiatric 
Scandinavica, 81, 401-408.

"Motor laterality is a much more subtle indicator of unusual or altered hemispheric 
processes than is generally supposed." Yan, S. M., Flor-Henry, P., Dayi, C., Tiangi, 
L., Shuguang, Q., and Zenxiang, M. (1985) "Imbalance of hemispheric functions in the 
major psychoses: A study of handedness in the People’s Republic of China," Biological 
Psychiatry, 20, 906-917.
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Introduction

We have seen from Chapter 6 that a number of studies report an increased incidence 
of non-dextral handedness in the schizophrenic population as compared to controls. 
Luchins, Weinberger, and Wyatt (1979) previously found that milder forms of 
schizophrenia were associated with more anomalous hand preference. Increased 

ambidextrality has been also reported in subjects at risk for psychosis (Chapman and 
Chapman, 1987). Such reports of increased non-dextrality in schizophrenia are 
hypothesised to be the result of lateralised brain abnormality which has retarded the 
functioning of the left-hemisphere. From a meta-analysis of these reports, however, 
it was found that the magnitude of the incidence of left- and mixed- handedness in 
schizophrenics and controls, as well as the differences between them, can be 
significantly affected by the method of defining and measuring hand preference.

While there is data in the literature concerning hand preference in schizophrenia, no 
data exists regarding the relative performance of the two hands on tasks of hand skill 
in schizophrenic samples. A reduced difference in performance between the hands is 
predicted by Satz’s (1972) pathological handedness model and explanation for 
schizophrenia (Green, Satz, Smith and Nelson, 1989). Yan, Flor-Henry, Dayi, et al. 
(1985) suggest that Geschwind’s (Geschwind and Behan, 1982; Geschwind and 
Galaburda, 1987) theory of increased testosterone delaying left-hemisphere growth 
might be applicable in the case of schizophrenia. This theory anticipates anomalous 
handedness as the result of such a delay in development. Crow’s lateralisation 
hypothesis (Crow, Ball, Bloom, et al., 1989; Crow, 1990) argues that there is 
developmental arrest of the left-hemisphere in schizophrenia, resulting in reduced 
hemispheric area and enlargement of the temporal horn of the lateral ventricles. In 
commenting on this hypothesis Mesulam (1990) has stated that

"If patients with schizophrenia have deviant patterns of asymmetry . . . they 
might also be expected to have deviant patterns of language dominance and 

perhaps handedness. These hypotheses are also testable." (p.548)

But how might performance tasks and their level of difficulty be used to support this 
notion of anomalous handedness in schizophrenia? In the first place, if there is 
lateralised brain dysfunction it would be expected that the difference in performance 
between the hands would be less than in normals. Secondly, one would expect to 
observe a greater decline in performance with one hand than with the other.
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If affected, it is the hand contralateral to the defective hemisphere which should be 
incapable of maintaining the desired level of performance. If it is the left-hemisphere 
that is dysfunctional in schizophrenia, for instance, then the right hand should be 
more greatly affected by increased task difficulty. Therefore, in order for greater 
understanding of anomalous handedness in schizophrenics, this chapter will 
investigate the hand performance of schizophrenic subjects. From their performance 
on several of the tasks described in Chapter 5, it should be possible to more rigorously 
determine whether there is a reduced degree of difference between the hands of 
schizophrenic patients.

Method

Subjects: Twenty medicated, schizophrenic subjects took part in this experiment. 
Subjects were included in the investigation according to DSM-III guidelines (APA, 
1980). The data from the normal, non-psychiatric right-handers who took part in the 
experiments described in the various sections of Chapter 5 were used for comparison. 
While gender is not of particular interest with regard to this thesis, it was felt best to 
take it into account when performing each analysis, as was done in Chapter. 5. 
Regrettably, data regarding the intelligence of the patients was not generally available 
for the schizophrenics and was not collected for this experiment.

Apparatus
The McManus Handedness Questionnaire: The 28-item hand preference questionnaire 
of McManus (1979, 1985) was completed via an interview with the experimenter. 
Each of the 28-items was explained to the subjects after which subjects were asked 
which hand they used for each item. In addition, subjects were also asked to mime 
how they would perform the task described in the questionnaire item. This provides 
a more exacting method by which to assess hand preference which is still in keeping 
with the simplicity of a questionnaire and the thoroughness of a demonstration task 
(Kern, Green, Satz, and Wirshing, 1991). subject’s preferred hand was

clASii (led on the basis of extreme scores for writing hand (+1)17.

17Two left handed schizophrenics, on the basis of writing hand, were also tested, giving an 
incidence of 0.091. This value is very close to the frequency value given as being present in 
the normal population (Annett, 1985; McManus, 1985). However, the present investigation 
was most concerned with selecting schizophrenics who indicated that they preferred their right 
hand for writing.
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The Annett Pegboard: The "Standard" sized pegboard used in Chapter 5 (Section I, 
Experiment 2) was administered to the schizophrenic subjects. This pegboard, it 
should be recalled, is constructed to the same dimensions as the one used by Annett 
and co-workers (1970,1979,1985; Bishop 1991; Chapter 5, Table 5.3). As in Chapter 
5, the two peg sizes and peg shapes were also used with the schizophrenic subjects. 
The "Universal" pegboard (Chapter 5, Section I, Experiment 1) was not used in this 
particular investigation, as it was intended only for use with non-psychiatric 
populations. A 2x2x2x2x2 split-plot ANOVA was performed on the data where the 
between-subjects variable were diagnosis and gender, while the within-subjects 
variables were the size of peg, the shape of the peg’s end, and the hand used to 
perform the task.

The Tapley and Bryden Task: The extended version of the Tapley and Bryden Circle 
Marking Task (1983), described in Chapter 5, Section II, was administered to the 
subjects. The same four levels of task difficulty were employed as in Chapter 5, 
Section II (IDs = 1.3, 2.2, 3.3, 4.1; corrected for pen size), and subjects performed each 
condition twice with each hand. A 2x2x2x4 split-plot ANOVA was performed on the 
number of circles marked in each condition. The between subjects-variables were 
diagnosis and gender, while the within subjects-variables were the tasks difficulty and 
the hand used to perform the task. In addition, performance laterality indices were 
also computed and subjected to a 2x2x4 split-plot ANOVA.

Square Tracing Task (Pen and Paper Version): The subjects performed the extended 
version of the Bishop Square Tracing Task (1980, 1991), as detailed in Chapter 5, 
Section III. Only the pen and paper version was administered, as the computerised 
task failed to show any significant differences in the performance of the dominant and 
non-dominant hands, despite a significant effect due to square difficulty. The same 
seven levels of task difficulty that were used in Chapter 5, Section III were also used 
here (ranging from 1.0 to 4.0 in 0.5 increments). The order of presentation of the 
squares was randomised across subjects. A 2x2x2x7 split-plot ANOVA was performed 
on the square tracing times. The between-subjects variables were diagnosis and 
gender, while within-subjects variables were the square difficulty and the hand used 
to perform the task.
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The Pursuit Tracking Task: Subjects performed the pursuit tracking task described 
in Chapter 5, Section IV. However, subjects were only required to perform Courses 
A and B, because these were found to have the greatest difference between the hands 
when testing the non-psychiatric groups. The XY position of the cursor was sampled 
at a rate of 55 points per second, and a computer collected 2000 data points per trial. 
The two courses were presented systematically in a latin square design and the hands 
tracked each course twice with each hand (8 trials in total). The data were subjected 
to Fourier analysis via the Fortran FFT algorithm from the NAG Fortran Library 
(1988). From the Fourier analysis relative hand performance was scored at each 
harmonic as the absolute value of the Log10 ratio of the observed to the expected 
amplitude. Scores from 25 frequency harmonics (0.3 to 7.5 Hertz) for both X- and Y- 

axes were saved and analyzed separately in 2x2x2x25 split-plot ANOVAs. The 
between-subjects variables were subject diagnosis and gender, while the within- 
subjects variables were trace replication and frequency harmonic.

R esults
The Annett Pegboard Task: The schizophrenic subjects were very similar in age with 
the normal subjects, with mean±SD ages of 28.69±6.52 for the schizophrenics and 
25.19±6.35 for the controls (t(73) = 1.26, p = 0.10). The proportion of males in the 
sample for the schizophrenic group was rather high, being 80%, while in the controls 
it was 50%. In general, the schizophrenic subjects were much slower at completing 
the pegboard task than were the normal subjects (F(l,72) = 65.90, p < 0.001; see Table 
7.1 for mean pegboard times and Table 7.2 for analysis). For both groups there was 
a highly significant difference between the hands (F(l,72) = 58.26, p < 0.001), with the 
dominant hand showing much better performance than the non-dominant hand. There 
was a highly significant effect due to peg size (F(l,72) = 258.47, p < 0.001), indicating 
that smaller pegs were easier to place in their holes. Similarly, the shape of the peg 
end was also significant (F(l,72) = 516.97, p < 0.001), with flat pegs being harder to 
place in their holes. There was a significant shape-by-size interaction (F(l,72) = 27.62, 
p < 0.001), with large, flat pegs taking the longest amount of time to place. However, 
the hand-by-size, hand-by-shape, hand-by-size-by-shape interactions were not found 
to be significant. Nor were the diagnosis-by-hand, diagnosis-by-hand-by-size, -shape, 
or -size-by-shape interactions significant. These indicate that the difference between 
the hands was not affected by peg size or shape, and that this difference was the same 
for schizophrenics as it was for the normal group. The later interactions are the ones
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expected if schizophrenics suffer from lateralised neuropathology which affected their 
degree of handedness asymmetry (see Figure 7.1).

The Tapley and Bryden Task: The schizophrenic subjects were older than this group 
of normal subjects but not significantly so (t(46) = 1.51, p = 0.09). Figure 7.2 shows 
graphically the performance of the schizophrenic groups in relation to the normal 
sample. Again, schizophrenic subjects showed poorer overall performance than the 
normal subjects (F(l,44) = 71.20, p = <0.001), marking far fewer circles in the allowed 
20 seconds (mean circle marking performance is presented in Table 7.3 and the 
ANOVA is in Table 7.4). There was a significant difference between the hands 
(F(l,44) = 149.65, p < 0.001), where in both groups the dominant hand marked many 
more circles than did the non-dominant hand. The diagnosis-by-hand interaction was 
close to statistical significance (F(l,44) = 3.82, p = 0.057), suggesting that there was 
a trend for the schizophrenics to have less of a difference between their hands than 
in the normal group. There was a significant effect due to task difficulty (F(3,132) = 
342.45, p < 0.001), indicating that the number of circles marked for both groups 
decreased with increasing task difficulty. This was characterised by significant linear 
(t(132) = -20.84, p < 0.001), quadratic (t(132) = -6.25, p < 0.001), and cubic components 
(t(132) = -2.55, p = 0.014). The diagnosis-by-circle interaction also proved to be 
significant (F(3,132) = 5.69, p = 0.001), indicating that the schizophrenic subject’s 
performance differed from the normals in relation to task difficulty. Inspection of 
Figure 7.2 shows that the schizophrenic’s hand performance was most affected when 
performing the most difficult condition. The effects of task difficulty on the difference 
between the hands was nearly significant (F(2,132) = 2.32, p = 0.079), but the 
diagnosis-by-hand-by-circle interaction was significant (F(3,132) = 11.68, p < 0.001), 
showing that the difference between the hands in the schizophrenic group became 
smaller as task difficulty increased.

Analysis of the circle marking laterality indices revealed that schizophrenics did not 
have smaller laterality indices than the normal group (Table 7.5). The magnitude of 
the laterality indices for both groups increased as task difficulty increased (F(3,132) 
= 14.62, p < 0.001). In addition, there was a significant diagnosis-by-circle interaction 
(F(3,132) = 9.29, p < 0.001), suggesting differences in performance asymmetry between 
the two groups (see Figure 7.3).
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The Square Tracing Task: The mean square tracing performance of schizophrenics 
and the normal group is presented in Table 7.6 and is also shown graphically in 
Figure 7.4. The full ANOVA summary table is presented in Table 7.7. There was a 
highly significant difference between the overall performance of the schizophrenics and 
that of the normal subjects (F(l,44) = 16.38, p < 0.001), showing that schizophrenics 
took longer to complete tracing the squares. A highly significant difference between 
the hands (F(l,44) = 37.14, p < 0.001), with the dominant hand of both groups taking 
less time to circumnavigate the squares. There was a highly significant effect due to 
the square difficulty (F(6,264) = 53.97, p < 0.001), indicating that in both groups the 
time taken to trace the squares increased with increasing task difficulty. This was 
primarily characterised by a significant linear increase (t(44) = 11.11, p < 0.001). No 
evidence was found for a diagnosis-by-square interaction. There was a significant 
hand-by-square interaction (F(6,264) = 5.18, p = 0.011), indicating that in both groups 
the difference between the dominant and non-dominant hands increased as task 
difficulty increased. No significant effects were observed for a diagnosis-by-hand-by- 
square interaction, which would, had it been significant, indicate that schizophrenics 
show a different degree of asymmetry than the normal group, although, there was a 
significant diagnosis-by-gender-by-hand-by-square interaction (F(6,264) = 2.49, p 
=0.024).

The Pursuit Tracking Task: In order to present the results of analyses performed on 
the pursuit tracking data more concisely, Tables 7.8 and 7.9 (like Tables 5.15 and 5.16) 
have been constructed to summarise the statistical effects for the two courses in X- 
and Y- dimensions. Full ANOVA Tables for pursuit tracking in the schizophrenic and 
normal right-handers may be found in Appendix D (Tables 25 through 37). Figures 
7.5 through 7.10 show graphically the Log Amplitude Ratios and their differences for 
the schizophrenic and normal groups. In Figures 7.5, 7.6, 7.8, and 7.9 the absolute log 
amplitude ratios for Courses A and B are plotted against their frequency in Hertz on 
log axes. Figures 7.7 and 7.10 show how the difference between performance with the 
non-dominant hand and the dominant hands varies across the frequency spectrum for 
Courses A and B. Both the X- and Y-axis hand performance values are presented for 

each course.

Significant effects due to diagnosis can be seen in the analyses of the dominant- as 

well as non-dominant hand performance. The schizophrenic group typically showed
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greater Absolute Log Amplitude values than did the normal right-handers when using 
either hand (see Figures 7.5, 7.6, 7.8, and 7.9)18. These amplitude values were 
generally greater in females than in males for both of the groups. The effects due to 
the frequency harmonics were the greatest, by and large, accounting for the vast 
majority of variance. This was true for both Course A and Course B (in the case of 
Course A/X-Axis this was found to be on the order of 86%). Diagnosis-by-Harmonic 

effects were significant for both courses when subjects were using either hand but did 
not affect the difference between the hands. With regard to the difference between the 
hands there were no significant effects between the two groups in the magnitude of 
the degree of asymmetry. Although, the difference between the hands when 
performing Course A in the Y-dimension (see Figure 7.10) was slightly larger in the 
schizophrenic than in the normal group, the size of this effect only reached the 0.069 
probability level. This finding was not a characteristic of all the analyses and the 
occurrence of this effect might be expected given the large number of comparisons 
being performed. There were significant Diagnosis-by-Replication-by-Harmonic 
interactions for both courses which affected the difference between the hands. This 
may possibly indicate that the effects of learning are different in schizophrenics than 
they are in the normals.

D iscussion

Schizophrenics performed generally worse than the normal subjects on each of the 
hand performance tasks. Differences between the hands were very similar between 
the two groups, but where present appear to be related to the type of task performed. 
The Annett pegboard task ("standard" version) and the Bishop Square Tracing Task 
(extended version) revealed no differences in asymmetry in schizophrenics and normal 
group. When performing the pegboard task, the difference between the hands of the 
schizophrenics, like in the normal group, was not found to change with varying task 
difficulty. On the other hand, the difference between the hands on square tracing time 
was found to increase with task difficulty, but no more so in the schizophrenic than 
in the normal group. However, on the Tapley and Bryden task the difference between 
the hands in the schizophrenic sample was found to decrease as task difficulty 
increased. Inspection of Figure 7.3 might lead one to conjecture that when task

18That schizophrenics show greater amplitude than expected was evident even in simple 
observation of them performing the pursuit tracking task. Schizophrenics spent very little 
percentage of time on target and generally found the task quite difficult.
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difficulty is low (presumably with a reduced need for fine motor skill) that 
schizophrenics are over-lateralised in comparison with the normal group. As difficulty 
increases (requiring greater fine motor control) the schizophrenics appear to become 
less lateralised in comparison with controls. These results could easily be interpreted 
as showing that the schizophrenics have anomalous lateralisation and taken as 

evidence that schizophrenia is a disorder of cerebral lateralisation. Several 
considerations must first be made before such conclusions can be drawn. Laterality 
indices based on performance with each hand assume that the difference between the 
hands scales proportionally with overall performance, such that regardless of overall 
performance a subject’s laterality index should remain invariant. However, it was 
shown in Chapter 5 (Section 2) that the absolute difference between the hands 
remained unchanged as task difficulty was varied in samples of normal right- and left
handers in spite of varying overall performance. This results in a reciprocal effect 
when calculating laterality indices of performance, giving the impression of increasing 
lateralisation with increasing task difficulty. In the present case the mean laterality 
index for the schizophrenic group remains more or less the same in spite of varying 
task difficulty. The mean laterality index for the normals, on the other hand, became 
greater as task difficulty increased. Paradoxically, this indicates that the difference 
between the hands in the schizophrenics is getting smaller and in normals that the 
difference remains the same as overall performance decreases with increasing task 
difficulty. Scrutiny of Table 7.3 and Figure 7.3 shows that the schizophrenic sample 
has a very similar absolute difference between the hands on the least difficult 
condition and that the reduction in this difference is primarily due to the large fall-off 
in performance of the dominant hand only on the most difficult condition. Therefore, 
this result may simply be a function of the generally poorer overall performance of 
schizophrenics on this task. Never-the-less, such a finding stresses the need for 
careful consideration before employing and then interpreting laterality from laterality 
indices.

Analysis of performance on the pursuit tracking task revealed that the schizophrenic 
group showed greater log amplitude ratios than the normal group across the entire 
frequency spectrum. This is analogous to the investigation by Frith, Bloxham and 
Carpenter (1986) who observed poorer time-on-target performance in Parkinsonian 
patients, who presumably must have also been producing greater amplitudes than 
were necessary. The differences between the hands in the schizophrenic group were
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not statistically at variance with those of the normal group. As the pursuit tracking 

is probably the most sensitive test of the subtleties of between hand differences, this 

may serve as the best test of whether or not there are measurable differences in the 

hand performance of schizophrenics. There appear to also be differences between the 

groups in the effects due to learning on the tracking task. Although this probably 

important, I have chosen not to concentrate to greatly on it here for reasons of 

conciseness.

Taken together, these findings indicate that despite poorer performance overall, the 

degree of handedness in schizophrenics with right-handed preference is no different 

from that seen in normal subjects. This is not in agreement with the predictions made 

by theories of defective brain lateralisation in schizophrenia (Dvirskii, 1976; Flor- 

Henry, 1976,1990; Green, Satz, Smith and Nelson, 1989; Crow, 1987b, 1990a, 1990b; 

Satz, Green, Ganzell, et al., 1990; see Introduction and Chapter 2). These hypotheses 

predict that schizophrenia arises as the result of lateralised brain insult, presumably 

of the left cerebral hemisphere, which has the effect of retarding the normal pattern 

of handedness. This is typically seen as the explanation for the reports of an increased 

incidence of non-right-handedness in schizophrenic samples (Oddy and Lobstein, 1972; 

Narsallah, Keelor, Van Schroeder and McCalley-Whitters, 1981; Nasrallah, McCalley- 

Whitters and Kuperman, 1982; Piran, Bigler and Cohen, 1982; but see Chapter 6). If 

schizophrenia were a dysfunction of dominant-hemispheric functioning, we would have 

expected to identify a reduced difference between the hands of schizophrenics with the 

right hand more greatly affected indicative of anomalous handedness (Satz, 1972; Satz, 

Orinsi, Saslow and Henry, 1985; Harris and Carlson, 1988; see also criticisms of this 

theory by McManus, 1983). In addition, there should have been a greater decline in 

performance as task difficulty increased. Neither of these possibilities was observed 

on several tasks of handedness designed to vary in their difficulty, apart from a sing]''

condition on one task which show the dominant hand of schizophrenics to have a muc 

decrement in performance than in normals. These results indicate that there may not,

in fact, be anomalous hand performance in schizophrenia as would be predicted by the 

laterality hypothesis.

271



Chapter 7

Table 7.1: Mean±SE "standard" pegboard  tim es for schizophrenics and  
norm als

Schizophrenics 
N = 20

Norm als 
N = 56

Shape 
of Peg

H and Small
Pegs

Large Pegs Small
Pegs

Large
Pegs

R ound D 9.77±0.26 10.68±0.31 8.02±0.13 8.80±0.15

ND 10.55±0.32 11.39±0.35 8.71±0.14 9.40+0.17

LI 3.75±1.27 3.18±0.95 4.11±0.57 3.27±0.59

F lat D 10.98±0.32 12.94±0.36 9.17±0.15 10.91±0.19

ND 11.89±0.36 13.79±0.40 9.71±0.16 11.52+0.18

LI 3.94+0.98 3.16±1.27 2.83±0.52 2.72±0.60
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Table 7.2: Analysis of Pegboard Perform ance in  P a tien t and  N orm al G roups

Source SS df MS F P

Betw een Subjects 46257.91 76
Constant 45458.99 1 45458.99 7939.42 <0.001
Diagnosis 377.34 1 377.34 65.90 <0.001
Gender 0.00 1 0.00 0.00 0.986
Diagnosis x Gender 9.33 1 9.33 1.63 0.206
Ss Within Groups 412.25 72

W ithin Subjects 664.82
Hand 61.99 1 61.99 58.26 <0.001
Diagnosis x Hand 2.80 1 2.80 2.63 0.109
Gender x Hand 5.22 1 5.22 4.90 0.030
Diagnosis x Gender x Hand 0.77 1 0.77 0.72 0.387
Ss Within Groups 76.61 72 1.06

Size 173.42 1 173.42 258.47 <0.001
Diagnosis x Size 0.14 1 0.14 0.21 0.652
Gender x Size 1.69 1 1.69 2.52 0.117
Diagnosis x Gender x Size 0.24 1 0.24 0.35 0.555
Ss Within Groups 48.31 72 0.67

Shape 292.05 1 292.05 516.97 <0.001
Diagnosis x Shape 0.75 1 0.75 1.33 0.253
Gender x Shape 0,12 1 0.12 0.21 0.647
Diagnosis x Gender x Shape 0.44 1 0.44 0.79 0.378
Ss Within Groups 40.68 72 0.56

Hand x Size 0.00 1 0.00 0.02 0.895
Diagnosis x Hand x Size 0.02 1 0.02 0.08 0.782
Gender x Hand x Size 0.11 1 0.11 0.51 0.478
Diagnosis x Gender x Hand 0.88 1 0.88 4.08 0.047

x Size
Ss Within Groups 15.43 72 0.21

Hand x Shape 0.00 1 0.00 0.02 0.879
Diagnosis x Hand x Shape 0.10 1 0.10 0.45 0.503
Gender x Hand x Shape 0.17 1 0.17 0.81 0.373
Diagnosis x Gender x Hand 0.50 1 0.50 2.37 0.128

x Shape
Ss Within Groups 15.17 72 0.21

Size x Shape 27.62 1 27.62 63.41 <0.001
Diagnosis x Size x Shape 0.00 1 0.00 0.00 0.959
Gender x Size x Shape 0.13 1 0.13 0.31 0.581
Diagnosis x Gender x Size 0.03 1 0.03 0.07 0.791

x Shape

Ss Within Groups 31.35 72 0.44
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Hand x Size x Shape 0.25 1 0.25 1.30 0.259
Diagnosis x Hand x Size 0.01 1 0.01 0.07 0.794

x Shape
Gender x Hand x Size 0.61 1 0.61 3.13 0.081

x Shape
Diagnosis x Gender x Size 0.48 1 0.48 2.44 0.123

x Shape
Ss Within Groups 14.12 72 0.20

Total 46922.73 608
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Table 7.4: Circle M arking Perform ance in  P a tien t an d  Norm al R ight-H anders

Source SS df MS F P

Betw een Subjects 495910.73 48
Constant 467311.20 1 467311.20 1891.40 <0.001
Diagnosis 17590.38 1 17590.38 71.20 <0.001
Gender 105.89 1 105.89 0.43 0.516
Diagnosis x Gender 32.11 1 32.11 0.13 0.720
Ss Within Groups 10871.15 44 247.07

W ithin Subjects 47442.37 336
Hand 9053.49 1 9053.49 149.65 <0.001
Diagnosis x Hand 231.05 1 231.05 3.82 0.057
Gender x Hand 120.69 1 120.69 1.99 0.165
Diagnosis x Gender 17.25 1 17.25 0.29 0.596

x Hand
Ss Within Groups 2661.92 44 60.50

Circle 30220.80 3 10073.60 342.45 <0.001
Linear 29722.41 1 29722.41 1010.28 <0.001
Quadratic 443.15 1 443.15 15.06 <0.001
Cubic 55.24 1 55.24 1.88 0.173

Diagnosis x Circle 502.50 3 167.50 5.69 0.001
Gender x Circle 34.02 3 11.34 0.39 0.764
Diagnosis x Gender 81.14 3 27.05 0.92 0.433

x Circle
Ss Within Groups 3882.94 132 29.42

Hand x Circle 27.62 3 9.21 2.32 0.079
Diagnosis x Hand x Circle 139.18 3 46.39 11.68 <0.001

Linear 125.47 1 125.47 31.60 <0.001
Quadratic 9.54 1 9.54 2.40 0.124
Cubic 4.17 1 4.17 1.05 0.307

Gender x Hand x Circle 27.14 3 9.05 2.28 0.083
Diagnosis x Gender x Hand 38.92 3 12.97 3.27 0.023

x Circle
Ss Within Groups 524.40 132 3.97

Total 543353.10 384
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Table 7.5: ANOVA for Circle M arking L atera lity  Indices

Source SS df MS F P

Betw een Subjects 47667.53 48
Constant 36430.53 1 36430.53 150.59 <0.001
Diagnosis 5.39 1 5.39 0.02 0.882
Gender 486.85 1 486.85 2.01 0.163
Diagnosis x Gender 100.37 1 100.37 0.41 0.523
Ss Within Group 10644.39 44 241.92

W ithin Subjects 7094.47 144
Circles 1484.96 3 494.99 14.62 <0.001

Linear 1413.89 1 1413.89 41.74 <0.001
Nonlinear 71.07 2 35.34 1.05 0.353

Diagnosis x Circles 944.20 3 314.73 9.29 <0.001
Linear 766.66 1 766.66 22.64 <0.001
Quadratic 204.24 1 204.24 6.03 0.015
Cubic 0.68 1 0.68 0.02 0.882

Gender x Circles 53.24 3 17.75 0.52 0.667
Diagnosis x Gender x Circles 141.80 3 47.27 1.40 0.247
Ss Within Groups 4470.27 132 33.87

Total 54672.00 192
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Table 7.7: P en  and  P aper Square T racing  T ask Perform ance

Source SS df MS F P

Betw een Subjects 31223.40 47
Constant 27401.88 1 27401.88 432.95 <0.001
Diagnosis 1036.72 1 1036.72 16.38 <0.001
Gender 0.01 1 0.01 0.00 0.988
Ss Within Groups 2784.79 44 63.29

W ithin Subjects 2948.61 624
Hand 313.76 1 313.76 37.14 <0.001
Diagnosis x Hand 2.22 1 2.22 0.26 0.611
Gender x Hand 1.04 1 1.04 0.12 0.728
Diagnosis x Gender 0.00 1 0.00 0.00 0.986

x Hand
Ss Within Groups 371.71 44 8.45

Square 892.66 6 148.78 53.97 <0.001
Linear 883.43 1 883.43 320.08 <0.001
Nonlinear 9.23 5 1.85 0.67 0.414

Diagnosis x Square 21.31 6 3.55 1.29 0.263
Gender x Square 22.77 6 3.79 1.38 0.224
Diagnosis x Gender 26.99 6 4.50 1.63 0.139

x Square
Ss Within Groups 727.78 264 2.76

Hand x Square 31.06 6 5.18 2.83 0.011
Linear 28.64 1 28.64 15.65 <0.001
Nonlinear 2.42 5 0.48 0.26 0.934

Diagnosis x Hand 9.65 6 1.61 0.88 0.510
x Square

Gender x Hand 17.30 6 2.88 1.58 0.154
x Square

Diagnosis x Gender 27.34 6 4.56 2.49 0.023
x Hand x Square

Ss Within Groups 483.02 264 1.83

Total 34172.01 671
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Table 7.8: Summary o f X-Axis Experim ental Effects on the Pursuit Tracking  
Task Com paring Schizophrenic and Normal Subjects

Effect Course A Course B

D ND D iff D ND D iff

Diagnosis <0.001 <0.001 NS <0.001 0.001 NS

Gender NS NS NS NS NS NS

Diagnosis x 
Gender

NS NS NS NS NS NS

Replication NS NS NS <0.001 <0.001 NS

Diagnosis x 
Replication

NS NS NS 0.009 NS 0.023

Gender x 
Replication

NS NS NS NS NS 0.005

Diangosis x 
Gender x 
Replication

NS NS NS NS NS NS

Harmonic <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Diagnosis x 
Harmonic

<0.001 <0.001 NS <0.001 <0.001 NS

Gender x 
Harmonic

0.042 NS NS NS NS NS

Diagnosis x 
Gender x 
Harmonic

NS NS NS NS NS NS

Replication x 
Harmonic

NS 0.001 0.003 <0.001 <0.001 NS

Diagnosis x 
Replication x 
Harmonic

NS 0.001 0.004 <0.001 <0.001 0.006

Gender x 
Replication x 
Harmonic

NS NS NS 0.003 NS 0.001

Diagnosis x 
Gender x 
Replication x 
Harmonic

NS NS NS NS NS NS

Note: Effects were considered non-significant if they failed to reach the 1/20 probability level.
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Table 7.9: Summary of Y-Axis Experim ental Effects Comparing Schizophrenic  
and Normal Subjects

Effect Course A Course B

D ND D iff D ND D iff

Diagnosis <0.001 <0.001 NS <0.001 <0.001 NS

Gender NS NS NS NS NS NS

Diagnosis x 
Gender

NS NS NS NS NS NS

Replication NS NS NS <0.001 0.001 NS

Diagnosis x 
Replication

NS NS NS NS NS NS

Gender x 
Replication

NS NS NS NS NS 0.025

Diangosis x 
Gender x 
Replication

NS NS <0.001 0.029 NS 0.023

Harmonic <0.001 <0.001 <0.001 <0.001 <0.001 NS

Diagnosis x 
Harmonic

<0.001 <0.001 0.009 <0.001 <0.001 NS

Gender x 
Harmonic

NS NS NS NS NS NS

Diagnosis x 
Gender x 
Harmonic

NS NS NS NS NS NS

Replication x 
Harmonic

NS NS NS <0.001 <0.001 NS

Diagnosis x 
Replication x 
Harmonic

NS NS NS <0.001 <0.001 NS

Gender x 
Replication x 
Harmonic

NS NS NS <0.001 NS 0.002

Diagnosis x 
Gender x 
Replication x 
Harmonic

NS NS NS 0.002 NS 0.032

Note: Effects were considered non-significant if they failed to reach the 1/20 probability level.
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Figure 7.2:
Hand performance on the Tapley and Bryden Circle Marking task for both the normal 
and schizophrenic groups. Again their is generally poorer performance on the part of 
the schizophrenics. However, the difference between the hands in schizophrenics can 
be seen to be smaller in the most difficult condition.
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Figure 7.3:
Laterality indices for both the schizophrenic and normal groups plotted against the 
index of difficulty of the circles. Notice that the controls are the group that shows 
greater change in their degree of laterality as shown by the laterality index.
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Figure 7.4:
Hand performance as a function of task difficulty on the Bishop Square Tracing task. 
The schizophrenics show slower performance overall, but the difference between the 
hands covarying with increasing square difficulty is no greater than that seen in the 
normal group.
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Chapter 7

F igure 7.6:
Non-dominant hand log amplitude ratios plotted against frequency in Hertz (0.3-7.5) 
for X-axis hand performance on Courses A and B for both schizophrenic and normal 
groups.
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Chapter 7

F igure  7.7:
The difference between dominant- and non-dominant-hand log amplitude ratios plotted 
against frequency in Hertz (0.3-7.5) for X-axis hand performance on Course A and B 
for both schizophrenic and normal groups. Note that there is no difference in degree 
of asymmetry between the hands of schizophrenics and controls, in spite of showing 
larger relative amplitude values for both hands.
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Chapter 7

F igure  7.8:
Dominant hand log amplitude ratios plotted against frequency in Hertz (0.3-7.5) for 
Y-axis hand performance on Courses A and B for both schizophrenic and normal 
groups.
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Chapter 7

F igure  7.9:
Non-dominant hand log amplitude ratios plotted against frequency in Hertz (0.3-7.5) 
for Y-axis hand performance on Courses A and B for both schizophrenic and normal 
groups.
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Chapter 7

F igure  7.10:
Difference between log amplitude ratios plotted against frequency in Hertz (0.3-7.5) 
for Y-axis hand performance on Course A and B for both schizophrenic and normal 
groups. The difference between the hands for schizophrenics, although apparently 
larger, is not significantly different from that of normals.
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Chapter 8 

Discussion and Conclusions
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Conclusion

In this thesis it  has been argued that there is considerable overlap between two bodies 
of literature; that explaining deviations from right-handedness, and that considering 
the mechanisms underlying the cause of schizophrenia. Researchers have proposed 
that non-right-handedness is the result of a lateralised insult to the brain causing a 
retardation of the dominant hemisphere, and therefore a shift in hand-preference 
(Satz, 1972, 1973). A very similar explanation has been suggested as the cause of 

schizophrenia; that lateralised insult or retarded development has lead to impairment 
of function in one of the cerebral hemispheres (Piran, Bigler, and Cohen, 1982; Flor- 
Henry, 1990; Yan, Flor-Henry, Dayi, et al., 1985; Satz, Green, Ganzell, et al.y 1990). 
The mechanisms by which such an asymmetric insult occur have generally been 
hypothesized as being anomalies of the genetics of cerebral lateralisation (Crow, 1990, 
1991) or birth stress (Bakan, 1973). Theories proposing a lateralised defect in 
schizophrenia predict altered patterns of cerebral dominance and handedness.

Neuropsychological and Hemispheric Duality Theories of Dysfunctional Lateralisation 
in Psychosis
The neuropsychological evidence of defective hemispheric functioning in schizophrenia 
has been based upon three basic hypotheses; 1) that schizophrenia is a left 
hemispheric dysfunction, 2) a right hemispheric dysfunction, or 3) a disorder of the 
integration of the two hemispheres. While many researchers report poor performance 
associated primarily with the left-hemisphere, still others find support for a right- 
hemisphere dysfunction. There have also been reports for defective interaction 
between the hemispheres. Other, often better controlled, investigations report that 
poor schizophrenic performance occurs on tests sensitive to bilateral disfunction (see 
Chapter 2 for overview). Reviewing authors have lamented the lack of consistency in 

neuropsychological investigations of laterality in schizophrenia (Newlin, Carpenter, 
and Golden, 1981; Seidman, 1983). Few studies use the same psychological 
assessments making comparisons between studies problematic. Such problems 
prompted Wexler (1980) to recommend that each study of laterality in psychiatry 
include at least one measure of brain function used in a previous study.

The traditional left/verbal, right/spatial dichotomy has been questioned, however, by 
more recent researchers, and in the late 1970s and early 1980s authors began 
questioning the adequacy of theories describing cerebral lateralisation in psychopathic 
groups (e.g. Hare, 1979; Merrin, 1981; Cutting, 1992). More recently, musical ability
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as a right-hemisphere function and the totality of left-hemisphere involvement in 
processing speech, among other proposed asymmetries, are argued not to be wholly 
adequate. Sergent, Zuck, Terriah, and MacDonald, (1992) using PET imaging have 
shown that professional musicians show bilateral rCBF activation when sight-reading 
and when playing sheet music (see also New Scientist, 11 Ju ly  1992, page 7 for 

summary). Musical ability was previously believed to be solely a function of the right- 
hemisphere (Milner, 1962; Kimura, 1964; Shapiro, Grossman and Gardner, 1981). 
Doubt has also been expressed that various measures of laterality (electrodermal, 
EEG, and perceptual measures) used individually in research investigations of 
psychopathology may not all be assessing the same phenomenon (Schneider, 1983). 
Bradshaw and Nettle ton (1981) note the dichotomies used to classify the left- and 
right-hemispheres which have been seen as verbal or spatial (Kimura, 1961), analytic 
or holistic (Nebes, 1978), serial as opposed to parallel (Cohen, 1973), and for processing 
similarity as opposed to differences (Egeth and Epstein, 1972). Bradshaw and 
Nettleton criticise the fundamental assumptions regarding hemispheric duality and 
note several lateralisations that do not necessarily hold true, and instead claim that 
there is a continuum of functioning between the hemispheres. Furthermore, they 
argue that differences between the hemispheres are "quantitative rather than 
qualitative, of degree rather than kind."

Dichotomies such as Humanness/Animality, Intelligence/Emotion, Male/Female,
Objective/Subjective, Western/Eastern, Language/Spatial, Reason/Madness, Waking-

** *

self7Subliminal-self were common themes in the science and philosophy of research 

into left and right where many 19th-century researchers proposed explanations for the 
functioning of the cerebral hemispheres (see Harrington, 1985 for an historical account 
of the "duality of mind"). More recent psychological hypotheses of laterality in 
schizophrenia and other mental illnesses seem have done little else but suggest 
further dichotomies little different from 19th-century theorists. Hypo- or hyper
activation of the hemispheres (Gur, 1977, 1978, 1979; Gruzelier and Venables, 1976; 
Nachshon, 1980), dextrality/positive and sinistrality/negative symptoms have been 
proposed (Yan, Flor-Henry, Day, et al.> 1985). Taken together, both halves of the brain 
and their interactions (Beaumont and Dimond, 1973; Doty, 1989) have been implicated 
in the search for the underlying basis for cognitive dysfunction in schizophrenia. I 
would have to agree with the statement by Taylor and Abrahms (1984) that this 
probably best reflects the diffuse nature of the disease.
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It may be misleading to look for the cause of a complex disorder like schizophrenia in 
terms of the malfunction of such basic dualistic concepts that ignore the subtlety, 
detail and elegance of a truly "scientific" theory. That natural selection should evolve 
the brain and its cerebral hemispheres such that they can only process complex 

thought processes through pluralistic categorisation seems to me to belittle the 
interactions of several billion neuronal connections, tens of neurotransmitters and 
numerous specialised brain structures. It is the ordered interactions of these that 
produce language, art, science, music, and sport in man. It must be the case, 
therefore, that the disorderly interactions among these are most likely to blame for 
thought disorder, unusual beliefs and ideations, personal deterioration, and lack of 
insight and volition in mental illness.

Brain Structural and Functional Abnormality in Schizophrenia 
Investigations of the neuropathology in schizophrenia throughout the last decade were 
hoped to provide a "gold standard" by which researchers could finally relate 
psychological and brain structural abnormality (Mesulam, 1990). With the 
introduction of structural brain imaging, researchers have repeatedly reported , an 
increase in the size of the lateral ventricles in schizophrenics. The enlargement of the 
ventricles has been proposed as discriminating a sub-group of more chronic 
schizophrenics, having greater negative symptomatology (Type II schizophrenics, 
Crow, 1980; Andreason, 1982; Andreason, Smith, Jacoby, Dennert, and Olsen, 1982). 
Alternatively, schizophrenics showing more positive symptoms and being more acute 
in nature, need not show increased ventricular size (Type I schizophrenics).
However, this dichotomy, often the driving force behind many brain imaging studies, 
has not proved as fruitful as initially hoped (Farmer, Jackson, McGuffin, and Storey, 
1987) and ventricular enlargement has been found in patients other than 
schizophrenics (affective disorder -  Pearlson and VerofT, 1981; Nasrallah, McCalley- 
Whitters, and Jacoby, 1982; Meltzer, Tong, and Luchins, 1984; alcoholism — Lishman, 

Ron and Archer, 1980; Ron, 1983; Gurling, Reveley, and Murray, 1984). Chapter 3 of 
this thesis compares a number of studies meta-analytically and confirms that 
schizophrenics show a general increase in the average size of their lateral ventricles. 
However, methodological factors also contribute to the magnitude of difference 
between the schizophrenic and control sample. Which diagnostic criterion used, 
whether or not the gender composition of the sample groups was adequately reported, 
and years of study were all found to play a role. The amount of variation in the
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reported ventricular size of control subjects who were themselves medical patients 
showed less variation in their ventricular size than did normal volunteer subjects. 
This is best taken as indicating a bias when selecting patient controls, whereby 
potential subjects were excluded if their cerebral ventricles "looked too large to be 
normal". Most interestingly, the secular trend for the difference between 
schizophrenics and controls to be smaller in more recent studies most likely reflects 
the increase in attention to experimental control. This effect was more marked with 
the ventricular size of the control group increasing, rather than schizophrenic 
ventricular size decreasing. While ventricular enlargement is a frequently observed 
phenomenon in schizophrenia, its reported size is greatly effected by study variables 
and control selection biases. Chapter 3 provides a fine example of how reports of brain 
pathology may be more due to study methods than to something fundamental to  
schizophrenic

With the results of the VBR meta-analysis still in mind, many researchers report the 
left-hemisphere as tending to show greater structural abnormality in schizophrenia 
(Naeser, Levine, Benson, Stuss and Weir, 1981; Andreason, Dennert, Olsen, and 
Damasio, 1982; Reveley, Reveley, and Baldy, 1987), although there are also reports 
indicating that both hemispheres are equally affected (Jemigan, Zatz, Moses, and 
Cardellino, 1982). More recent functional brain imaging investigations offer conflicting 
evidence for the notion of schizophrenia as a disease of the dominant hemisphere. 
Often reported secondary to findings of hypofrontality, lateralised findings have been 
found for both the left- and right-hemispheres. Where identified, however, it is 
uncertain as to whether researchers believe that hemisphere shows increased (Gur, 
Resnick, Alavi, et al., 1987) or decreased (Brodie, Christman, Corona, et al., 1984) 
activity relative to the other. Again, studies have often failed to rep/»cafesuch 
asymmetric findings (Buchsbaum, DeLisi, Holcomb, et al., 1984 and Volkow, Wolf, Van 
Gelder, et al., 1987), which may be due to similar reasons for not finding 
hypofrontality (see Weinberger and Berman, 1988). Postmortem investigations report 
some left-ward macro-architectural changes in schizophrenia (for instance the left- 
temporal horn of the ventricles, Crow, Ball, Bloom et al., 1989), however cellular level 
changes in the hippocampus have also been reported bilaterally (Conrad, Abebe, 
Austin, Forsythe, and Scheibel, 1991). However, because the assessment of the 
research reports of the VBR has revealed that study variables also play a central role 

in the size of the difference between schizophrenics and control subjects, it is also
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likely to be the case here. My original intention with this literature was to approach 
it in the same fashion as I had with the ventricular size literature in a meta-analysis. 
But upon considering how this should be done, it became apparent that, unlike the 
Ventricular-Brain Ratio, there were very few common left/right brain regions 
measured which could be compared across studies. Much confusion exists in the 
literature surrounding the extent and location of such pathologies, which is not 

entirely surprising given the many different methods which have been used to 
measure asymmetry. Like the neuropsychological evidence, the fact that each 
hemisphere has been shown to be affected at various anatomical levels implies the 
general diffusion of structural abnormality in the brains of schizophrenics. Apart from 
increased ventricular size, all this fails to provide a clear picture of consistent brain 
abnormalities and their lateralisation in schizophrenia. Nor does it allow one to 
speculate on the location in time of developmental or genetically caused lateralised 
abnormality.

Handedness in Normal Subjects
The prediction from the laterality hypothesis that schizophrenics should show 
anomalous handedness has been predominantly investigated by assessing hand 
preference in schizophrenics (Dvirskii, 1976; Fleminger, Dalton and Standage, 1977; 
Gur, 1977). Relative hand performance has not been looked at in such patients. But 
before hastily proceeding into the handedness of schizophrenics, how hand 
performance is measured in normal subjects must first be addressed. Tasks of hand 
skill have often been used in the assessment of handedness (e.g. finger tapping -  

Peters, 1980; Peters, 1987; McManus, Kemp, and Grant, 1986; fine bisection — 
Scarisbrick, Tweedy and Kuslansky, 1987; pegboard task -  Annett, 1970; Annett and 

Kilshaw, 1983) but not in the context that one might expect. This is, in my view, an 
area which could benefit from the greater input of motor skills researchers. How the 
difference between the hands varies as a function of task difficulty is not typically of 
interest to many handedness researchers who are simply interested in a measurable 
difference between the hands. Many motor skills researchers concentrate only upon 
the performance of one hand (for example Kerr and Langolf, 1977) but not how the two 
hands differ. Still many handedness researchers employ the use of a laterality score 
as an index of both degree and direction of hand performance. This assumes that the 
difference between the hands always scales proportionally with overall performance. 
This difference will scale proportionally when the data for each hand is a true
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proportion, like the number of reaches or responses given with each hand. The 
difference in performance between the hands has rarely been considered as a function 
of task difficulty (studies where it has include Flowers, 1975, and Steingrueber, 1975; 
Annett, Annett, Hudson and Turner, 1979) which would indicate whether the need for 
finer motor skill means a greater difference between the hands. Chapter 5 provides 
many surprising and counter-intuitive results which, to my knowledge, have never 
been previously reported. Two versions of the Annett pegboard task enabled the 
distance between the rows of pegs, the distance between the holes, and the peg-to-hole 
size ratio to be systematically varied. Results confirmed the previous findings by 
Annett, et al. (1979) that overall performance times increase uniformly with increasing 
movement amplitude. Varying the difference between the holes showed a curvilinear 
improvement in performance with larger distances. Varying the peg-to-hole size ratio 
of the task using two sets of pegs of differing diameter resulted in greater overall time 
when using larger pegs. The shape of the peg ends also proved to influence overall 
performance time, with flattened peg ends resulting in increased movements times. 
However, in spite of significant changes in overall performance on both pegboards, the 
difference between the hands did not differ across the conditions. A similar 
observation was made when subjects performed Tapley and Bryden’s (1984) circle 
marking task (Chapter 5, Section 2). Despite decreasing performance as task difficulty 
increased, the difference between the hands in both left and right handers was 
unchanged. This has a striking effect when laterality indices are calculated for each 
condition. The behaviour of these indices gives the false impression that there is an 
increasing degree of lateralisation with increasing task difficulty. This is not the case 
and is the result of taking the reciprocal of varying overall performance. When 
performing the square tracing task of Bishop (1980), however, an increasing difference 
between the hands is observed as task difficulty is increased. Pursuit tracking 
performance has not been previously been employed as a method of investigating hand 
performance. Analysis of the relative performance of the two hands on four different 
pursuit courses was conducted. Results revealed differences between the hands of 
right- and left-handers to reach its maximum and level off after about 2.0 Hertz. 

Repeated performance of the courses indicated that there are likely to be learning 
effects present among the higher harmonics.

There are consistent differences between the hands on the several tasks, presumably 
measuring degree of handedness, and it would be expected that there should be a
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single factor related to handedness underlying these differences. That this is not the 
case and differences in performance appear to be task specific is surprising but does 
have some precedence. Cornwell, Harris, and Fitzgerald (1991) observed several non
significant correlations between overall laterality scores among several of the tests 
they gave to 9-, 13, and 20-month old infants. Fleishman and co-workers have found 
only weak evidence that motor tasks intercorrelate (Fleishman and Hempel, 1956; 
Fleishman and Rich, 1963). Still others have argued that handedness is highly task 
specific (VanDerStaak, 1975; Steingrueber, 1975). The findings in Chapter 5 suggest 
that differences in hand performance are, by and large, unaffected by task difficulty. 
This would imply that the difference in rate of processing motor information between 

the hemispheres remains the same regardless of how difficult the task is. The factor 
analytic results, though, suggest that differences in hand performance may be more 
task specific than previously supposed.

Hand Preference in Schizophrenia
Following Quinan’s (1930) and Chandler’s (1934)19 investigations, the question of 
handedness in psychosis was largely ignored. With the neuropsychological findings 
of Flor-Henry (1969a, 1969b) and others (Venables, 1969; Beaumont and Dimond, 
1973), the interest in this question was revived. Walker and Birch (1970) noted a lag 
in the development of lateral preference of schizophrenic children, and suggest that 
this is the result of a primary disturbance in the central nervous system. Oddy and 
Lobstein (1972) reported a greater incidence of dissociation between hand and eye 
dominance amongst schizophrenics as compared to Merrel’s (1957) normative data. 
In a large Russian and Ukrainian sample of schizophrenic patients Dvirskii (1976) 
found the frequency of left-handedness to be 1.75 times greater than in normal 
subjects. Similar findings were reported by Lishman and McMeekan (1976) in their 
sample of patients from the Maudsley Hospital. More recent work has identified 
increased ambidextral hand preference amongst schizophrenics and those at risk for 
the disease (Green, Satz, Smith and Nelson, 1989; Chapman and Chapman, 1987) 
suggestive of a left-hemispheric insult possibly genetic in origin (Crow, 1989,1990) or

19Chandler (1934) is a published abstract of a report presented to the Western Psychological 
Association conference at Berkeley, California (21-23 June, 1934). This report is of interest 
because the author found no significant differences between 200 psychotic subjects and 200 
college age subjects in the incidence of hand, eye, or foot preference. Another report 
presented at the same meeting (Dart, 1934), no differences were observed between 200 
"mentally subnormal" subjects and 200 subjects of "normal or superior intelligence."

309



Conclusion

caused by difficulty at birth (Katsanis and Iacono, 1989; Satz, Green, Ganzell, et al. 
, 1990).

Green et al. contend that an overall critique of these studies would be difficult given 
the study differences in subject selection, sample size, diagnostic criteria, and the 
assessment and classification of handedness. Similar criticisms have also been made 
by Merrin (1981), who believed that as a result true differences in the incidence of the 
various forms of hand preference are likely to be rather small. In order to investigate 
the incidence of left-handedness and non-dextrality in schizophrenia and how such 
study factors may affect the reported incidence, I conduct a meta-analysis of these 
studies in Chapter 6. The number of studies collected for the meta-analysis of hand 
preference was relatively small compared with the number collected for the meta
analysis of the ventricular-brain ratio in Chapter 3. In both cases, the number of 
studies included represent the vast majority of studies on that topic and it is unlikely 
that many were left out in my exploration of the literature. How handedness was 
defined, measured, classified and their interaction terms were coded as well as 
diagnostic criterion, and gender composition. That the difference in incidence between 
schizophrenic and control incidences were affected by such variables sncff as the 
number of assessment items, definition of non-right-handedness, etc. supports the 
concern by researchers that the increase in non-dextrality may be the result of 
measurement factors within studies (Merrin, 1981; Green, Satz, Smith and Nelson, 
1989). Furthermore, this supports the criticisms that associations between non-right- 
handedness and ventricular enlargement (for example Katsanis and Iacono, 1989; 
Satz, Green, Ganzell et al., 1990) are only likely to be epiphenomenal (Randolph, 
Goldberg, Gold, Daniel, and Weinberger, 1990). These findings also question the 
reliability of responses given by schizophrenic subjects to questions regarding their 
hand preference.

Hand Performance and Degree of Asymmetry in Schizophrenics 
The theories for a lateralised insult as underlying the fundamental symptoms of 
schizophrenia also predict that the hand performance of schizophrenics should be 
affected. There have been previous suggestions that the handedness and cerebral 
dominance in schizophrenics are "anomalous" (Luchins, Weinberger and Wyatt, 1979a; 
Barr, Mukheijee, Degreef and Caracci, 1989), "atypical" (Green, Satz, Smith and 

nelson, 1989), and "imbalanced" (Gur, 1977; Yan, Flor-Henry, Day, et al., 1985).
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Geschwind and Galaburda (1987; see also McManus and Bryden, 1991) have 
"anomalous" dominance qs the result of delayed left-hemispheric 

growth, as opposed to the normal pattern of "standard" dominance. This is not taken 
to mean only reversals of right-handedness in the sense of a left-handed preference, 
but that there should exist reduced degrees of handedness. As applied to 
schizophrenia this implies that even right-handed patients, presumed to have left- 
hemispheric insult or alternatively "developmental arrest" (Crow, Ball, Bloom, et al., 
1989), would be expected to have a reduced difference between their hands similar to 
the performance of left-handed subjects (see Chapter 6). In Chapter 7 I employ 
several of the hand performance tasks used in Chapter 5 in the assessment of degree 
of hand skill in schizophrenic patients. Schizophrenics showed much poorer 
performance on the Annett (1970,1974,1983,1985) pegboard task, being slower than 
the normal group. But despite poorer performance the difference between the hands 
of schizophrenics was no different to that of normals when varying peg size or shape. 
On the Tapley and Bryden (1984) circle marking task schizophrenics again showed 
poorer overall performance, but also showed less of a difference between the hands 
which seemed to be limited to the performance of the dominant hand on the most 
difficult condition. However, this may be simply an effect due to the nature of the 
task at the hardest level, and that, perhaps, schizophrenic’s performance was suffering 
from a "floor effect" due to their much poorer general performance.

Performance on the square tracing task (Bishop, 1980) was again poorer in 
schizophrenic patients and the difference between the hands of schizophrenics was 
found to increase with increasing task difficulty. This increase was not found to be 
any different than that observed in the normal group of subjects. When performing 
pursuit tracking schizophrenics showed much greater log amplitude ratios across the 
spectrum of performance but the difference in performance between the hands was not 
statistically different from that seen in normals. On the whole, these findings indicate 
that there are not any general decreases in the degree of handedness lateralisation in 

schizophrenics. This creates serious difficulties for theories of abnormal or 
dysfunctional cerebral laterality in schizophrenia which imply a retarded difference 
in performance between the hands.

311



» Conclusion

Potential Problems for Future Clarification and Investigation
Ideally one would want to compare the level of relative hand performance with brain 
structure measured from CT or MRI images in order to test more thoroughly the 
association between abnormalities of brain and hand in schizophrenia. This was, in 
fact, my original intention, but it was not possible to collect enough CT data for the 
subjects who took part in the experiments of Chapter 7 to make such comparisons 
worth while. There are plans for a future study employing this approach in first- 
episode schizophrenics using the pursuit tracking task and comparing relative 
performance to differences in lateralised brain structure from MRI scans. I believe 
that this kind of study is the best way to understand and clarify whether or not a 
reduced degree of handedness is the result of lateralised neuropathology.

In a fundamental sense, the problem would probably best be investigated using 
functional brain imaging, but to my knowledge handedness patterns have yet to be 
investigated using normals let alone schizophrenic patients. An ideal study would 
utilise the pursuit tracking task while cerebral blood flow or metabolism was 
simultaneously being measured. Current methods, however, limit the rate at which 
successive PET scans may be taken, although it is my understanding that using the 
newer technique of MRI perfusion may be able to solve this problem. Again such an 
experiment would need to first be conducted using normal subjects, before 
schizophrenics or any pathological group could be tried.

Data regarding the intellectual level of the schizophrenic subjects was not collected but 
may not have added anything further about their degree of handedness had it been 
assessed. If a reduced difference between the hands was observed in the schizophrenic 
group on the hand performance tasks it could be argued that this was simply due to 
lower intelligence rather than solely due to some lateralised neurological defect. That 
no differences were found in the degree of handedness lateralisation o f  the 
schizophrenics suggests that the IQ of subjects may not play a role in their degree of 
handedness presumably had lower IQs than the normal grou]^ However,
the subjects who participated in the experiments of Chapter 7 may have been less 
severely affected than subjects who I was advised not to test or who refused to be 
involved in my study. It may be that it is the more severely affect patients who have 
lateralised defect and show anomalous hand performance. Therefore, the intellectual 

level as well as other neuropsychological and psychiatric measures may be needed in
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future investigations, in order to assess severity of illness, prognosis, and cognitive 
dysfunction of subjects and how they relate to levels of hand performance. It is my 
feeling from my results, however, that more severely affected patients will only show 
even poorer performance but no differences in degree of handedness.

General Conclusion
From the findings of this thesis it is clear that the links between abnormal patterns 
of handedness and the laterality hypothesis of schizophrenia have a lot to overcome 
before explaining completely the disorder. Handedness can be viewed as the lynch-pin 
for many of the laterality theories for schizophrenia. In particular, theories which 
argue that schizophrenia is the result of a developmental disorder of lateralisation 
have a lot riding on the existence of "anomalous" handedness. Undoubtedly, a "large" 
theory (McManus and Bryden, 1991) like Geschwind’s (Geschwind and Behan, 1982; 
Geschwind and Galaburda, 1987), which states that testosterone plays a central role 
in the determination of cerebral laterality and its abnormalities, can be made to 
explain defective laterality in schizophrenia (Yan, et al., 1985). Likewise, Crow’s 
hypothesis argues that greater left-hemisphere abnormality results from the mutation 
of Annett’s (1985) Right Shift factor, hypothesised to determine cerebral laterality and 
handedness in a classic Mendelian manner. The brain imaging literature has provided 
weak support for the notion of greater left-hemisphere structural abnormality and 
cognitive dysfunction in schizophrenia. Conceptually, this literature is the most 
valuable for theorists proposing that hemisphere-specific insult causes increased left- 
and mixed-handedness in schizophrenics. But hand preference and performance 
patterns have been found to be similar between patient and normal subjects, 
questioning the integrity of the conjecture linking schizophrenia to lateralised brain 
abnormality and abnormal patterns of handedness.

Therefore, it may be best to view further reports of lateralised deficit in schizophrenia 
with appropriate caution. That Bleuler’s term schizophrenia translated is the 
"splitting of the mind" should not be taken as referring to brain laterality in psychosis. 
Although I do not doubt that the reports of lateralised neuropathology and theories 
regarding hemispheric dysfunction shall continue, in concluding this thesis, it seems 
best to end by referring to the statement made by Mesulam (1990b) that

"These considerations suggest that asymmetric disease need not imply disease 
of asymmetry." (p. 548)
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H andedness Q uestionnaire 
and Pegboard Score Sheets
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^Handedness Questionnaires

D epartm ent of Psychology 
University College London 

Gower Street 
London WC1E 6BT 

England

L ast Edited: 18 May 1992



Subject Number:

Your Sex: nM ale nFem ale Date of Birth:________

For the following activities, please indicate which hand  you use for th a t task  
by putting  a tick in  the appropriate box. Try to answ er all of the questions, 
only leave blank if  you have absolutely no experience a t  all w ith the task  or 
object in  question. Please ask if  you have any questions.

A l w a y s
L e f t

U s u a l l y
L e f t

E i t h e r
H a n d

U s u a l l y
R i g h t

A l w a y s
R i g h t

1. To write your name

2. To throw a ball to hit a 
target

3. To play a game that 
requires the use of a 
racket (e.g. tennis or 
squash)

4. At the top of a broom to 
sweep dust from the floor

5. At the top of a shovel to 
move sand or dirt

6. To hold a match while 
striking it

7. To hold scissors while 
cutting paper

8. To hold thread to guide 
it through the eye of a 
needle

9. To hold the pack while 
dealing cards

10. To hold the nail whilst 
hammering it into wood

11. To hold a toothbrush 
whilst cleaning your teeth

12. To hold the jar whilst 
unscrewing the lid

316



A l w a y s
L e f t

U s u a l l y
L e f t

E i t h e r
H a n d

U s u a l l y
R i g h t

A l w a y s
R i g h t

13. To draw a picture

14. To hold potatoes 
whilst peeling them

15. To hold a jug when 
pouring water from it

16. To hold a knife when 
cutting a slice of bread

17. To hold a knife when 
also eating with a fork

18. To hold a glass for 
drinking

19. To hold a dish whilst 
drying it

20. To hold a comb to 
comb one’s hair

21. To hold a deck of cards 
whist sorting them

22. To hold the body of a 
penknife whilst opening 
the blade

23. To hold a clock whilst 
winding it

24. To reach for a book on 
a high shelf

25. To strum the strings 
of a guitar

26. To pull the trigger of a 
rifle

27. To hold a brush to 
scrub the floor

28. To rub writing off a 
blackboard with an eraser

317



Subject Number

U n i v e r s a l  P e g b o a r d  T i m e s

DISTANCES 20.32cm 30.48cm 40.64cm

HOLES
#1 Holes D ______  ND  D ______
(3.75cm)

ND D ND

#2 Holes ND  D   ND_
(3.00cm)

D ND D

#3 Holes D   ND  D _
(2.25cm)

ND D   ND

#4 Holes_______________ ND______ D   ND_
(1.50cm)

D ND D
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Subject Number

S ta n d a rd  P e g b o a rd  T im es 

Small Pegs/Round End Down

NONDOMINANT _________

DOMINANT _________

DOMINANT _________

NONDOMINANT _________

Small Pegs/Flat End Down

DOMINANT _________

NONDOMINANT _________

NONDOMINANT ________

DOMINANT _________

Large Pegs/Round End Down

NONDOMINANT 

DOMINANT 

DOMINANT 

NONDOMINANT 

Large Pegs/Flat End Down

DOMINANT

NONDOMINANT

NONDOMINANT

DOMINANT
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The Tapley and Bryden  
Circle M arking Task Sheets

320



4-

H
and: 

 
Score:



o o o o o o o o o o o
o
o o o o o o o o o o o

o
o o o o o o o o o o o
o
o o o o o o o o o o o ! Q.

o
o o o o o o o o o o o
o

o o o o o o o o o o o !
CD

o
o o o o o o o o o o o



o o o o o o o o o o o
o

o o o o o o o o o o o
o

o o o o o o o o o o o
o
o o o o o o o o o o o

o
o o o o o o o o o o o
o

o o o o o o o o o o o
o

o o o o o o o o o o o

H
and: 

 
Score:



O O O O O O O O O O O

o

O O O O O O O O O O O

o

o o o o o o o o o o o

o

X
o o o o o o o o o o o ^

Q.

o

o o o o o o o o o o o

o

C/)
O O O O O O O O O O O q

CD

o

o o o o o o o o o o o



Appendix C 

The Bishop Square Tracing Task
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The geometry regarding the square tracing task is conceptually simple and will here 
be presented. The comers of a square whose side length is a known value (L) is 
printed onto a piece of paper. It may be tempting to consider the simple ratio of inner 
to outer square area as an index of difficulty. However, the ratio of the square areas 
is not adequate itself as an independent variable, as there is still needed a scale 
covarying with "difficulty" that is more meaningful.

The concept of the square tracing task regards constructing a set of squares to place 
within and around this square which satisfy predetermined distances between them.
Whereas Fitts’ utilized the relationship

t a ^ M )

as the Index of Difficulty of the Movement, where A is the distance between targets 
and W is the target width, Meyers, Abrams, Komblum, and Smith (1988) considered 
linear and square root approximations to this. However, these relationships were 
developed to describe ballistic aiming movements, which are not generally performed 
in this task. However, I have chosen a priori to adopt a version of their linear scale 
for determining square tracing difficulty. This has the desirable property of 
linearising the results of performance on the task (as shown in Results, Chapter 5; 
Section 3). The closer the squares are to one another the more restriction there is to 
lateral deviation. The distance travelled remains constant for all configurations and 
is, therefore, not of particular. Therefore, the index of "difficulty" (ID) for this task can 

then be conceptualised as the reciprocal of the distance between the inner and outer 
square. As this distance limits to zero at an infinite difficulty, the squares converge 
to the object square. It may be shown that all one is doing theoretically is sampling 
sections from a hypothesized square trough (similar to a "Gabriel’s horn" where the 
function 1/x is rotated about the x-axis and has an area equal to k) at given "depths" 
of difficulty. The area enclosed by such a form is found by

a-(L+2 -s)2 +(L-2 -s)2 
a =8 Ls  
s=(2 /Z ))-1 
a-4-L-ID'1

aw
A=4 L- f  I D 1

1
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The area under the curve of ID'1 is infinite, however to determine the area between 
a square of difficulty equal to unity and the most difficult square, we can rewrite the 
equation so

A =4 L ln(ID̂ ); 1 .OzID«»
while more generally

A = 4 L - ln ( ^ ^ )
ID MO.

between any two squares sharing the same object square. It may be conjectured that 
this is a function of the difference between two levels of difficulty as defined by Fitts 
(1954).
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Appendix C

The Square T racing T ask Program m e 

About SQRTRAZ.EXE and  Associated Files:
The following is the programme code for the square tracing task based upon the 
square tracing task of Bishop (1980). The programme was written in Microsoft 
QuickBasic 4.5 and saved as SQRTRAZ.BAS using a DELL 80286 personal computer. 
This file was then compiled and linked to become SQRTRAZ.EXE. The 
SQRTRAZ.BAS and SQRTRAZ.EXE programmes are accompanied by several support 
programmes whose names are:

sqrtraz.con
vga.obj

zstick.obj

The first of these, sqrtraz.con, is an ASCII file, created by the user in 
SQRTRAZ.EXE, which contains the coordinates of the squares, the ratios of inner to 
outer square areas, and their computed difficulties as determined within 
SQRTRAZ.EXE. Each time a new square size is specified this file is overwritten with 
the dimensions for the new series of squares. The second programme, vga.obj, is an 
assembly language routine used for colouring and scaling the VGA colour monitor 
aspect ratio. The third, zstick.obj, is an assembly language routine for use in reading 
the values from the joystick port. The BASIC language, including Microsoft 
QuickBasic, does have a function for the reading of the joystick port simply called 
STICK®, where X is given a value representing either 1) the x-value or 2) the y-value 
of the port. However, this command proves inadequate for the rapid sampling of 
joystick position values and results in cursor repositioning that appears to jump 

around the screen. Therefore, it has been replaced by calling the ZSTICK(x%,y%) or 
CALSTICK(n, x%, y%) commands which assign the values of x and y to those 
corresponding values read from the joystick port. If one chooses to alter 
SQRTRAZ.BAS one should compile it with the (/E) option (which takes into account 
the ON ERROR command when compiling) and then take care to link it to vga.obj and 
zstick.obj or else it will not function properly.

The Functioning of SQRTRAZ.EXE:

335



Appendix C

The SQRTRAZ.EXE program will only produce seven squares for the experiment at 
difficulties indices of 1.0 through 4.0 in 0.5 increments, however any size of object 
square (the average of the inner and outer squares) can be specified. It should be 
noted that because the reciprocal of the difficulty indices is the distance between the 
squares, object squares greater than 1.0 centimetre should only be used, as distances 
smaller than this will result in mathematical problems when determining inner and 

outer square screen coordinates. As well, squares which are too large may not 
properly fit within the confines of the screen. In my experience, object squares 
between 3.0 and 10.0 centimetres appear to produce the best squares.

The joystick used in conjunction with this programme was a Mach III joystick by CH 
Products, California. This joystick is useful as the trim may be manually adjusted and 
the springs may be turned on separately for the X and Y directions. However, the 
stick is positioned about 1 cm to the right of centre necessitating the need for it to be 
inserted into a custom frame in order to counter any bias favouring right hand 
performance. Future investigations involving hand performance using a joystick 
should ensure an unbiased joystick or employ the use of a frame to eliminate such a 
bias.

Begin an experiment by choosing the "Run Complete Experiment" option. Type in a 
subject number between 101 and 156. The programme automatically selects an order 
of presentation from the latin square included in the DATA commands at the end of 
the programme (this same design is presented in Chapter 5). This latin square was 
determined by first randomly ordering the difficulty indices, and then reordering the 

rows and columns of the resulting latin square to produce a new design. It is 
therefore possible to test statistically for effects due to order by coding the order as a 
dummy variable.

The programme also ensures that the half of the subjects begin each ordering with 
their dominant hand and the other half with their non-dominant hand. Odd 
numbered subjects begin the experiment with their non-dominant hand, while even 
numbered subjects begin with their dominant hand. The table in section 3 of Chapter 
5 shows the logic behind the method of order presentation and the balancing for 
gender and hand use. Subjects numbered 101 to 128 are right hand dominant and 
those numbered 129 to 156 are left hand dominant. The experiment in Chapter 5 was
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for balanced gender and so the table indicates the method by which each subject was 
considered in that experiment. This seems to be a sensible experimental design and 
its use in future experiments is recommended.

The SQRTRAZ.BAS programme is presented below:

The C om puterised V ersion o f th e Square T racing Task

900 NCYCLES = 1000
1000 DIM P(9): DIM X%(NCYCLES, 7): DIM Y%(NCYCLES, 7): DIM L(9): DIM 
TIMES(7): DIM TIMET(7)
1100 DIM TIME(7): DIM RATIO(7): DIM INSIDE(7): DIM OUTSIDER): DIM 
SQNUM(7)
1200 DIM X01(7): DIM X02(7): DIM XI1(7): DIM XI2(7): DIM XS(7): DIM D(56) 
1300 DIM YOl(7): DIM Y02(7): DIM YI1(7): DIM YI2(7): DIM YS(7): DIM R(7)
1400 DIM ORDER(7, 7)
1450 XCENT = 320: YCENT = 240: xmin% = 80: xmax% = 560: ymin% = 0: ymax% -  
460
1500 ON ERROR GOTO 17000 
1550 GOTO 15500 
1600 CLS : SCREEN 12: COLOR 10 
1700 LOCATE 1,1
1800 PRINT TAB(20); "CREATE A SERIES OF SQUARES": PRINT 
1900 INPUT "INPUT LENGTH OF SIDE OF OBJECT SQUARE (cm)"; CM 
2000 CXMAX = 23.5: CYMAX = 18
2100 X = (XCENT * (CM / CXMAX)): Y = (YCENT * (CM / CYMAX))
2200 PRINT "OBJECT SQUARE COORDINATE LENGTHS IN PIXELS: LX = "; 
INT(2 * X );" LY = "; INT(2 * Y)
2300 PRINT USING ".DEVIATION FROM PERFECT Y/X = #.#####”; ((2 * Y ) / ( 2 *  
X)) - (YCENT/ XCENT)
2400 XI = XCENT - X: Y1 = YCENT - Y: X2 = XCENT + X: Y2 = YCENT + Y 
2500 LINE (XI, Y1MX2, Y2), 3, B: ’OBJECT SQUARE
2600 PRINT : INPUT "GENERATE SERIES (Y/N)"; G$: IF G$ = ’Y" OR G$ = "y”
THEN 2700 ELSE 15500
2700 FOR j = 1 TO 7: D(j) = (j + 1) / 2
2800 XS(j) = (XCENT * ((1 / D(j)) / CXMAX)): YS(j) = (YCENT * ((1 / D(j)) / CYMAX)) 
2900 RATIO(j) = ((CM - (1 / D(j))) A 2) / ((CM + (1 / D(j))) A 2): PRINT "RATIO FOR 
SQUARE "; j; USING #.###"; RATIO(j)
3000 X01(j) = XI - XS(j): Y01(j) = Y1 - YS(j): X02(j) = X2 + XS(j): Y02(j) = Y2 + YS(j): 
’OUTER SQUARE COORDINATES
3100 XIl(j) = XI + XS(j): YIl(j) = Y1 + YS(j): XI2(j) = X2 - XS(j): YI2(j) = Y2 - YS(j): 
’INNER SQUARE COORDINATES 
3200 NEXT j
3300 L$ = STR$(CM): SQR$ = "C:SQRTRAZ.CON": OPEN SQR$ FOR OUTPUT AS 
#1
3400 FOR j = 1 TO 7
3500 PRINT #1, j; USING "###.## "; D(j); RATIO(j); XI; X2; X01(j); X02(j); XIl(j); 
XI2(j)
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3600 PRINT #1, " USING "###.## Yl; Y2; Y01(j); Y02(j); YU(j); YI2(j)
3800 NEXT j 
3900 CLOSE #1
4000 PRINT "PRESS ’SPACE* TO CONTINUE"
4100 A$ = INKEY$: IF A$ = "" THEN 4100 
4200 RETURN
4300 ’RUNNING A SUBJECT
4400 CLS : RESTORE: COLOR 10: PQ = 0: S = 1
4500 PRINT "SUBJECT NUMBER: "; S
4600 PRINT "HIT RETURN TO CONFIRM SUBJECT NUMBER"
4700 INPUT "OR INPUT NEW SUBJECT NUMBER "; SN 
4750 IF SN < S THEN 4400
4800 IF SN > S THEN S = SN: PRINT "NEW SUBJECT NUMBER: S
4825 DETERMINING WHICH HAND WILL BE USED FIRST (l=DOM,2=NONDOM)
4876 IF S MOD 2 = 0 THEN HFIRST = 1: ’SUBJECT NUMBER IS EVEN
4877 IF S MOD 2 = 0 THEN HNEXT = 2
4878 IF S MOD 2 = 1 THEN HFIRST = 2: ’SUBJECT NUMBER IS ODD
4879 IF S MOD 2 = 1 THEN HNEXT = 1
4880 IF HFIRST = 0 OR HNEXT = 0 THEN 17000 
4900 FOR I = 1 TO 1000: NEXT I
5000 ’ORDER SEQUENCE SELECTION 
5050 ’ORDER SEQUENCES FOR RHs 
5100 IF S > 28 THEN 5515 ELSE 5200 
5200 IF S < 5 THEN SQNUM = 1 
5250 IF S > 4 AND S < 9 THEN SQNUM = 2 
5300 IF S > 8 AND S < 13 THEN SQNUM = 3 
5350 IF S > 12 AND S < 17 THEN SQNUM = 4 
5400 IF S > 16 AND S < 21 THEN SQNUM = 5 
5450 IF S > 20 AND S < 25 THEN SQNUM = 6 
5500 IF S > 24 AND S < 29 THEN SQNUM = 7 
5510 GOTO 5560
5515 ’ORDER SEQUENCES FOR LHs
5520 IF S > 28 AND S < 33 THEN SQNUM = 1
5525 IF S > 32 AND S < 37 THEN SQNUM = 2
5530 IF S > 36 AND S < 41 THEN SQNUM = 3
5535 IF S > 40 AND S < 45 THEN SQNUM = 4
5540 IF S > 44 AND S < 49 THEN SQNUM = 5
5545 IF S > 48 AND S < 53 THEN SQNUM = 6
5550 IF S > 52 AND S < 57 THEN SQNUM = 7
5560 IF SQNUM = 0 THEN 17000
5590 OPEN "C:SQRTRAZ.CON" FOR INPUT AS #1
5600 FOR W = 1 TO 7
5800 INPUT #1, j, D(W), RATIO(W), XI, X2, XOl(W), X02(W), XI1(W), XI2(W)
5900 INPUT #1, Yl, Y2, YOl(W), Y02(W), YI1(W), YI2(W)
6000 NEXT W 
6010 CLOSE #1 
6100 FOR C = 1 TO 7 
6200 FOR T = 1 TO 7 
6300 READ ORDER(C, T)
6400 NEXT T 
6500 NEXT C
6600 FOR JK = 1 TO 7: R = 1: CLS
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6700 LET I = ORDER(SQNUM, JK)
6750 OUTSIDE(I) = 0: INSIDE(I) = 0 
6800 LOCATE 11, 24
6900 PRINT "HAND FOR THIS TRIAL = "
6950 IF HFIRST = 1 THEN HAND$ = "DOMINANT” ELSE HAND$ = 
"NON-DOMINANT"
7000 PRINT : PRINT : COLOR 6: PRINT TAB(34); HAND$: COLOR 10 
7100 PRINT : PRINT : PRINT TAB(25); "ON SQUARE #"; I ; " ("; S Q N U M ; J K ; ")" 
7200 FOR Q = 1 TO 10000: NEXT Q 
7300 CLS
7330 CALL calstick(0, xmin%, ymin%)
7340 CALL calstick(l, xmax%, ymax%)
7400 LINE (XOl(I), Y01(I))-(X02(I), Y02(I)), 10, B
7500 LINE (XIl(I), YI1(I))-(XI2(I), YI2(I)), 10, B
7600 LINE (XI - 1.5, Y2 - 1.5)-(X1 + 1.5, Y2 + 1.5), 3, B
7700 FOR A = 1 TO 3: FOR B = 1 TO 3: LINE (A, B)-(A, B), 6: NEXT: NEXT
7800 GET (1, l)-(3, 3), P
7900 IF ISTORE = 1 THEN RETURN
8000 CALL calstick(2, X%, Y%): PUT (X%, Y%), P, XOR: PUT (j%, K%), P, XOR 
8200 j% = X%: K% = Y%: IF INKEY$ <> "" AND SQR((X% - XI) A 2 + (Y% - Y2) A 2) 
> 5 THEN 8000
8300 IF ENKEY$ <> " " THEN 8000
8400 XNEW% = 0: YNEW% = 0: XOLD% = 0: YOLD% = 0: X% = 0: Y% = 0: j% = 0: 
K% = 0: RT = 0
8500 CALL SETSYNCH(27): TIMES(I) = TIMER: ’SETSYNCH INTERRUPTS 
SAMPLING BY THE AMOUNT OF TIME SPECIFIED, REDUCE FOR FASTER 
SAMPLING OF POINTS
8600 PUT (XI, Yl), P, PSET: PUT (XI - 1, Y2 - 1), P, PSET: PUT (X2 - 1, Yl), P, 
PSET: PUT (X2 - 1.5, Y2 - 1.5), P, PSET
8700 CALL calstick(2, X%, Y%): XNEW% = X%: YNEW% = Y%: PUT (XNEW%, 
YNEW%), P, XOR: PUT (XOLD%, YOLD%), P, XOR
8800 ’TIMES OUTSIDE AND INSIDE OF THE SQUARES COUNTING SEQUENCE 
8900 IF ABS(XNEW% - XCENT) > ABS((X01(I) - X02(I)) / 2) THEN OUTSIDE(I) = 
OUTSIDE(I) + 1
9000 IF ABS(YNEW% - YCENT) > ABS((Y01(I) - Y02(I)) / 2) THEN OUTSIDE(I) = 
OUTSIDE(I) + 1
9100 IF ABS(XNEW% - XCENT) < ABS((XI1(I) - XI2(I)) / 2) AND ABS(YNEW% - 
YCENT) < ABS((YI1(I) - YI2(I)) / 2) THEN INSIDE(I) = INSIDE(I) + 1 
9300 X%(R, I) = XNEW%: Y%(R, I) = YNEW%
9500 IF ABS(XNEW% - X2) < 3 AND ABS(YNEW% - Y2) < 3 THEN GOSUB 10600 
9600 IF ABS(XNEW% - X2) < 3 AND ABS(YNEW% - Yl) < 3 THEN GOSUB 10600 
9700 IF ABS(XNEW% - XI) < 3 AND ABS(YNEW% - Yl) < 3 THEN GOSUB 10600 
9800 IF RT > 2 THEN 9900 ELSE 10000
9900 IF ABS(XNEW% - XI) < 3 AND ABS(YNEW% - Y2) < 3 THEN 10300 
10000 IF R = NCYCLES THEN 10300
10100 XOLD% = XNEW%: YOLD% = YNEW%: R = R + 1: CALL SYNCH(O)
10200 GOTO 8700
10300 TIMET(I) = TIMER: R(I) = R
10400 NEXT JK: RESTORE
10500 CLOSE #1: GOTO 10700
10600 BEEP: RT = RT + 1: RETURN
10700 ’WRITE THE SUBJECTS DATA TO DISK
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10800 SUBNAM$ = "B:SQR" + RIGHT$(STR$(S), (LEN(STR$(S)) - 1)) + ".DAT" 
10900 OPEN SUBNAM$ FOR APPEND AS #1 
10910 PRINT #1, "
10915 FOR I = 1 TO 7
10920 PRINT #1, USING "##.##"; (TIMET(I) - TIMES(I));
10925 PRINT #1, " ";
10930 NEXT I: PRINT #1, CHR$(13)
10935 FOR I = 1 TO 7: PRINT #1, INSIDE(I);" : NEXT I
10940 PRINT #1, CHR$(13)
10945 FOR I = 1 TO 7: PRINT #1, OUTSIDE(I);" : NEXT I
10950 PRINT #1, CHR$(13)
10960 PRINT #1, CHR$(13)
11000 PRINT #1, ”****X AND Y VALUES****", HAND$, CHR$(13)
11100 PRINT #1, " ";
11200 FOR A = 1 TO 7
11300 PRINT #1, A; "X"; " "; A; "Y"; " ";
11400 NEXT A
11500 PRINT #1, CHR$(13)
11600 FOR B = 1 TO NCYCLES: PRINT #1, B ;" "; : FOR A = 1 TO 7 
11650 IF X%(B, A) = 0 THEN X%(B, A) = 999 
11655 IF Y%(B, A) = 0 THEN Y%(B, A) = 999 
11700 PRINT #1, X%(B, A); " Y%(B, A); "
11800 NEXT A
11900 PRINT #1, CHR$(13)
12000 NEXT B
12100 PRINT #1, CHR$(13), CHR$(13)
14400 CLOSE #1: HFIRST = HNEXT: PQ = PQ + 1: IF PQ = 2 THEN 14500 ELSE 
6600
14500 CLS : LOCATE 10, 25: PRINT "PRESS RETURN TO GOTO MENU"
14600 B$ = INKEY$: IF B$ = "" THEN 14600 
14700 RETURN
14750 "VIEW A SUBJECTS TRACE SUBROUTINE NOT IN USE
14800 TOR I = 1 TO 7:CLS:ISTORE=l:GOSUB 7400
14900 TOR K = 2 TO R(I)-1
15000 ’LINE (X(K,I),Y(K,I))-(X(K-1,I),Y(K-1,I)),2
15100 NEXT K.LOCATE 19:TIME(I)=(TIMET(I)-TIMES(I)):PRINT "TIME = 
";TIME(I);" ";"TIME STEPS OUTSIDE= ";OUTSIDE(I);M ";"TIME STEPS INSIDE = 
”;INSIDE(I)
15200 ’INPUT "RETURN TO CONTINUE”̂
15300 ’IF A$ = ’Y” OR A$ = "" THEN 15400 
15400 NEXT I
15500 CLS : SCREEN 12: COLOR 10
15600 PRINT TAB(27); "SQUARE TRACING TASK"
15700 LOCATE 12
15800 PRINT TAB(23)
15900 PRINT TAB(23)
16000 PRINT TAB(23)
16050 PRINT TAB(23)
16100 PRINT TAB(23)
16200 LOCATE 18, 25
16300 INPUT "OPTION NUMBER: "; OPT
16400 IF OPT < 1 OR OPT > 5 THEN 15500

"1) GENERATE A SERIES OF SQUARES" 
”2) DELETE A SERIES OF SQUARES"
"3) RUN COMPLETE EXPERIMENT"
"4) CALIBRATE JOYSTICK"
”5) QUIT-
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16500 IF OPT = 1 THEN GOSUB 1600 
16600 IF OPT = 2 THEN GOSUB 16910 
16700 IF OPT = 3 THEN GOSUB 4400 
16750 IF OPT = 4 THEN GOSUB 19000 
16800 IF OPT = 5 THEN CLS : END 
16900 GOTO 15500
16910 TDELETE A SERIES OF SQUARES 
16915 CLS
16920 PRINT TAB(27); "DELETE A SERIES OF SQUARES"
16930 LOCATE 10, 5: INPUT "ON WHICH DRIVE IS THE FILE"; DR$: DR$ = DR$ 
+ " : "

16940 COLOR 7: FILES DR$ + "* CON": COLOR 10: PRINT : PRINT
16950 LOCATE , 5: INPUT "DELETE WHICH FILE (.CON IMPLIED)"; DFILE$
16960 KILL DFILE$ + ".CON": RETURN
17000 ’ERROR MESSAGE ROUTINE
17100 CLS : CLOSE : SCREEN 12: COLOR 10: BEEP
17200 LOCATE 12, 21
17300 PRINT "A SYSTEM OR FILE HANDLING ERROR HAS OCCURED!!"
17400 PRINT : PRINT
17500 PRINT TAB(21); "THE PROGRAM WILL RETURN TO THE MAIN MENU" 
17600 PRINT TAB(29); ’WHEN YOU PRESS THE SPACE BAR"
17650 PRINT X%, Y%
17700 IF INKEY$ = "" THEN 17700
17800 GOTO 15500
18000 DATA 7,4,1,5,2,6,3
18100 DATA 4,1,5,2,6,3,7
18200 DATA 1,5,2,6,3,7,4
18300 DATA 5,2,6,3,7,4,1
18400 DATA 2,6,3,7,4,1,5
18500 DATA 6,3,7,4,1,5,2
18600 DATA 3,7,4,1,5,2,6
19000 ’JOYSTICK CALIBRATION SUBROUTINE 
19100 DIM z$(5)
19200 z$(l) = "Top left "
19300 z$(2) = "Top right"
19400 z$(3) = "Bottom right"
19500 z$(4) = "Bottom lef t"
19600 z$(5) = z$(l)
19700 REM desired values for joystick range:
19800 xmin% = 80: ymin% = 0 
19900 xmax% = 560: ymax% = 460 
20000 CALL calstick(0, xmin%, ymin%)
20100 CALL calstick(l, xmax%, ymax%)
20200 SCREEN 12: REM trick basic 
20300 CALL mode(18): REM vga 
20400 CALL flood(l): REM blue background 
20500 FOR j = 1 TO 5 
20600 CALL enp(0)
20610 LOCATE 20, 23
20620 PRINT "SCREEN CENTER IS AT ”; XCENT; ”, ”; YCENT 
20630 LOCATE 21, 24
20640 PRINT "PRESS ’ESC’ TO RETURN TO MENU"
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20700 LOCATE 10, 20
20800 COLOR 10 + j
20900 PRINT "Move joystick to z$(j)
21000 LOCATE 11, 20
21100 PRINT "Then press space."
21200 wtsp:
21300 CALL colmoddl, 24)
21400 CALL calstick(2, zx%, zy%)
21500 CALL zpoint(zx%, zy%)
21600 CALL enp(0)
21700 LOCATE 14, 30 
21800 PRINT zx%, zy%
21810 IF INKEY$ = CHR$(27) THEN 22200 
21900 IF INKEY$ = "" THEN GOTO wtsp 
22000 NEXT 
22200 RETURN
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Instructions, Code and A nalysis 
for the Pursuit Tracking Task
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Introduction

The pursuit tracking programme used to investigate hand performance in Section 4 
of Chapter 5 is given here. The programme was written in Microsoft Quickbasic 4.5 
and compiled to produce FFT.EXE. It requires the support of two other programmes

zstick.obj
vga.obj

the first samples the X and Y positions of the joystick, while the second scales and 
colours the VGA computer screen. The programme will not run properly unless linked 

to these two programmes.

The programme is easily run by typing FFT at the DOS C:> prompt. The generation 
of a course is done by selecting the Generate option. Defaults are set to produce basic 
courses but may be changed by the user. File names can be any four letter string, 
however as the programme is currently set up, the files AAAA.MOV, BBBB.MOV, 
CCCC.MOV, and DDDD.MOV are used to storing the actual experimental course data. 
I have used AAAA.MOV as the "easiest" course, with DDDD.MOV being the most 
"difficult" one. The demonstration of the course can then be selected using the 
Retrieve Option and viewed with the Run Tracking Program Option and tested for use 
in actual experimental conditions.

A complete experiment is run by choosing the Run Complete Experiment Option, 
which will ask the user to type in a subject number and a new trial number. Trial 

numbers, by default, begin with Trial 1, however this can be altered. Once this is 
done initially it will not need to be changed as the program increments trial numbers 
accordingly.

The program presents each course in a latin square design and requires two 
replications of each course with both hands. The programme takes into account of 
which hand is used first by using a ND,D,D,ND or an D,ND,ND,D format. Overall, 

the dominant and non-dominant hand are balanced for the effects of order.
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Data is stored to a 3.5 inch floppy disk which should be in place prior to beginning the 
experiment in drive B. There is so much data collected from the 16 trials that high- 
density disks are recommended as one will only fit 3 subjects onto one HD disk.

The FFT Pursuit Tracking Programm e

1000 CYCLE = 5: ’CYCLE TIME IN SECONDS
1100 SAMPLE = 40: ’SAMPLING RATE IN HERTZ (MAX = 100)
1200 NCYCLES = 10: ’TOTAL NUMBER OF CYCLES TO BE DISPLAYED IN 
EXPERIMENT
1300 SCREEN 9: CLOSE #1: RANDOMIZE TIMER: ’SCREEN 9 IS 640x350 PIXEL 
RESOLUTION
1400 CALL mode(18): CALL FLOOD(l): ’VGA MODE WITH BLUE BACKGROUND
1500 CALL ENP(0): COLOR 10, 1
1600 NF = 25: NUMBER OF FOURIER COMPONENTS
1700 ND = CYCLE * SAMPLE: TOTAL NUMBER OF DATA POINTS PER TRIAL 
1800 DELAY% = 666 / SAMPLE: ’INTER-SAMPLE DELAY (1 SEC UNITS)
1900 SLOPE = -3: ’DEFAULT SLOPE AFFECTING CONVOLUTIONS OF TRACE 
2000 BEEPDIST = 15: ’DISTANCE FROM TRACE AFTER WHICH A BEEP IS 
SOUNDED
2010 XCENT% = 320: YCENT% = 240: xmin% = 80: xmax% = 560: ymin% = 0: ymax% 
= 470
2020 CALL calstick(0, xmin%, ymin%)
2030 CALL calstick(l, xmax%, ymax%)
2100 LL = 0: ’LOWERBOUND FOR SETTING FREQUENCIES TO ZERO 
2200 DEF FNS (P) = P * 768 * 128
2300 DIM TX(2000): DIM TY(2000): DIM CX(NF): DIM CY(NF): DIM SX(NF): DIM 
SY(NF)
2400 DIM JPX((ND + 1), NCYCLES): DIM JPY((ND + 1), NCYCLES): DIM ST$(64): 
DIM HAND$
2500 DIM LAT$(32): DIM S%(100): DIM NVERS(IO): DIM 1(100): DIM A(500)
2600 DIM AX(2000): DIM AY(2000): DIM G(100): DIM L(100): DIM Q(1000)
2700 DIM zx%(2000): DIM zy%(2000): DIM D%(50)
2800 GOSUB 29200: ’GOTO SET-UP PROGRAM
2900 IF OPT = 1 THEN GOSUB 4100
3000 IF OPT = 2 THEN GOSUB 5100
3100 IF OPT = 3 THEN GOSUB 19700
3400 IF OPT = 4 THEN GOSUB 35400
3500 IF OPT = 5 THEN GOSUB 5400
3600 IF OPT = 6 THEN GOSUB 39100
3700 IF OPT = 7 THEN GOSUB 44000
3800 IF OPT = 0 THEN GOSUB 38800
3900 GOTO 2800
4000 END
4100 ’SEND POSITIONS TO OUTPUT FILE 
4200 GOSUB 27200: ’SET-UP FILE OUTPUT 
4300 FOR N = 1 TO NVERS 
4400 GOSUB 14700: ’GENERATE POSITIONS 
4500 GOSUB 28100: ’WRITE TO DISK 
4600 NEXT N
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4700 RETURN
4800 ’RUN PROGRAM GIVEN TRACKING POSITIONS ARE IN CORE 
4900 GOSUB 11600 
5000 RETURN
5100 ’RETRIEVE A SEQUENCE FROM DISK 
5200 GOSUB 31400: ’GET THE SEQUENCE 
5300 RETURN
5400 ’RUN COMPLETE EXPERIMENT (WITH DEFAULT S% SET AS 1)
5500 T% = 0: RESTORE 
5600 S% = 101
5700 CLS : COLOR 10, 1: PRINT TAB(27); "RUN A COMPLETE EXPERIMENT" 
5800 IF T% = 16 THEN 2800 
5900 T% = T% + 1
6000 PRINT: PRINT TAB(10); "SUBJECT NUMBER ="; S%;" "; 'NEXT TRIAL =",
T%
6100 PRINT : PRINT
6200 PRINT "HIT RETURN TO ACCEPT SUBJECT NUMBER, OTHERWISE TYPE" 
6300 INPUT "NEW SUBJECT NUMBER"; NS%
6400 IF NS% = 0 THEN 6500 ELSE S% = NS%
6500 PRINT "NEW SUBJECT NUMBER ="; S%
6600 IF S% < 101 OR S% > 156 GOTO 6200 
6700 PRINT
6800 PRINT "HIT RETURN TO ACCEPT TRIAL NUMBER, OTHERWISE TYPE" 
6900 INPUT "NEW TRIAL NUMBER"; NT%
7000 IF NT% > T% THEN T% = NT%
7100 PRINT "NEW TRIAL NUMBER ="; T%
7200 IF T% < 0 OR T% > 16 GOTO 6800 
7300 PRINT
7400 PRINT TAB(23); "FOR SUBJECT "; S%; " CONDITIONS ARE:"
7500 IF S MOD 2 = 1 THEN D% = T% + 4 ELSE D% = T%
7600 READ LAT$(D%)
7700 ’ST$ = MID$(LAT$(D%),2,1)
7800 STYK$ = "SMALL”: ’IF ST$ = "S” THEN
7900 ’IF ST$ < "S" OR ST$ > "S" THEN STYK$ = "LARGE"
8000 HAND$ = LAT$(D%)
8100 IF HAND$ = ”D" THEN HAND$ = "DOMINANT" ELSE HAND$ = 
"NON-DOMINANT"
8200 PRINT : PRINT : COLOR 6, 1
8300 PRINT TAB(18); "HAND: ", HAND$, " STICK: ”, STYK$
8400 PRINT : PRINT : COLOR 10, 1
8500 ’SELECTION OF TRACKING SEQUENCE/STANDARD LATIN SQUARE 
DESIGN
8600 IF S% < 108 THEN 9400 
8700 IF S% > 107 AND S% < 115 THEN 9900 
8800 IF S% >114 AND S% < 122 THEN 10400 
8900 IF S% > 121 AND S% < 129 THEN 10900 
9000 IF S% < 128 AND S% < 136 THEN 9400 
9100 IF S% > 135 AND S% < 143 THEN 9900 
9200 IF S% > 142 AND S% < 150 THEN 10400 
9300 IF S% > 149 AND S% < 157 THEN 10900 
9400 IF T% <= 4 THEN T$ = "AAAA”
9500 IF T% = 5 AND T% <= 8 THEN T$ = "BBBB"
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9600 IF T% = 9 AND T% <= 12 THEN T$ = "CCCC"
9700 IF T% > 12 THEN T$ = "DDDD"
9800 GOTO 11300
9900 IF T% <= 4 THEN T$ = "BBBB"
10000 IF T% = 5 AND T% <= 8 THEN T$ = "CCCC"
10100 IF T% = 9 AND T% <= 12 THEN T$ = "DDDD"
10200 IF T% > 12 THEN T$ = "AAAA”
10300 GOTO 11300
10400 IF T% <= 4 THEN T$ = "CCCC"
10500 IF T% = 5 AND T% <= 8 THEN T$ = "DDDD"
10600 IF T% = 9 AND T% <= 12 THEN T$ = "AAAA”
10700 IF T% > 12 THEN T$ = "BBBB"
10800 GOTO 11300
10900 IF T% <= 4 THEN T$ = "DDDD"
11000 IF T% = 5 AND T% <= 8 THEN T$ = "AAAA"
11100 IF T% = 9 AND T% <= 12 THEN T$ = "BBBB"
11200 IF T% > 12 THEN T$ = "CCCC"
11300 TT$ = T$ + ".MOV"
11400 PRINT "INPUTTING TRACK "; TT$;" FOR TRIAL T%
11500 NAMES$ = "C:" + TT$
11600 GOSUB 32400: ’RETRIEVE THE SEQUENCE 
11700 PRINT : LOCATE 23, 25
11800 PRINT TAB(20); TRESS ’SPACE BAR’ TO START TRIAL" 
11900 Q$ = INKEY$: IF INKEY$ = THEN 11900 
12000 ISTORE = 1: TTT$ = STR$(T%)
12100 DD = LEN(TTT$): TTT$ = RIGHT$CrTT$, (DD -1))
12200 OUT$ = "B:”
12300 SS$ = STR$(S%): DD = LEN(SS$): SS$ = RIGHT$(SS$, (DD -1)) 
12400 OUT$ = OUT$ + "SUBJ" + SS$ + ".OUT”
12500 OPEN OUT$ FOR APPEND AS #1 
12600 GOSUB 19700 
12700 CLOSE #1
12800 PRINT : PRINT : LOCATE 23, 18
12900 INPUT "DO YOU WISH TO RUN NEXT TRIAL (Y/N)"; Q$ 
13000 IF Q$ = ”Y” OR Q$ = "y" OR Q$ = THEN 5700 ELSE 2800 
13100 DATA "N","D","D","N”
13200 DATA "D",’N ”,"N”,"D"
13300 DATA "N","D","D","N"
13400 DATA ”D","N","N","D"
13500 DATA ”N","D","D","N”
13600 DATA "D”,'N","N","D"
13700 DATA "N","D","D”,"N"
13800 DATA "R","L","L","R"
13900 DATA ”L","R","R","L"
14000 DATA "R",”L","L","R"
14100 DATA "L’V'R'V'R’V'L"
14200 DATA "R","L","L","R"
14300 DATA "L",”R",”R”,"L”
14400 DATA "R","L","L",”R"
14500 DATA "L","R","R","L“
14600 DATA "R","L","L",”R”
14700 TRODUCE TRACE SEQUENCE
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14800 CLS : LOCATE 1, 23: PRINT "GENERATING TRACE COORDINATES" 
14900 INC = (2 * 3.1415927#) / ND 
15000 FOR I = 1 TO NF 
15100 LF = LOG(I)
15200 A = 10 A (LF * (SLOPE / 2)): DIVIDE BY 2 TO MAKE IT AMPLITUDE AND 
NOT POWER
15300 THETAX = RND(l) * 2 * 3.1415927#
15400 THETAY = RND(l) *2 * 3.1415927#
15500 LOCATE 10, 1: PRINT I ; " "; A
15600 CX(I) = COS(THETAX) * A: SX(I) = SIN(THETAX) * A
15700 CY(I) = COS(THETAY) * A: SY(I) = SIN(THETAY) * A
15800 ’CX(I)=1, CY(I)=-1, SX(I)=1, SY(I)=1
15900 NEXT I
16000 TOR I = 0 TO LL TURNED OFF SECTION 28 FEB 1991
16100 ’CX(I) = 0:SX(I)=0:CY(I)=0:SY(I)=0
16200 TSTEXT I
16300 FOR I = 1 TO NF
16350 LOCATE 10, 25
16400 PRINT USING "##.### "; I; CX(I); SX(I); SQR(CX(I) A 2 + SX(I) A 2)
16500 NEXT I 
16600 REM
16700 xmin = 1E+30: xmax = -1E+30: ymin = 1E+30: ymax = -1E+30
16800 FOR j = 1 TOND
16900 PRINT : LOCATE 10, 60: COLOR 6, 1
17000 PRINT USING "###.# _% COMPLETE"; (j / ND) * 100
17010 COLOR 10,1
17100 AX = 0: AY = 0
17200 FOR I = 1 TO NF
17300 AX = AX + (SX(I) * SIN(I * INC * j)) + (CX(I) * COS(I * INC * j))
17400 AY = AY + (SY(I) * SIN(I * INC * j)) + (CY(I) * COS(I * INC * j))
17500 IF AX > xmax THEN xmax = AX 
17600 IF AY > ymax THEN ymax = AY 
17700 IF AY < ymin THEN ymin = AY 
17800 IF AX < xmin THEN xmin = AX 
17900 TX(j) = AX: TY(j) = AY 
18000 NEXT I 
18100 NEXT j 
18200 NBB = 0 
18300 FOR I = 1 TO ND
18400 TX(I) = (INT(FNS((TX(I) - xmin) / (xmax - xmin))) / 400) + 200 
18500 TY(I) = (INT(FNS((TY(I) - ymin) / (ymax - ymin))) / 400) + 50 
18600 NEXT I
18700 FOR j = ND + 1 TO ND + 10 
18800 I = j - ND
18900 TX(j) = (INT(FNS((TX(I) - xmin) / (xmax - xmin))) / 400) + 200 
19000 TY(j) = (INT(FNS((TY(I) - ymin) / (ymax - ymin))) / 400) + 50 
19100 NEXT j
19200 FOR I = 1 TO 10: j = I + ND
19300 TX(j) = (INT(TXG)) / 400) + 200: TY(j) = (INT(TY(I)) / 400) + 50 
19400 NEXT I
19500 LOCATE 12, 60: PRINT "POINTS CALCULATED"
19600 CLS : RETURN
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19700 ’RUN TRACKING PROGRAM 
19800 JX% = 0: JY% = 0 
19900 X% = 0: Y% = 0
20000 FOR ZJ% = 1 TO ND + 10: zx%(ZJ%) = TX(ZJ%): zy%(ZJ%) = TY(ZJ%): NEXT 
20100 A% = -350: B% = 2000: C% = -300: D% = 1700: X = 0: Y = 0 
20200 LET R = 3
20300 TOR I = 1 TO 3: FOR J  = 1 TO 3: LINE (I, J)-(I, J), 10: NEXT: NEXT 
20400 ’GET (1, l)-(3, 3), G 
20500 CALL FLOOD(l)
20600 CALL SPRITE88(&HE0, &HE0, &HE0, 0, 0, 0, 0, 0): ’3 BY 3 SQUARE 
CURSOR
20900 CALL colmod(6, 24)
21000 CALL ZLINE(zx%(R), zy%(R), zx%(R - 1), zy%(R - 1))
21100 CALL colmoddl, 24)
21200 CALL ZLINE(zx%(R - 1), zy%(R - 1), zx%(R - 2), zy%(R - 2))
21300 NB = 0: WAYT = 0: NPLOT = 0
21400 CALL calstick(2, JX%, JY%): CALL BLIT88(X%, Y%): CALL BLIT88(JX%, JY%) 
21500 X% = JX%: Y% = JY%
21525 IF INKEY$ = "" THEN 21400
21550 IF INKEY$ <> AND SQR((JX% - zx%) A 2 + (JY% - zy%) A 2) > 15 THEN
21400 ELSE 21600
21600 CALL SETSYNCH(DELAY%)
21700 FOR K = 1 TO NCYCLES: FOR I = 3 TO ND + 2 
21800 ’LINE (TX(I), TY(I))-(TX(I - 1), TY(I - 1)), 6 
21900 ’LINE (TX(I - 1), TY(I - 1))-(TX(I - 2), TY(I - 2)), 10 
22000 CALL colmod(6, 24)
22100 CALL ZLINE(zx%(I), zy%(I), zx%(I - 1), zy%(I - 1))
22200 CALL colmod(10, 24)
22300 CALL ZLINE(zx%(I - 1), zy%(I - 1), zx%(I - 2), zy%(I - 2))
22400 CALL colmod(ll, 24): CALL calstick(2, JX%, JY%)
22500 CALL BLIT88(X%, Y%): CALL BLIT88(JX%, JY%): X% = JX%: Y% = JY% 
22600 JPX(I - 2, K) = JX%: JPY(I - 2, K) = JY%: X = JX%: Y = JY%
22700 D = SQR((JX% - TX(I)) A 2 (JY% - TY(I)) A 2)
22800 IF D > BEEPDIST THEN NB = NB + 1 
22900 CALL SYNCH(O)
23000 NEXT I 
23100 NEXT K 
23200 CALL ENP(0)
23300 LOCATE 1, 1
23400 PRINT "BEEPS = NB; T ; ND * NCYCLES 
23500 PRINT WAYT, WAYT / (ND * NCYCLES)
23600 LOCATE 20, 25
23700 PRINT "PERFORMANCE SCORE = INT(100 * (1 - (NB / (ND * NCYCLES))));

23800 IF ISTORE = 0 THEN 27100 ELSE 23900 
23900 ’SAVE SUBJECT’S TRACE DATA TO DISK
24000 PRINT #1, T$; "***X VALUES***"; "Trial = "; T%; " Hand = "; HAND$; " 
Ncycles = "; NCYCLES
24100 PRINT #1, "Total Data = ”; (ND * NCYCLES); CHR$(13)
24200 PRINT #1, ” ”;
24300 FOR I = 1 TO NCYCLES 
24400 PRINT #1, " ”; I;
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24500 NEXT I
24600 PRINT #1, CHR$(13)
24700 FOR j = 1 TOND
24800 PRINT #1, USING "### j; TX(j);
24900 FOR I = 1 TO NCYCLES 
25000 PRINT #1, JPX(j, I);
25100 NEXT I
25200 PRINT #1, CHR$(13)
25300 NEXT j
25400 PRINT #1, CHR$(13); CHR$(13)
25500 PRINT #1, T$; "***Y VALUES***"; "Trial = "; T%; " Hand = "; HAND$; " 
Ncycles = "; NCYCLES
25600 PRINT #1, "Total Data = "; (ND * NCYCLES); CHR$(13)
25700 PRINT #1,"
25800 FOR I = 1 TO NCYCLES 
25900 PRINT #1, " "; I;
26000 NEXT I
26100 PRINT #1, CHR$(13)
26200 FOR j = 1 TOND
26300 PRINT #1, USING "### "; j; TY(j);
26400 FOR I = 1 TO NCYCLES 
26500 PRINT #1, JPY(j, I);
26600 NEXT I
26700 PRINT #1, CHR$(13)
26800 NEXT j
26900 PRINT #1, CHR$(13)
27000 ISTORE = 0: RETURN
27100 FOR I = 1 TO 10000: NEXT I: RETURN
27200 ’CREATE A SEQUENCE OF VALUES TO BE TRACED
27300 CLS : PRINT TAB(29); "CREATE A SEQUENCE": PRINT
27400 INPUT "ROOT NAME OF THE FILES (4 LETTERS MAX) "; R$: R$ =
LEFT$(R$, 4)
27500 INPUT "DRIVE FOR STORING THE FILES (A,B OR C) "; D$
27600 IF LEN(D$) > 1 THEN 27200 
27700 DRIVE $ = D$ + ":"
27800 GOSUB 38300
27900 INPUT "HOW MANY VERSIONS REQUIRED WITH THESE PARAMETERS
”; NVERS
28000 RETURN
28100 ’WRITE DATA TO DISK
28200 Q$ = STR$(INV)
28300 IF LEN(R$) > 4 THEN R$ = LEFT$(R$, 4)
28400 LET NAMES$ = DRIVE$ + R$ + ".MOV"
28500 OPEN NAMES$ FOR OUTPUT AS #1
28600 PRINT #1, ND; CYCLE; SAMPLE; NCYCLES; NF; DELAY; SLOPE;
BEEPDIST; LL
28700 FOR W = 1 TO ND
28800 WRITE #1, TX(W), TY(W)
28900 NEXT W 
29000 CLOSE #1 
29100 RETURN 
29200 ’SET-UP PROGRAM

350



Appendix D

"1) CREATE MOVEMENT SEQUENCES"
’2) RETRIEVE MOVEMENT SEQUENCES" 
’3) RUN TRACKING PROGRAM"
’4) VIEW AN OUTPUT FILE FROM DISK" 
’5) RUN A COMPLETE EXPERIMENT"
’6) CALIBRATE JOYSTICK’
’7) FILE HANDLING AND DOS SHELL"
’0) FINISH"

29300 KEY OFF: CALL FLOOD(l): CALL ENP(O): COLOR 10,1: OPT = 0: CLOSE : 
ON ERROR GOTO 47100
29400 LOCATE 1, 17: PRINT "LAST SUBJECT: "; S%;" "; "LAST TRIAL: "; T%
29500 LOCATE 8
29600 PRINT TAB(30); "CHOOSE OPTION:"
29700 PRINT 
29800 PRINT TAB(22);
29900 PRINT TAB(22)
30000 PRINT TAB(22)
30300 PRINT TAB(22)
30400 PRINT TAB(22)
30500 PRINT TAB(22)
30600 PRINT TAB(22)
30700 PRINT TAB(22);
30800 PRINT : PRINT
30900 LOCATE 23, 30, 1
31000 INPUT "OPTION NUMBER: "; OPT
31100 IF OPT < 0 OR OPT > 9 THEN 2900 ELSE 31200
31200 IF OPT = 0 THEN 38800
31300 RETURN
31400 HETRIEVE SEQUENCE
31500 CLS
31600 PRINT TAB(27); "RETRIEVE A SEQUENCE"
31700 PRINT : INPUT "ON WHAT DRIVE IS THE SEQUENCE TO BE 
RETRIEVED"; DR$
31800 IF LEN(DR$) > 1 THEN 31400 
31900 SHOW$ = DR$ + ":*.MOV"
32000 LOCATE 7, 25: COLOR 3: PRINT "SEQUENCE FILES ON DRIVE "; DR$: 
FILES SHOW$: COLOR 10, 1: LOCATE 4
32100 INPUT "WHAT IS THE NAME OF THE FILE TO BE RETRIEVED (’.MOV’ 
IMPLIED)"; FEN$
32200 IF FEN$ = "" THEN RETURN 
32300 NAMES$ = DR$ + ":" + FIN$ + ".MOV"
32400 RETRIEVE IF NAMES$ ALREADY EXISTS 
32500 OPEN NAMES$ FOR INPUT AS #1 
32600 IF EOF(l) THEN 33500
32700 INPUT #1, ND, CYCLE, SAMPLE, NCYCLES, NF, DELAY, SLOPE, BD, LL 
32800 FOR O = 1 TO ND 
32900 INPUT #1, TX(0), TY(0)
33000 NEXT O
33100 FOR z = 1 TO 10: ZZ = z + ND 
33200 TX(ZZ) = TX(z): TY(ZZ) = TY(z)
33300 NEXT z 
33400 CLOSE #1 
33500 RETURN
35400 ’VIEW A SUBJECT’S OUTPUT FILE
35500 CLS : PRINT TAB(23); "VIEW A SUBJECT’S OUTPUT FILE”: PRINT 
35600 INPUT "DRIVE FOR OUTPUT FILE (A,B OR C)"; DISK$
35700 LOCATE 8,1: SHOW$ = DISK$ + ":*.OUT": COLOR 3: FILES SHOW$: COLOR 
10, 1
35800 LOCATE 4, 1: INPUT "NAME OF OUTPUT FILE (’.OUT IMPLIED)"; R$ 
35900 IF LEN(R$) > 7 THEN 35400
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36000 CLS
36100 DISK$ = DISK$ + ":"
36200 NAMES$ = DISK$ + R$ + ".OUT"
36300 OPEN NAMES$ FOR INPUT AS #1
36400 FOR I = 1 TO NCYCLES
36500 FOR j = 1 TO ND
36600 IF EOF(l) THEN 37900
36700 INPUT #1, TX(j), TY(j), JPX(j, I), JPY(j, I)
36800 NEXT j 
36900 NEXT I
37000 FOR z = 1 TO 10: ZZ = z + ND 
37100 TX(ZZ) = TX(z): TY(ZZ) = TY(z)
37200 NEXT z
37300 FOR I = 1 TO NCYCLES
37400 FOR j = 2 TO ND + 1
37500 LINE (TX(j - 1), TY(j - l))-(TX(j), TY(j)), 10
37600 LINE (JPX(j - 1 ,1), JPY(j - 1 ,1))-(JPX(j, I), JPY(j, D), 6
37700 NEXT j
37800 NEXT I
37900 LOCATE 23, 25
38000 PRINT "PRESS ’ESC’ TO RETURN TO MENU"
38100 Q$ = INKEY$: IF Q$ = CHR$(27) THEN 38200 ELSE 38100 
38200 CLOSE #1: RETURN 
38300 ’RESET PARAMETERS
38400 COLOR 3: PRINT TAB(29); "RESET PARAMETERS": COLOR 10: PRINT : 
PRINT
38500 PRINT "SLOPE = SLOPE
38600 INPUT "WHAT IS THE VALUE OF THE NEW SLOPE"; SLOPE 
38700 RETURN
38800 CLS : LOCATE 12, 15: INPUT "DO YOU REALLY WANT TO LEAVE THE 
PROGRAM (Y/N)"; L$
38900 IF L$ = ’Y" OR L$ = "y” THEN 39000 ELSE 2800
39000 CLS : SCREEN 0, 0, 0: PRINT "NUMER OF ERRORS ENCOUNTERED
DURING SESSION"; ERRS
39010 FOR I = 1 TO 5000: NEXT I: END
39100 ’CALIBRATE JOYSTICK
39200 CLS : SCREEN , 10
39300 FOR R = 1 TO 3: FOR j = 1 TO 3: LINE (R, j)-(R, j), 10: NEXT: NEXT
39400 GET (1, l)-(3, 3), G: X% = 0: Y% = 0: TX% = 0: TY% = 0
39405 DIM z$(5)
39410 z$(l) = "top left "
39415 z$(2) = "top right"
39420 z$(3) = "bottom right"
39425 z$(4) = "bottom left "
39430 z$(5) = z$(l)
39435 REM desired values for joystick range:
39440 xmin% = 80: ymin% = 0 
39445 xmax% = 560: ymax% = 470 
39450 CALL calstick(0, xmin%, ymin%)
39455 CALL calstick(l, xmax%, ymax%)
39460 SCREEN 9: REM trick basic 
39465 CALL mode(18): REM vga
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39470 CALL FLOOD(l): REM blue background 
39475 FOR j = 1 TO 5 
39480 CALL ENP(O)
39485 LOCATE 10, 20
39490 COLOR 10 + j, 1
39495 PRINT "Move joystick to z$(j)
39500 LOCATE 11, 20
39510 PRINT "Then press space."
39520 wtsp:
39530 CALL colmod(ll, 24)
39540 CALL calstick(2, zx%, zy%)
39545 CALL zpoint(zx%, zy%)
39550 CALL ENP(0)
39555 LOCATE 14, 30 
39560 PRINT zx%, zy%
39570 IF INKEY$ = "" THEN GOTO wtsp 
39575 IF INKEY$ = CHR$(27) THEN 41200 
39580 NEXT 
41200 GOTO 29200 
41300 HEM
41400 INPUT A%, B%, C%, D%
41500 PRINT A%, B%, C%, D%
41600 NP = 1
41700 FOR P = 0 TO 64000! STEP 16000 
41800 FOR Q = 0 TO 64000! STEP 16000 
41900 PP = P / 65520!: QQ = Q / 65520!
42000 JX = PP * B% + A%
42100 JY = QQ * D% + C%
42200 NP = NP + 1
42300 PRESET (JX, JY), 1: PRINT CHR$(33 + NP)
42400 NEXT Q 
42500 NEXT P
42600 INPUT "Change 1st, 2nd, 3rd or 4th"; IC 
42700 INPUT "Change to"; DD 
42800 IF IC = 1 THEN A% = A% + DD 
42900 IF IC = 2 THEN B% = B% + DD 
43000 IF IC = 3 THEN C% = C% + DD 
43100 IF IC = 4 THEN D% = D% + DD 
43200 PRINT A%, B%, C%, D%
43300 GOTO 41300 
43400 END
43500 ’CONVERT A TO A$ IN THE RANGE 0 TO 9999; A$ HAS FOUR DIGITS + 
SPACES ADDED
43600 A = INT(ABS(A)): IF A > 9999 THEN A = 9999 
43700 A$ = STR$(A)
43800 IF LEN(A$) < 4 THEN A$ = LEFT$(A$, 4)
43900 RETURN
44000 T)ELETE MOVEMENT OR OUTPUT FILES, FILE HANDLING AND DOS
SHELL
44100 CLS
44200 PRINT TAB(25); "FILE HANDLING AND DOS SHELL"
44300 LOCATE 12
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44400 PRINT TAB(22); ”1) DELETE MOVEMENT FILES"
44500 PRINT TAB(22); ”2) DELETE SUBJECT OUTPUT FILES"
44600 PRINT TAB(22); "3) SHELL TO DOS"
44700 PRINT TAB(22); "4) RETURN TO MAIN MENU"
44800 PRINT
44900 LOCATE , 22: INPUT "OPTION: DLT
45000 IF DLT < 1 THEN RETURN 
45100 IF DLT > 4 THEN 44000 
45200 IF DLT = 1 THEN GOSUB 45700 
45300 IF DLT = 2 THEN GOSUB 46400 
45400 IF DLT = 4 THEN RETURN 
45500 IF DLT = 3 THEN GOSUB 48100 
45600 GOTO 44000
45700 PRINT : PRINT : INPUT "ON WHICH DRIVE ARE THE FILES TO BE 
DELETED: "; DR$
45800 CLS : LOCATE 10: COLOR 3: FILES DR$ + ":" + "* MOV": COLOR 10 
45900 LOCATE 2, 10
46000 INPUT "NAME OF MOVEMENT FILE TO BE DELETED (’*’=ALL FILES)"; 
DLEET$
46100 IF DLEET$ = "" THEN RETURN 
46200 DLEET$ = DR$ + ":" + DLEET$ + ".MOV"
46300 KILL DLEET$: IF DLEET$ = DR$ + ":" + "* MOV" THEN RETURN ELSE 
45700
46400 PRINT : PRINT : INPUT "ON WHICH DRIVE ARE THE FILES TO BE 
DELETED: "; DR$
46500 CLS : LOCATE 10: COLOR 3: FILES DR$ + ":" + "* OUT": COLOR 10 
46600 LOCATE 2, 10
46700 INPUT "NAME OF OUTPUT FILE TO BE DELETED (’*’=ALL FILES) 
DLEET$
46800 IF DLEET$ = "" THEN RETURN 
46900 DLEET$ = DR$ + + DLEET$ + ".OUT”
47000 KILL DLEET$: IF DLEET$ = DR$ + ":" + "* OUT" THEN RETURN ELSE 
46500
47100 ’ERROR MESSAGE 
47200 CLS : BEEP 
47300 LOCATE 15, 12 
47400 ERRS = ERRS + 1
47500 PRINT "THERE HAS BEEN A PROGRAM OR FILE HANDLING ERROR!!" 
47600 PRINT
47700 PRINT TAB(18); "THE PROGRAM WILL RETURN TO THE MAIN MENU" 
47800 PRINT TAB(25); ’WHEN YOU PRESS THE SPACE BAR."
47900 B$ = INKEY$: IF B$ = "" THEN 48000 ELSE 47900 
48000 GOTO 29200 
48100 ’SHELL TO DOS 
48200 CLS
48300 PRINT "TYPE ’EXIT’ TO RETURN TO FFT"
48400 SHELL
48500 CALL FLOOD(l): CALL ENP(0): RETURN
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What follows is the Fortran programme used to extract the Fourier coefficients from 
the pursuit tracking data. Coefficients were derived after calling the NAG Fortran 
Library (1988) Fast Fourier Tranform algorithm.

C12345678901234567890123456789012345678901234567890123456789012345678
90123456789012345678901234567890
CAAAA***X VALUES***Trial = 1 Hand = NON-DOMINANT Ncycles = 10 
CTotal Data = 2000

c 1 2 3 4 5 6 7 8 9 10

c 1 354 364 354 390 360 340 373 369 381 390 369

c 2 358 364 355 392 366 359 377 372 387 389 382

c 3 362 364 355 394 372 372 380 373 395 388 389

C

c xtrue now in x( ,0)
parameter (iarray=200,NHARM=25,NCYCLE=10)
real x(iarray,0NCYCLE)
real y(iarray,0NCYCLE)
real fftxa(0:iarray ,0 :NCYC LE)
real fftya(0:iarray,0:NCYCLE)
real ffixp(0:iarray,0NCYCLE)
real fftyp(0:iarray,0NCYCLE)

real*8 real(0:iarray-l),iniag(0:iarray-l) 
integer bin( 12),HAND, trace 
CHARACTER* 16 FILENAME 
character*80 buffer,buffer2 
character*3 buf£2 
CHARACTER*1 ITRACE 
character*3 ihand

pi=acos(-1.0)
WRITE(*,*) NAME OF INPUT FILE:’
READ(*,50) LFILENAME,FILENAME

50 FORMAT(Q,A)
OPEN( 1 ,FILE=FILENAME( 1: LFILENAME)//’. OUT,STATU S=’OLD’) 
OPEN(8,FILE=FILENAME(l:LFILENAME)//,FFTAMPX,,STATUS=,new,) 
OPEN(18,FILE=FILENAME(l:LFILENAME)//’FFTAMPY,STATUS=,new,) 
OPEN(9,FILE=FILENAME(l:LFILENAME)//’FFTPHAX,,STATUS=,new’) 
OPEN( 19,FILE=FILENAME( 1: LFILENAME )//TFTPHAY\STATU S=’ne V)

1 continue

read( 1,5555,END=5000)buffer
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C writed^yBUF:’, buffer
READ(BUFFER,5556)ITRACE,ITRIAL,IHAND 

5556 F0RMAT(A1,25X,I2,8X,A3)
HAND=1
IFCIHAND.EQ.’NON’.or.ihand.eq.’ N 0’)HAND=2 

C HAND=1; DOMINANT; 2: NON-DOMINANT 
iptrace=trace 
trace=l
if(itrace.eq.rB,)trace=2 
if(itrace.eq.’C,)trace=3 
ifUtrace.eq.T)’)trace=4 
ifl trace.eq.iptrace)then 

ntrace=ntrace+1 
else 

ntrace=l 
endif

irep=l
if(ntrace. gt.2 )irep=2 
write(*,*)FILENAME, trace, hand, irep 
read(l,5555, END=5000)buffer 

c w r ite d ^ ’BUF:’, buffer
read(l,5555,END=5000)bufTer 

c write(*,*yBUF:*, buffer

5555 format(lx,a)

do i=l,iarray

c  the following lines are to reformat data
readd,34444, end=5000)buffer 

34444 format(a) 
do j=l,80

if(ichar(buffer(j j )) .eq. 13 )then 
buffer(j:j)=7’ 
iend=j 
endif 

enddo
buffer2( 1:11 )=buffer( 1:11) 
ic=12 
ic2=12 
nonspace=0 

33344 continue
c write(*,*)ic,ic2,iend,nonspace,buffer( 1 :ic) 

iflbufferdcdcXne.’ ’)then 
nonspace=nonspace+1 
ic=ic+l 

else
if!nonspace.eq.3)then

ic2=IC2+3
buffer2(ic2-3:ic2+1 )=buffer(ic-3 :ic+1)
ic=ic+2
ic2=ic2+2
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nonspace=0
endif

if(nonspace.eq.2)then
ic2=IC2+3
buffer2(ic2-2:ic2+1 )=buffer(ic-2 :ic+1)
buffer2(ic2-3 :ic2- 3 )=’ ’
ic=ic+2
ic2=ic2+2
nonspace=0
endif

c new bit entered by me for handling single digit values 
ifl nonspace, eq. 1 )then 

ic2=ic2+3
buffer2(ic2-1 :ic2+1 )=buffer(ic-1 :ic+1)
buffer2(ic2-2:ic2-2)=’ ’
buffer2(ic2-3:ic2-3)=’ ’
ic=ic+2
ic2=ic2+2
nonspace=0
endif

c if(nonspace.le.2.and.nonspace.ge.3)goto 33355
endif

if(ic.ge.iend)goto 33355 
goto 33344 

33355 continue
c  end of reformating procedure

read(buffer2,100,end=5000)buf£2,(x(i,j)j=0,10) 
c write(*,*)i,bufi2,x(i,0),x(i,l),x(i,10) 

enddo 
read(l,5555)buffer 

c w riteC^/^U Fi^uffer 
read(l,5555)buffer 

c writed^yBUF:’, buffer
read( 1,5555)buffer 

c write(*,*),BUF:,, buffer 
read(1,5555)bu£fer 

c write(*,*)’BUF:’,buffer 
do i=l,iarray

c  the following lines are to reformat data
read(l,34444, end=5000)buffer 
do j=l,80

if(ichar(buffer(j j  )).eq. 13)then 
buffer(j:j)=’/’ 
iend=j 
endif 

enddo
buffer2( 1:11 )=buffer( 1:11)
ic=12
ic2=12
nonspace=0
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43344 continue
c write(*,*)ic,ic2,iend,nonspace,buffer( 1 :ic) 

if(buffer(ic:ic).ne.’ ’)then 
nonspace=nonspace+1 
ic=ic+l 

else
ifl nonspace.eq.3)then 

ic2=IC2+3
buffer2(ic2-3:ic2+1 )=buffer(ic-3 dc+1) 
ic=ic+2 
ic2=ic2+2 
nonspace=0 
endif 

if(nonspace.eq.2)then 
ic2=IC2+3
buffer2(ic2-2:ic2+1 )=bufFer(ic-2 :ic+l)
buffer2(ic2-3:ic2-3)=’ ’
ic=ic+2
ic2=ic2+2
nonspace=0
endif

c new bit entered by me to handle single digit values 
if(nonspace.eq. 1 )then 

ic2=ic2+3
buffer2(ic2-1 :ic2+1 )=buffer(ic-1 :ic+1)
buffer2(ic2-2:ic2-2)=’ *
buffer2(ic2-3:ic2-3)=’ *
ic=ic+2
ic2=ic2+2
nonspace=0
endif

c if(nonspace.ne.2.and.nonspace.ne.3)goto 43355
endif

if(ic.ge.iend)goto 43355 
goto 43344 

43355 continue
c  end of reformating procedure

read(buffer2,100,end=5000)buffi2,(y(ij)j=0,10) 
c write(*,*)i,bu£E2,y(i,0),y(i,l),y(i,10) 

enddo 
read(l,5555)buffer 

c write(*,*),BUF:,,buffer

100 format(a3,f5.0,lx,10f5.0)

do j =0,10

C SET ICLEAN TO A NON-ZERO VALUE TO INVOKE CLEANING ROUTINES 
ICLEAN=0
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IF(ICLEAN.EQ.O)GOTO 56789 
do i=l,12 

bin(i)=0 
enddo 

ngt300=0

validn=0 
totaldist=0 
do i=l,iarray

xd=x(i,0)-x(ij) 
yd=y(i,0)-y(ij) 

c write( *,*)x(i,0),x(i j  ),y(i,0),y(i j )
c write(*,*)j,i,xd,yd

dist=sqrt(xd**2+yd**2) 
if (dist.gt.300)ngt300=ngt300+l 
idist= l+int(dist/100) 
iflidist.gt. 12)idist=12 
bin(idis t)=bin(idist)+1

if(dist.le.300)then
totaldist=totaldist+dist 
validn=validn+1 
endif

c write(*,800)i j  ,x(i>0),x(ij),xd,y(i,0),y(io))yd,dist
c800 format(2i4,7f6.0)

enddo

distmean=totaldist/validn
if(distmean.eq.O.O)then

distmean=999.
ngt300=100
validn=0
endif

iflngt300.gt.25. AND. J.GE.l)goto 12345 
IF(J.EQ.O.AND.X(1,0).EQ.999.)GOTO 12345 

56789 CONTINUE

c fit from here onwards

do i=l,iarray 
real(i-l)=x(ivj) 
imag(i-l)=0. 

c write(*,*)i,real(i-l),imag(i-l)
enddo 

ifail=0
call c06ecflreal,imag,iarray,ifail) 
nfreq=(iarray/2)-1 
do i=0,nfreq

frtxa(iJj)=sqrt(real(i)**2+imag(i)**2)
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c write(*,*)ij,real(i),imag(i),£ftxa(i,j)
c write(*,*)i,imag(i),real(i)

if(imag(i).eq.0.and.real(i).eq.O)then
fiftxp(ij)=0.

else
filxp(ij)=atan2(imag(i),real(i))*180/pi

endif
c if(i.gt.l0)fftxp(i,0)=0.

iflj.gt.O)then
C fiftxa(ij)=100*(fiftxa(i,j)-fiftxa(i,0))/fiftxa(i,0)

IF(FFTXA( I, J). GT. 0. )THEN 
fftXa(iJj)=LOG10(fftXa(ij)/fftXa(i,0))

ELSE
FFTXA(I,J)=0.

ENDIF
fftxp(i j  )=fftxp(i j  )-ffitxp(i,0) 
if(fftxp(ij ).gt. 180)fftxp(ij )=fftxp(i j  )-360 
if(fftxp(i j  ).lt.-180)fltxp(i j  )=fftxp(i j)+360 
endif 

enddo

do i=l,iarray 
real(i-l)=y(ij) 
imag(i-l)=0. 
enddo

ifail=0
call c06ecftreal,imag,iarray,ifail) 
do i=0,nfreq

fftya(ij)=sqrt(real(i)**2+imag(i)**2)
iKimag(i).eq.0.and.real(i).eq.0)then

fiftyp(ij>0.
else

fftyp(ij)=atan2(imag(i),real(i))*180/pi
endif

C iftt.gt.l0)ffityp(i,0)=0.
iflj.gt.0)then

C fftya(ij)=100*(fftya(ij)-fftya(i,0))/£ftya(i,0)
IF(FFTYA(I,J).GT.O.)THEN 
fftya(ij )=LOGl 0( fifty a(ij )/£fty a(i,0))

ELSE
FFTYA(I,J)=0.

ENDIF
fftyp(ij )=fltyp(i j  )-fftyp(i,0) 
if(£ftyp(ij).gt.l80)fftyp(ij)=fiftyp(ij)-360 
if(fftyp(ij).lt.-180)ffityp(ij)=fIlyp(ij)+360 
endif 

enddo
12345 continue

C IF ICLEANoO THEN DO THE NEXT BIT 
IF(ICLEAN.EQ.O)GOTO 56790
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c exclude erroneous and rogue values

if(ngt300.gt.25.AND.J.GT.0)then 
distmean=999. 
do i=0,nfreq 

fftxa(ij)=999. 
fftya(ij)=999. 
fftxp(ij)=999. 
fftyp(i,j)=999. 
enddo 

endif
write(*,801)j,distmean,validn,ngt300 

801 format(i3,f7.0,fB.0,i5)
56790 CONTINUE

c write fit component values to files 
iflj.gt.0)then

write(8,852)filename(l:lfilename),trace,
1 j,hand4rep

write(18,852)filename( 1 :lfilename), trace, 
1 j,hand,irep

write(9,852)filename(l:lfilename),trace,
1 j,hand,irep

write(19,852)filename( 1 :lfilename), trace, 
1 j,hand,irep

852 format(lx,a8,i2,i3,i2,i2)
write(8,851Xfftxa(kj),k=l,25)

C write(18,851)(fftYa(kj),k=l,25)
C write(9,851XfItxP(kj),k=l,25)
C write(19,851XfftYP(kj),k=l,25)

851 format(4(lX,5F9.3/),lX,5F9.3)
endif

C THEY WERE READ AS 5F9.3 
enddo

do i=0,10
c write(*,98)i,(fltxa(ij)j=0,10,2)
98 format(i4,6fl0.2) 

enddo 
do i=0,10

c write(*,98)i,(fltxp(ij)j=0,10,2)
enddo

goto 1

5000 continue 
stop 
end

361



Appendix D

The next, and final, programme was used to summarise the absolute log amplitude 
values for each subject, by averaging across course cycles. The resulting values were 
then written to a file for analysis using SPSS-X (1988).

C 25 HARMONICS; 10 CYCLES; 4 TRAILS; 2 HANDS; 2 reps 
REAL X(25,10,4,2,2) 

c 25 harmonics, 4 traisl, 2 hands, 2 reps 
real relx(25,4,2,2) 
real rely(25,4,2,2)

REAL HARMHAND(25,2)
INTEGER NHARMHAND(25,2)
REAL SUMMARY(25,4)
CHARACTER*16 FILENAME 
CHARACTERS DATATYPE 
CHARACTER*7 SUBJECT 
ITYPE=0

OPEN(8,FILE=TFTSUMMARYTOTALXVADAT^STATUS=’NEW,)
OPEN^FILEsTFTSUMMARYTOTALYVADA'rjSTATUSjs’NEW’)

DO ISUB=101,156 
WRITE(SUBJECT,101)ISUB 

101 FORMATCSUBJ\I3)

DO ITYPE=1,2

IF(ITYPE.EQ. ̂ DATATYPEs'AMPX* 
IF(ITYPE.EQ.2)DATATYPE=’AMPY’
WRITE( *, * )SUB JE CT//TFT7/D ATATYPE//\D AT’
OPEN( 1 ,FILE=SUB JECT//,FFT//DATATYPE//\DAT,STATUS=,OLD*)

C12345678901234567890123456789012345678901234567890 
C SUBJ101 1 1 2  1 
C SUBJ101 4 10 1 2
c 0.020 0.241 -0.212 0.756 0.915
c 1.251 1.310 1.733 0.669 1.532
c 1.331 1.769 1.493 1.345 1.477
c 1.270 1.162 0.808 2.389 1.411
c 0.944 0.829 1.094 1.355 0.963

C 25 HARMONICS; 10 CYCLES; 4 TRAILS; 2 HANDS; 2 REPS

1 CONTINUE
READ(1,102,END=5000)ITRAIL,ICYCLE,IHAND,IREP 

102 F0RMAT(9X,I2,1X,I2,I2,I2)
C WRITE(*,*)ITRAIL,ICYCLE,IHAND,IREP
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READ(1,103)(X(K,ICYCLE,ITRAIL,IHAND,IREP),K=1,25) 
103 FORMAT(1X,5F9.0)

GOTO 1 
5000 CONTINUE

DO 1=1,25
DO K=l,4
DO L=l,2
DO M=l,2
RELX(I,K,L,M)=0.
RELY(I,K,L,M)=0.
ENDDO
ENDDO
ENDDO
ENDDO

DO 1=1,25 
DO K=l,4 
DO L=l,2 
DO M=l,2 
DO J=l,10

c 25 harmonics, 4 traiLS, 2 hands, 2 reps
IF(ITYPE.EQ.l)relX(i,k,l,m)=relX(i,k,l,m)+(ABS(X(I,J,K,L,M)/10))
IF(ITYPE.EQ.2)relY(i,k,l,m)=relY(i,k,l,m)+(ABS(X(I,J,K,L,M)/10))
ENDDO
ENDDO
ENDDO
ENDDO
ENDDO

C FOR COMPUTING A RELATIVE MEASURE BETWEEN THE HANDS 
c NOT USED IN THIS PROGRAM 
C DO 1=1,25
C DO K=l,4
C DO L=l,2
C DO M=l,2
c 25 harmonics, 4 trails, 2 reps, 2 hands 
C IF(ITYPE.EQ.l)relX(i,k,l,l)=(relX(i,k,l,2)-RELX(I,K,L,l))
C IF(ITYPE.EQ.2)relY(i,k,l,l)=(relY(i,k,l,2)-RELY(I,K,L,l))
C ENDDO 
C ENDDO 
C ENDDO 
C ENDDO

IF(ITYPE.EQ.1)WRITE(8,500)ISUB,
1 ((((RELX(I,K,L,M),K=1,4),M=1,2),I=1,25),L=1,2)
IF(ITYPE.EQ.2)WRITE(9,500)ISUB,
1 ((((RELY(I,K,L,M),K=1,4),M=1,2),I=1,25),L=1,2)
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500 FORMATQ3, 25 (/8F10.4))

ENDDO

ENDDO

CLOSE(9)
STOP
END
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The following are the Analyses of Variance tables for each of the tracking comparisons 
on each course for the experiments in Chapter 5 (Tables 1 through 24) and Chapter 
7 (Tables 25 through 36). Again (see Chapter 5, Section 4, Methods) the dependent 

variable was the absolute log amplitude ratio; while the between subjects variables 
were the handedness group or subjects diagnosis, and the gender of subjects, and the 
within-subjects factors were the replication of the trace and the frequency harmonic.
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Table 1: Dominant Hand X-Axis Amplitudes on Course A

Source SS df MS F P

Betw een Subjects 15.45 55
Group 0.01 1 0.01 0.03 0.856
Gender 0.25 1 0.25 0.86 0.359
Group x Gender 0.26 1 0.26 0.90 0.348
Ss within groups 14.93 52 0.29

W ithin Subjects 549.93 2744
Replication 0.19 1 0.19 2.04 0.159
Group x Replication 0.12 1 0.12 1.26 0.266
Gender x Replication 0.00 1 0.00 0.05 0.824
Group x Gender 0.01 1 0.01 0.12 0.730

x Replication
Ss within groups 4.74 52 0.09

Harmonic 524.28 24 21.85 2384.53 <0.001
Group x Harmonic 0.18 24 0.01 0.81 0.722
Gender x Harmonic 0.19 24 0.01 0.85 0.672
Group x Gender x Harmonic 0.14 24 0.01 0.65 0.901
Ss within groups 11.43 1248 0.01

Replication x Harmonic 0.23 24 0.01 1.52 0.051
Group x Replication x 0.14 24 0.01 0.91 0.583

Harmonic
Gender x Replication x 0.13 24 0.01 0.82 0.710

Harmonic
Group x Gender x 0.12 24 .01 0.80 0.743

Replcaitions xHarmonic
Ss within groups 8.03 1248 0.01

Total 565.38 2799
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Table 2: Non-Dominant Hand X-Axis Amplitudes on Course A

Source SS df MS F P

Betw een Subjects 14.59 55
Group 0.08 1 0.08 0.27 0.603
Gender 0.03 1 0.03 0.11 0.746
Group x Gender 0.13 1 0.13 0.48 0.492
Ss within groups 14.35 52 0.28

W ithin Subjects 579.25 2744
Replication 0.33 1 0.33 4.18 0.046
Group x Replication 0.00 1 0.00 0.04 0.841
Gender x Repication 0.02 1 0.02 0.20 0.653
Group x Gender 0.02 1 0.02 0.21 0.650

x Replication
Ss within groups 4.12 52 0.08

Harmonic 554.11 24 23.09 2556.48 <0.001
Group x Harmonic 0.20 24 0.01 0.94 0.550
Gender x Harmonic 0.35 24 0.01 1.64 0.027
Group x Gender x Harmonic 0.13 24 0.01 0.61 0.929
Ss within groups 11.27 1248 0.01

Replication x Harmonic 0.17 24 0.01 1.10 0.333
Group x Replication x 0.11 24 0.00 0.70 0.860

Harmonic
Gender x Replication x 0.18 24 0.01 1.15 0.277

Harmonic
Group x Gender x 0.12 24 0.00 0.75 0.797

Replication xHarmonic
Ss within groups 8.12 1248 0.01

Total 593.84 2799
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Table 3: Difference Between Dominant and Non-Dominant X-Axis Amplitudes on Course A

Source SS df MS F P

Betw een Subjects 12.78 55
Group 0.03 1 0.03 0.14 0.712
Gender 0.11 1 0.11 0.46 0.499
Group x Gender 0.76 1 0.76 3.32 0.074
Ss within groups 11.88 52 0.23

W ithin Subjects 45.71 2744
Replication 0.02 1 0.02 0.15 0.696
Group x Replication 0.16 1 0.16 1.17 0.285
Gender x Replication 0.00 1 0.00 0.03 0.871
Group x Gender 0.05 1 0.05 0.40 0.528

x Replication
Ss within groups 6.99 52 0.13

Harmonic 1.26 24 0.05 4.03 <0.001
Group x Harmonic 0.51 24 0.02 1.62 0.029
Gender x Harmonic 0.31 24 0.01 0.99 0.469
Group x Gender x Harmonic 0.30 24 0.01 0.95 0.526
Ss within groups 16.25 1248 0.01

Replication x Harmonic 0.40 24 0.02 1.33 0.135
Group x Replication x 0.29 24 0.01 0.96 0.523

Harmonic
Gender x Replication x 0.18 24 0.01 0.61 0.931

Harmonic
Group x Gender x 0.22 24 0.01 0.71 0.842

Replication x Harmonic
Ss within groups 18.77 1248 0.01

Total 58.49 2799
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Table 4: Dominant Hand Y-Axis Amplitudes on Course A

Source SS df MS F P

Betw een Subjects 17.96 55
Group 0.14 1 0.14 0.42 0.520
Gender 0.00 1 0.00 0.01 0.929
Group x Gender 0.24 1 0.24 0.70 0.407
Ss within groups 17.58 52 0.34

W ithin Subjects 332.72 2744
Replication 0.10 1 0.10 1.75 0.191
Group x Replication 0.01 1 0.01 0.15 0.700
Gender x Replication 0.20 1 0.20 3.35 0.073
Group x Gender 0.17 1 0.17 2.83 0.098

x Replication
Ss within groups 3.03 52 0.06

Harmonic 308.56 24 12.86 1297.11 <0.001
Group x Harmonic 0.61 24 0.03 2.56 <0.001
Gender x Harmonic 0.21 24 0.01 0.90 0.604
Group x Gender x Harmonic 0.25 24 0.01 1.07 0.372
Ss within groups 12.37 1248 0.01

Replication x Harmonic 0.11 24 0.00 0.76 0.787
Group x Replication x 0.29 24 0.01 1.93 0.005

Harmonic
Gender x Replication x 0.21 24 0.01 1.39 0.099

Harmonic
Group x Gender x 0.13 24 0.01 0.90 0.601

Replication x Harmonic
Ss within groups 6.47 1248 0.00

Total 350.68 2799
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Table 5: Non-Dominant Hand Y-Axis Amplitudes on Course A

Source SS df MS F P

Betw een Subjects 11.12 55
Group 0.15 1 0.15 0.73 0.398
Gender 0.01 1 0.01 0.07 0.793
Group x Gender 0.00 1 0.00 0.00 0.968
Ss within groups 10.96 52 0.21

W ithin Subjects 350.12 2744
Replication 0.26 1 0.26 4.35 0.042
Group x Replication 0.03 1 0.03 0.52 0.474
Gender x Replication 0.00 1 0.00 0.04 0.843
Group x Gender 0.02 1 0.02 0.28 0.600

x Replication
Ss within groups 3.11 52 0.06

Harmonic 325.50 24 13.56 1425.30 <0.001
Group x Harmonic 0.15 24 0.01 0.66 0.888
Gender x Harmonic 0.18 24 0.01 0.77 0.775
Group x Gender x Harmonic 0.19 24 0.01 0.85 0.672
Ss within groups 11.88 1248 0.01

Replication x Harmonic 0.09 24 0.00 0.56 0.959
Group x Replication x 0.15 24 0.01 0.94 0.547

Harmonic
Gender x Replication x 0.14 24 0.01 0.91 0.590

Harmonic
Group x Gender x 0.20 24 0.01 1.25 0.188

Replication x Harmonic
Ss within groups 8.22 1248 0.01

Total 361.24 2799
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Table 6: Difference Between Dominant and Non-Dominant Y-Axis Amplitudes on Course A

Source SS df MS F P

B etw een Subjects 8.97 55
Group 0.00 1 0.00 0.00 0.972
Gender 0.03 1 0.03 0.18 0.674
Group x Gender 0.22 1 0.22 1.30 0.259
Ss within groups 8.72 52 0.17

W ithin Subjects 41.92 2744
Replication 0.04 1 0.04 0.38 0.538
Group x Replication 0.07 1 0.07 0.77 0.384
Gender x Replication 0.24 1 0.24 2.55 0.116
Group x Gender x 0.29 1 0.29 3.04 0.087

Replication
Ss within groups 4.91 52 0.09

Harmonic 0.77 24 0.03 2.34 <0.001
Group x Harmonic 0.54 24 0.02 1.65 0.025
Gender x Harmonic 0.35 24 0.01 1.05 0.395
Group x Gender x Harmonic 0.32 24 0.01 0.97 0.505
Ss within groups 17.13 1248 0.01

Replication x Harmonic 0.21 24 0.01 0.69 0.862
Group x Replication x 0.64 24 0.03 2.12 0.001

Harmonic
Gender x Replication x 0.29 24 0.01 0.95 0.525

Harmonic
Group x Gender x 0.30 24 0.01 0.98 0.496

Replication x Harmonic
Ss within groups 15.82 1248 0.01

Total 50.89 2799
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Table 7: Dominant Hand X-Axis Amplitudes on Course B

Source SS df MS F P

Betw een Subjects 5.04 55
Group 0.00 1 0.00 0.05 0.822
Gender 0.03 1 0.03 0.35 0.557
Group x Gender 0.05 1 0.05 0.49 0.485
Ss within groups 4.96 52 0.10

W ithin Subjects 45.35 2744
Replication 0.37 1 0.37 17.79 <0.001
Group x Replication 0.04 1 0.04 1.76 0.191
Gender x Replication 0.00 1 0.00 0.01 0.923
Group x Gender x 0.00 1 0.00 0.14 0.711

Replication
Ss within groups 1.09 52 0.02

Harmonic 30.50 24 1.27 236.69 <0.001
Group x Harmonic 0.12 24 0.00 0.92 0.577
Gender x Harmonic 0.18 24 0.01 1.40 0.094
Group x Gender x Harmonic 0.11 24 0.00 0.88 0.636
Ss within groups 6.70 1248 0.01

Replication x Harmonic 0.98 24 0.04 9.98 <0.001
Group x Replication x 0.11 24 0.00 1.09 0.343

Harmonic
Gender x Replication x 0.06 24 0.00 0.64 0.912

Harmonic
Group x Gender x 0.09 24 0.00 0.97 0.510

Replication x Harmonic
Ss Within Groups 5.00 1248 0.00

Total 50.39 2799
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Table 8: Non-Dominant Hand X-Axis Amplitudes on Course B

Source SS df MS F P

Betw een Subjects 8.56 55
Group 0.15 1 0.15 0.95 0.335
Gender 0.04 1 0.04 0.26 0.611
Group x Gender 0.25 1 0.25 1.63 0.207
Ss within groups 8.02 52 0.15

W ithin Subjects 51.97 2744
Replication 1.03 1 1.03 44.07 <0.001
Group x Replication 0.03 1 0.03 1.30 0.259
Gender x Replication 0.19 1 0.19 8.32 0.006
Group x Gender x 0.02 1 0.02 0.80 0.376

Replication
Ss within groups 1.21 52 0.02

Harmonic 34.78 24 1.45 235.96 <0.001
Group x Harmonic 0.36 24 0.02 2.45 <0.001
Gender x Harmonic 0.15 24 0.01 1.02 0.435
Group x Gender x Harmonic 0.22 24 0.01 1.52 0.052
Ss within groups 7.66 1248 0.01

Replication x Harmonic 0.91 24 0.04 9.48 <0.001
Group x Replication x 0.12 24 0.01 1.27 0.172

Harmonic
Gender x Replication x 0.14 24 0.01 1.51 0.054
Group x Gender x 0.16 24 0.01 1.68 0.022

Replication x Harmonic
Ss within groups 4.99 1248 0.00

Total 60.53 2799
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Table 9: Difference Between Dominant and Non-Dominant X-Axis Amplitudes on Course B

Source SS df MS F P

Betw een Subjects 3.80 55
Group 0.20 1 0.20 3.45 0.069
Gender 0.00 1 0.00 0.01 0.940
Group x Gender 0.52 1 0.52 8.73 0.005
Ss within groups 3.08 52 0.06

W ithin Subjects 22.46 2744
Replication 0.16 1 0.16 5.76 0.020
Group x REplication 0.00 1 0.16 0.01 0.915
Gender x Replication 0.18 1 0.18 6.45 0.014
Group x Gender x 0.01 1 0.01 0.24 0.625

Replication
Ss within groups 1.46 52 0.03

Harmonic 0.44 24 0.02 2.19 0.001
Group x Harmonic 0.55 24 0.02 2.71 <0.001
Gender x Harmonic 0.18 24 0.01 0.88 0.630
Group x Gender x Harmonic 0.30 24 0.01 1.48 0.065
Ss within groups 10.57 1248 0.01

Replication x Harmonic 0.31 24 0.01 1.62 0.030
Group x REplication x 0.22 24 0.01 1.12 0.314

Harmonic
Gender x Replication x 0.18 24 0.01 0.93 0.557

Harmonic
Group x Gender x 0.20 24 0.01 1.02 0.431

Replication x Harmonic
Ss Within Groups 7.70 1248 0.00

Total 26.26 2799
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Table 10: Dominant Hand Y-Axis Amplitudes on Course B

Source SS df MS F P

Betw een Subjects 5.69 55
Group 0.00 1 0.00 0.04 0.838
Gender 0.01 1 0.01 0.13 0.716
Group x Gender 0.01 1 0.01 0.08 0.774
Ss within groups 5.67 52 0.11

W ithin Subjects 42.16 2744
Replicatation 0.34 1 0.34 16.60 <0.001
Group x Replication 0.01 1 0.01 0.38 0.539
Gender x Replication 0.05 1 0.05 2.27 0.138
Group x Gender x 0.00 1 0.00 0.20 0.654

Replication
Ss within groups 1.08 52 0.02

Harmonic 28.51 24 1.19 224.75 <0.001
Group x Harmonic 0.14 24 0.01 1.13 0.296
Gender x Harmonic 0.14 24 0.01 1.06 0.378
Group x Gender x Harmonic 0.28 24 0.01 2.22 0.001
Ss within groups 6.60 1248 0.01

Replication x Harmonic 0.58 24 0.02 7.19 <0.001
Group x Replication x 0.11 24 0.00 1.34 0.127

Harmonic
Gender x Replication x 0.04 24 0.00 0.52 0.975

Harmonic
Group x Gender x 0.05 24 0.00 0.66 0.890

Replication x Harmonic
Ss within groups 4.23 1248 0.00

Total 47.85 2799
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Table 11: Non-Dominant Hand Y-Axis Amplitudes on Course B

Source SS df MS F P

B etw een Subjects 5.86 55
Group 0.09 1 0.09 0.79 0.377
Gender 0.02 1 0.02 0.22 0.638
Group x Gender 0.18 1 0.18 1.69 0.200
Ss within groups 5.57 52 0.11

W ithin Subjects 45.39 2744
Replication 0.32 1 0.32 9.56 0.003
Group x Replication 0.00 1 0.00 0.00 0.955
Gender x Replication 0.07 1 0.07 2.13 0.151
Group x Gender x 0.00 1 0.00 0.00 0.989

Replication
Ss within groups 1.74 52 0.03

Harmonic 30.25 24 1.26 228.12 <0.001
Group x Harmonic 0.10 24 0.00 0.77 0.777
Gender x Harmonic 0.15 24 0.01 1.11 0.320
Group x Gender x Harmonic 0.22 24 0.01 1.63 0.028
Ss within groups 6.90 1248 0.01

Replication x Harmonic 0.53 24 0.02 5.65 <0.001
Group x Replication x 0.07 24 0.00 0.77 0.773

Harmonic
Gender x Replication x 0.13 24 0.01 1.42 0.087

Harmonic
Group x Gender x 0.07 24 0.00 0.79 0.756

Replication x Harmonic
Ss within groups 4.84 1248 0.00

Total 51.25 2799
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Table 12: Difference Between Dominant and Non-Dominant Y-Axis Amplitudes on Course B

Source SS df MS F P

Betw een Subjects 4.16 55
Group 0.13 1 0.13 1.71 0.196
Gender 0.00 1 0.00 0.02 0.902
Group x Gender 0.11 1 0.11 1.45 0.235
Ss within groups 3.92 52 0.08

W ithin Subjects 23.50 2744
Replication 0.00 1 0.00 0.01 0.928
Group x Replication 0.01 1 0.01 0.20 0.657
Gender x Replication 0.00 1 0.00 0.05 0.821
Group x Gender x 0.00 1 0.00 0.08 0.780

Replication
Ss within groups 2.57 52 0.05

Harmonic 0.18 24 0.01 0.88 0.626
Group x Harmonic 0.17 24 0.01 0.86 0.656
Gender x Harmonic 0.17 24 0.01 0.85 0.670
Group x Gender x Harmonic 0.23 24 0.01 1.13 0.300
Ss within groups 10.41 1248 0.01

Replication x Harmonic 0.22 24 0.01 1.26 0.184
Group x Replication x 0.22 24 0.01 1.27 0.176

Harmonic
Gender x Replication x 0.19 24 0.01 1.12 0.316

Harmonic
Group x Gender x 0.13 24 0.01 0.74 0.809

Replication x Harmonic
Ss within groups 9.00 1248 0.01

Total 27.66 2799
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Table 13: Dominant Hand X-Axis Amplitudes on Course C

Source SS df MS F P

Betw een Subjects 7.38 55
Group 0.04 1 0.04 0.27 0.608
Gender 0.23 1 0.23 1.67 0.202
Group x Gender 0.02 1 0.02 0.18 0.673
Ss within groups 7.09 52 0.14

W ithin Subjects 34.55 2744
Replication 0.43 1 0.43 20.54 <0.001
Group x Replication 0.00 1 0.00 0.11 0.737
Gender x Replication 0.00 1 0.00 0.13 0.716
Group x Gender x 0.02 1 0.02 0.77 0.384

Replication
Ss within groups 1.10 52 0.02

Harmonic 21.92 24 0.91 177.52 <0.001
Group x Harmonic 0.12 24 0.01 0.98 0.491
Gender x Harmonic 0.07 24 0.00 0.53 0.969
Group x Gender x Harmonic 0.07 24 0.00 0.60 0.939
Ss within groups 6.42 1248 0.01

Replication x Harmonic 0.21 24 0.01 2.76 <0.001
Group x Replication x 0.07 24 0.00 0.93 0.559

Harmonic
Gender x Replication x 0.07 24 0.00 0.93 0.566

Harmonic
Group x Gender x 0.07 24 0.00 0.88 0.638

Replication x Harmonic
Ss within groups 3.98 1248 0.00

Total 41.93 2799
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Table 14: Non-Dominant Hand X-Axis Amplitudes on Course C

Source SS df MS F P

Betw een Subjects 6.31 55
Group 0.13 1 0.13 1.11 0.297
Gender 0.02 1 0.02 0.17 0.683
Group x Gender 0.00 1 0.00 0.02 0.888
Ss within groups 6.16 52 0.12

W ithin Subjects 36.12 2744
Replication 0.22 1 0.22 9.52 0.003
Group x Replication 0.02 1 0.02 1.01 0.319
Gender x Replication 0.14 1 0.14 6.02 0.018
Group x Gender x 0.00 1 0.00 0.02 0.888

Replication
Ss within groups 1.20 52 0.02

Harmonic 22.83 24 0.95 178.40 <0.001
Group x Harmonic 0.18 24 0.01 1.44 0.077
Gender x Harmonic 0.19 24 0.01 1.51 0.055
Group x Gender x Harmonic 0.08 24 0.00 0.64 0.910
Ss within groups 6.66 1248 0.01

Replication x Harmonic 0.09 24 0.00 1.09 0.343
Group x Replication x 0.13 24 0.01 1.59 0.036

Harmonic
Gender x Replication x 0.12 24 0.00 1.46 0.071

Harmonic
Group x Gender x 0.09 24 0.00 1.17 0.264

Replication x Harmonic
Ss within groups 4.17 1248 0.00

Total 42.43 2799
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Table 15: Difference Between Dominant and Non-Dominant X-Axis Amplitudes on Course C

Source SS df MS F P

Betw een Subjects 4.47 55
Group 0.03 1 0.03 0.36 0.553
Gender 0.11 1 0.11 1.36 0.249
Group x Gender 0.01 1 0.01 0.14 0.709
Ss within groups 4.32 52 0.08

W ithin Subjects 21.30 2744
Replication 0.04 1 0.04 0.85 0.360
Group x Replication 0.01 1 0.01 0.26 0.614
Gender x Replication 0.18 1 0.18 4.31 0.043
Group x Gender x 0.02 1 0.02 0.53 0.471

Replication
Ss within groups 2.19 52 0.04

Harmonic 0.18 24 0.01 0.95 0.534
Group x Harmonic 0.14 24 0.01 0.76 0.794
Gender x Harmonic 0.16 24 0.01 0.88 0.628
Group x Gender x Harmonic 0.12 24 0.00 0.64 0.908
Ss within groups 9.71 1248 0.01

Replication x Harmonic 0.27 24 0.01 1.80 0.011
Group x Replication x 0.19 24 0.01 1.30 0.153

Harmonic
Gender x Replication x 0.15 24 0.01 0.98 0.484

Harmonic
Group x Gender x 0.16 24 0.01 1.06 0.389

Replication x Harmonic
Ss within groups 7.78 1248 0.01

Total 25.77 2799
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Table 16: Dominant Hand Y-Axis Amplitudes on Course C

Source SS df MS F P

Betw een Subjects 7.08
Group 0.01
Gender 0.64
Group x Gender 0.01
Ss within groups 6.42

W ithin Subjects 23.78
Replication 0.12
Group x Replication 0.00
Gender x Replication 0.04
Group x Gender x 0.05

Replication 
Ss within groups 1.06

Harmonic 10.31
Group x Harmonic 0.24
Gender x Harmonic 0.28
Group x Gender x Harmonic 0.18 
Ss within groups 6.91

Replication x Harmonic 0.08
Group x Replication x 0.07

Harmonic 
Gender x Replication x 0.08

Harmonic 
Group x Gender x 0.09

Replication x Harmonic 
Ss within groups 4.27

55
1 0.01 0.07 0.795
1 0.64 5.16 0.027
1 0.01 0.07 0.791

52 0.12

2744
1 0.12 5.87 0.019
1 0.00 0.20 0.656
1 0.04 2.01 0.163
1 0.05 2.32 0.134

52 0.02

24 0.43 77.56 <0.001
24 0.01 1.84 0.008
24 0.01 2.11 0.001
24 0.01 1.36 0.117

1248 0.01

24 0.00 0.93 0.567
24 0.00 0.83 0.695

24 0.00 1.03 0.417

24 0.00 1.04 0.412

1248 0.00

30.86 2799Total
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Table 17: Non-Dominant Hand Y-Axis Amplitudes on Course C

Source SS df MS F P

Betw een Subjects 5.12 55
Group 0.08 1 0.08 0.95 0.333
Gender 0.60 1 0.60 7.20 0.010
Group x Gender 0.09 1 0.09 1.08 0.304
Ss within groups 4.35 52 0.08

W ithin Subjects 24.94 2744
Replication 0.05 1 0.05 1.38 0.245
Group x Replication 0.11 1 0.11 3.00 0.089
Gender x Replication 0.08 1 0.08 2.17 0.147
Group x Gender x 0.26 1 0.26 6.90 0.011

Replication
Ss within groups 1.99 52 0.04

Harmonic 10.31 24 0.43 78.68 <0.001
Group x Harmonic 0.12 24 0.00 0.90 0.598
Gender x Harmonic 0.34 24 0.01 2.61 <0.001
Group x Gender x Harmonic 0.10 24 0.00 0.77 0.780
Ss within groups 6.81 1248 0.01

Replication x Harmonic 0.06 24 0.00 0.66 0.891
Group x Replication x 0.06 24 0.00 0.74 0.809

Harmonic
Gender x Replication x 0.07 24 0.00 0.86 0.656

Harmonic
Group x Gender x 0.09 24 0.00 1.04 0.414

Replication x Harmonic
Ss Within groups 4.49 1248 0.00

Total 30.06 2799
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Table 18: Difference Between Dominant and Non-Dominant Y-Axis Amplitudes on Course C

Source SS df MS F P

Betw een Subjects 4.51 55
Group 0.04 1 0.04 0.43 0.517
Gender 0.00 1 0.00 0.01 0.940
Group x Gender 0.04 1 0.04 0.50 0.481
Ss within groups 4.43 52 0.09

W ithin Subjects 21.86 2744
Replication 0.01 1 0.01 0.37 0.547
Group x Replication 0.08 1 0.08 2.04 0.159
Gender x Replication 0.24 1 0.24 6.50 0.014
Group x Gender x 0.53 1 0.53 14.47 <0.001

Replication
Ss within groups 1.92 52 0.04

Harmonic 0.15 24 0.01 0.82 0.710
Group x Harmonic 0.20 24 0.01 1.09 0.345
Gender x Harmonic 0.15 24 0.01 0.81 0.725
Group x Gender x Harmonic 0.14 24 0.01 0.76 0.792
Ss within groups 9.55 1248 0.01

Replication x Harmonic 0.11 24 0.00 0.71 0.847
Group x Replication x 0.12 24 0.01 0.76 0.785

Harmonic
Gender x Replication x 0.17 24 0.01 1.05 0.396

Harmonic
Group x Gender x 0.20 24 0.01 1.26 0.179

Replication x Harmonic
Ss within groups 8.29 1248 0.01

Total 26.37 2799
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Table 19: Dominant Hand X-Axis Amplitudes on Course D

Source SS df MS F P

B etw een Subjects 1.48 55
Group 0.00 1 0.00 0.07 0.790
Gender 0.01 1 0.01 0.38 0.538
Group x Gender 0.06 1 0.06 2.05 0.158
Ss within groups 1.41 52 0.03

W ithin Subjects 18.17 2744
Replication 0.11 1 0.11 10.93 0.002
Group x Replication 0.00 1 0.00 0.20 0.657
Gender x Replication 0.08 1 0.08 8.13 0.006
Group x Gender x 0.00 1 0.00 0.02 0.883

Replication
Ss within groups 0.54 52 0.01

Harmonic 7.31 24 0.30 77.46 <0.001
Group x Harmonic 0.12 24 0.01 1.29 0.156
Gender x Harmonic 0.19 24 0.01 2.04 0.002
Group x Gender x Harmonic 0.06 24 0.00 0.69 0.867
Ss within groups 4.91 1248 0.00

Replication x Harmonic 0.08 24 0.00 0.87 0.651
Group x Replication x 0.06 24 0.00 0.64 0.908

Harmonic
Gender x Replication x 0.07 24 0.00 0.83 0.699

Harmonic
Group x Gender x 0.06 24 0.00 0.70 0.859

Replication x Harmonic
Ss within groups 4.58 1248 0.00

Total 19.65 2799
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Table 20: Non-Dominant Hand X-Axis Amplitudes on Course D

Source SS df MS F P

Betw een Subjects 1.28 55
Group 0.01 1 0.01 0.26 0.616
Gender 0.01 1 0.01 0.31 0.580
Group x Gender 0.02 1 0.02 0.97 0.328
Ss within groups 1.24 52 0.02

W ithin Subjects 17.86 2744
Replication 0.11 1 0.11 12.65 0.001
Group x Replication 0.01 1 0.01 0.92 0.341
Gender x Replication 0.01 1 0.01 1.34 0.252
Group x Gender x 0.00 1 0.00 0.53 0.470

Replication
Ss within groups 0.47 52 0.01

Harmonic 6.90 24 0.29 71.12 <0.001
Group x Harmonic 0.09 24 0.00 0.91 0.586
Gender x Harmonic 0.11 24 0.00 1.15 0.280
Group x Gender x Harmonic 0.08 24 0.00 0.86 0.660
Ss within groups 5.04 12.48 0.00

Replication x Harmonic 0.11 24 0.00 1.24 0.194
Group x Replication x 0.09 24 0.00 0.99 0.470

Harmonic
Gender x Replication x 0.08 24 0.00 0.93 0.555

Harmonic
Group x Gender x 0.15 24 0.01 1.68 0.022

Replication x Harmonic
Ss within groups 4.61 1248 0.00

Total 19.14 2799
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Table 21: Difference Between Dominant and Non-Dominant X-Axis Amplitudes on Course D

Source SS df MS F P

Betw een Subjects 0.74 55
Group 0.00 1 0.00 0.09 0.769
Gender 0.04 1 0.04 2.68 0.107
Group x Gender 0.01 1 0.01 0.53 0.469
Ss within groups 0.69 52 0.01

W ithin Subjects 20.32 2744
Replication 0.00 1 0.00 0.00 0.992
Group x Replication 0.00 1 0.00 0.11 0.742
Gender x Replication 0.03 1 0.03 1.70 0.198
Group x Gender x 0.01 1 0.01 0.37 0.546

Replication
Ss within groups 1.00 52 0.02

Harmonic 0.28 24 0.01 1.63 0.029
Group x Harmonic 0.11 24 0.00 0.62 0.924
Gender x Harmonic 0.14 24 0.01 0.85 0.676
Group x Gender x Harmonic 0.15 24 0.01 0.91 0.592
Ss within groups 8.86 1248 0.01

Replication x Harmonic 0.18 24 0.01 1.02 0.441
Group x Replication x 0.19 24 0.01 1.10 0.335

Harmonic
Gender x Replication x 0.11 24 0.00 0.65 0.901

Harmonic
Group x Gender x 0.22 24 0.01 1.25 0.188

Replication x Harmonic
Ss within groups 9.04 1248 0.01

Total 21.06 2799

386



Appendix D

Table 22: Dominant Hand Y-Axis Amplitudes on Course D

Source SS df MS F P

Betw een Subjects 2.52 55
Group 0.01 1 0.01 0.12 0.729
Gender 0.05 1 0.05 0.98 0.327
Group x Gender 0.02 1 0.02 0.38 0.540
Ss within groups 2.44 52 0.05

W ithin Subjects 19.59 2744
Replication 0.15 1 0.15 7.31 0.009
Group x Replication 0.00 1 0.00 0.08 0.775
Gender x Replication 0.02 1 0.02 0.89 0.350
Group x Gender x 0.01 1 0.01 0.56 0.458

Replication
Ss within groups 1.03 52 0.02

Harmonic 7.52 24 0.31 67.81 <0.001
Group x Harmonic 0.09 24 0.00 0.78 0.766
Gender x Harmonic 0.16 24 0.01 1.44 0.079
Group x Gender x Harmonic 0.09 24 0.00 0.82 0.709
Ss within groups 5.77 1248 0.00

Replication x Harmonic 0.07 24 0.00 0.80 0.736
Group x Replication x 0.09 24 0.00 0.98 0.488

Harmoinc
Gender x Replication x 0.07 24 0.00 0.86 0.655

Harmonic
Group x Gender x 0.08 24 0.00 0.92 0.575

Replication x Harmonic
Ss within groups 4.51 1248 0.00

Total 22.11 2799
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Table 23: Non-Dominant Hand Y-Axis Amplitudes on Course D

Source SS df MS F P

Betw een Subjects 2.89 55
Group 0.10 1 0.10 1.80 0.186
Gender 0.00 1 0.00 0.01 0.923
Group x Gender 0.03 1 0.03 0.54 0.466
Ss within groups 2.76 52 0.05

W ithin Subjects 20.18 2744
Replication 0.14 1 0.14 6.67 0.013
Group x Replication 0.01 1 0.01 0.43 0.517
Gender x Replication 0.01 1 0.01 0.41 0.524
Group x Gender x 0.00 1 0.00 0.20 0.658

Replication
Ss within groups 1.10 52 0.02

Harmonic 8.20 24 0.34 74.72 <0.001
Group x Harmonic 0.13 24 0.01 1.19 0.243
Gender x Harmonic 0.12 24 0.01 1.10 0.341
Group x Gender x Harmonic 0.13 24 0.01 1.19 0.244
Ss within groups 5.71 1248 0.00

Replication x Harmonic 0.08 24 0.00 0.93 0.560
Group x Replication x 0.07 24 0.00 0.82 0.715

Harmonic
Gender x Replication x 0.09 24 0.00 1.05 0.392

Harmonic
Group x Gender x 0.06 24 0.00 0.75 0.801

Replication x Harmonic
Ss within groups 4.33 1248 0.00

Total 23.07 2799
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Table 24: Difference Between Dominant and Non-Dominant Y-Axis Amplitudes on Course D

Source SS df MS F P

Betw een Subjects 2.76 55
Group 0.15 1 0.15 2.99 0.090
Gender 0.04 1 0.04 0.75 0.392
Group x Gender 0.00 1 0.00 0.03 0.873
Ss within groups 2.57 52 0.05

W ithin Subjects 21.47 2744
Replication 0.00 1 0.00 0.00 0.975
Group x Replication 0.00 1 0.00 0.07 0.788
Gender x Replication 0.05 1 0.05 1.26 0.266
Group x Gender x 0.00 1 0.00 0.04 0.840

Replication
Ss within groups 2.10 52 0.04

Harmonic 0.23 24 0.01 1.30 0.151
Group x Harmonic 0.19 24 0.01 1.07 0.370
Gender x Harmonic 0.20 24 0.01 1.16 0.270
Group x Gender x Harmonic 0.26 24 0.01 1.49 0.059
Ss within groups 9.09 1248 0.01

Replication x Harmonic 0.13 24 0.01 0.75 0.798
Group x Replication x 0.11 24 0.00 0.65 0.897

Harmonic
Gender x Replication x 0.19 24 0.01 1.09 0.346

Harmonic
Group x Gender x 0.09 24 0.00 0.54 0.967

Replication x Harmonic
Ss within groups 8.83 1248 0.01

Total 24.23 2799
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Table 25: X-Axis Amplitude Values for the Dominant Hand on Course A

Source SS df MS F P

Betw een Subjects 43.50 47
Diagnosis 17.70 1 17.70 32.70 <0.001
Gender 1.77 1 1.77 3.26 0.078
Diagnosis x Gender 0.21 1 0.21 0.39 0.534
Ss Within Groups 23.82 44 0.54

W ithin Groups 430.31 2304
Replication 0.12 1 0.12 0.89 0.351
Diagnosis x Replication 0.07 1 0.07 0.53 0.470
Gender x Replication 0.07 1 0.07 0.53 0.469
Diagnosis x Gender 0.09 1 0.09 0.67 0.419

x Replication
Ss Within Groups 6.15 44 0.14

Harmonic 405.30 24 16.90 1954.89 <0.001
Diagnosis x Harmonic 0.81 24 0.03 3.89 <0.001
Gender x Harmonic 0.32 24 0.01 1.56 0.042
Diagnosis x Gender 0.13 24 0.01 0.62 0.921

x Harmonic
Ss Within Groups 9.13 1056 0.01

Replication x Harmonic 0.18 24 0.01 1.06 0.381
Diagnosis x Replication 0.11 24 0.00 0.65 0.903

x Harmonic
Gender x Replication 0.18 24 0.01 1.07 0.375

x Harmonic
Diagnosis x Gender 0.15 24 0.01 0.87 0.648

x Replication x Harmonic
Ss Within Groups 7.50 1056 0.01

Total 473.81 2351
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Table 26: X-Axis Amplitude Values for the Non-Dominant Hand on Course A

Source SS df MS F P

Betw een Subjects 39.53 47
Diagnosis 17.48 1 17.48 37.09 <0.001
Gender 0.52 1 0.52 1.11 0.298
Diagnosis x Gender 0.79 1 0.79 1.68 0.202
Ss Within Groups 20.74 44 0.47

W ithin Subjects 455.25 2304
Replication 0.02 1 0.02 0.16 0.690
Diagnosis x Replication 0.48 1 0.48 3.65 0.063
Gender x Replication 0.06 1 0.06 0.44 0.510
Diagnosis x Gender 0.00 1 0.00 0.00 0.957

x Replication
Ss Within Groups 5.80 44 0.13

Harmonic 429.94 24 17.91 1912.08 <0.001
Diagnosis x Harmonic 0.81 24 0.03 3.60 <0.001
Gender x Harmonic 0.27 24 0.01 1.18 0.251
Diagnosis x Gender 0.12 24 0.00 0.51 0.976

x Harmonic
Ss Within Groups 9.89 1056 0.01

Replication x Harmonic 0.33 24 0.01 2.10 0.001
Diagnosis x Replication 0.33 24 0.01 2.13 0.001

x Harmonic
Gender x Replication 0.08 24 0.00 0.50 0.979

x Harmonic
Diagnosis x Gender 0.24 24 0.01 1.52 0.052

x Replication x Harmonic
Ss Within Groups 6.88 1056 0.01

Total 494.78 2351
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Table 27: The Differences Between the X-Axis Amplitude Values on Course A

Source SS df MS F P

Betw een Subjects 20.93 47
Diagnosis 0.00 1 0.00 0.00 0.969
Gender 0.37 1 0.37 0.79 0.378
Diagnosis x Gender 0.18 1 0.18 0.40 0.532
Ss Within Groups 20.38 44 0.46

W ithin Subjects 43.99 2304
Replication 0.25 1 0.25 1.05 0.312
Diagnosis x Replication 0.93 1 0.93 3.93 0.054
Gender x Replication 0.00 1 0.00 0.00 0.948
Diagnosis x Gender 0.08 1 0.08 0.34 0.561

x Replicatation
Ss Within Groups 10.43 44 0.24

Harmonic 0.81 24 0.03 2.44 <0.001
Diagnosis x Harmonic 0.27 24 0.01 0.82 0.717
Gender x Harmonic 0.43 24 0.02 1.29 0.156
Diagnosis x Gender 0.19 24 0.01 0.57 0.952

x Harmonic
Ss Within Groups 14.64 1056 0.01

Replication x Harmonic 0.65 24 0.03 2.01 0.003
Diagnosis x Replication 0.63 24 0.03 1.97 0.004

x Harmonic
Gender x Replication 0.18 24 0.01 0.57 0.950

x Harmonic
Diagnosis x Gender 0.40 24 0.02 1.24 0.196

x Replication x Harmonic
Ss Within Groups 14.10 1056 0.01

Total 64.92 2351
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Table 28: X-Axis Amplitude Values for the Dominant Hand of Course B

Source SS df MS F P

Betw een Subjects 14.03 47
Diagnosis 4.55 1 4.55 22.12 <0.001
Gender 0.00 1 0.00 0.02 0.880
Diagnosis x Gender 0.01 1 0.01 0.04 0.838
Ss Within Groups 9.47 44 0.22

W ithin Subjects 52.66 2304
Replication 1.53 1 1.53 18.99 <0.001
Diagnosis x Replication 0.77 1 0.77 9.50 0.009
Gender x Replication 0.25 1 0.25 3.12 0.084
Diagnosis x Gender 0.32 1 0.32 3.90 0.055

x Replication
Ss Within Groups 3.56 44 0.08

Harmonic 25.50 24 1.06 171.76 <0.001
Diagnosis x Harmonic 1.51 24 0.06 10.15 <0.001
Gender x Harmonic 0.21 24 0.01 1.41 0.089
Diagnosis x Gender 0.14 24 0.01 0.94 0.541

x Harmonic
Ss Within Groups 6.53 1056 0.01

Replication x Harmonic 4.88 24 0.20 42.03 <0.001
Diagnosis x Replication 1.97 24 0.08 16.99 <0.001

x Harmonic
Gender x Replication 0.23 24 0.01 2.00 0.003

x Harmonic
Diagnosis x Gender 0.16 24 0.01 1.42 0.087

x Replication x Harmonic
Ss Within Groups 5.10 1056 0.00

Total 2351
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Table 29: X-Axis Amplitude Values for the Non-Dominant Hand on Course B

Source SS df MS F P

Betw een Subjects 18.65 47
Diagnosis 4.45 1 4.45 14.12 0.001
Gender 0.00 1 0.00 0.00 0.965
Diagnosis x Gender 0.34 1 0.34 1.08 0.304
Ss Within Groups 13.86 44 0.32

W ithin Subjects 52.33 2304
Replication 0.82 1 0.82 14.59 <0.001
Diagnosis x Replication 0.03 1 0.03 0.55 0.461
Gender x Replication 0.17 1 0.17 3.01 0.090
Diagnosis x Gender 0.01 1 0.01 0.14 0.707

x Replication
Ss Within Groups 2.46 44 0.06

Harmonic 26.16 24 1.09 140.50 <0.001
Diagnosis x Harmonic 2.15 24 0.09 11.55 <0.001
Gender x Harmonic 0.15 24 0.01 0.79 0.758
Diagnosis x Gender 0.12 24 0.01 0.65 0.900

x Harmonic
Ss Within Groups 8.19 1056 0.01

Replication x Harmonic 5.11 24 0.21 45.77 <0.001
Diagnosis x Replication 1.77 24 0.07 15.84 <0.001

x Harmonic
Gender x Replication 0.13 24 0.01 1.13 0.303

x Harmonic
Diagnosis x Gender 0.15 24 0.01 1.39 0.102

x Replication x Harmonic
Ss Within Groups 4.91 1056 0.00

Total 70.98 2351
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Table 30: The Differences Between X-Axis Amplitudes on Course B

Source SS df MS F P

Betw een Subjects 7.92 47
Diagnosis 0.00 1 0.00 0.00 0.956
Gender 0.00 1 0.00 0.01 0.921
Diagnosis x Gender 0.46 1 0.46 2.71 0.107
Ss Within Groups 7.49 44 0.17

W ithin Subjects 27.37 2304
Replicatation 0.11 1 0.11 1.20 0.279
Diagnosis x Replication 0.49 1 0.49 5.22 0.023
Gender x Replication 0.83 1 0.83 8.86 0.005
Diagnosis x Gender 0.22 1 0.22 2.37 0.131

x Replication
Ss Within Groups 4.14 44 0.09

Harmonic 0.66 24 0.03 2.93 <0.001
Diagnosis x Harmonic 0.24 24 0.01 1.07 0.378
Gender x Harmonic 0.12 24 0.01 0.55 0.962
Diagnosis x Gender 0.30 24 0.01 1.32 0.139

x Harmonic
Ss Within Groups 9.84 1056 0.01

Replication x Harmonic 0.19 24 0.01 0.94 0.552
Diagnosis x Replication 0.39 24 0.02 1.89 0.006

x Harmonic
Gender x Replication 0.46 24 0.02 2.23 0.001

x Harmonic
Diagnosis x Gender 0.26 24 0.01 1.28 0.167

x Replciation x Harmonic
Ss Within Groups 9.12 1056 0.01

Total 35.29 2351
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Table 31: Y-Axis Values for the domiant Hand on Course A

Source SS df MS F P

Betw een Subjects 52.27 47
Diagnosis 21.40 1 21.40 32.18 <0.001
Gender 1.21 1 1.21 1.82 0.185
Diagnosis x Gender 0.40 1 0.40 0.60 0.442
Ss Within Groups 29.26 44 0.67

W ithin Subjects 279.45 2304
Replication 0.17 1 0.17 1.50 0.228
Diagnosis x Replication 0.00 1 0.00 0.02 0.875
Gender x Replication 0.10 1 0.10 0.85 0.362
Diagnosis x Gender 0.18 1 0.18 1.61 0.212

x Replication
Ss Within Groups 4.96 44 0.11

Harmonic 253.97 24 10.58 970.35 <0.001
Diagnosis x Harmonic 0.86 24 0.04 3.30 <0.001
Gender x Harmonic 0.19 24 0.01 0.74 0.812
Diagnosis x Gender 0.11 24 0.00 0.44 0.992

x Harmonic
Ss Within Groups 11.52 1056 0.01

Replication x Harmonic 0.16 24 0.01 1.03 0.421
Diagnosis x Replication 0.19 24 0.01 1.24 0.196

x Harmonic
Gender x Replication 0.22 24 0.01 1.45 0.075

x Harmonic
Diagnosis x Gender 0.14 24 0.01 0.93 0.562

x Replicationx Harmonic
Ss Within Groups 6.68 1056 0.01

Total 331.72 2351
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Table 32: Y-Axis Amplitude Values for the Non-Dominant Hand on Course A

Source SS df MS F P

Betw een Subjects 60.30 47
Diagnosis 33.16 1 33.16 54.19 <0.001
Gender 0.08 1 0.08 0.13 0.716
Diagnosis x Gender 0.14 1 0.14 0.23 0.634
Ss Within Groups 26.92 44 0.61

W ithin Subjects 301.70 2304
Replication 0.00 1 0.00 0.05 0.829
Diagnosis x Replication 0.13 1 0.13 1.36 0.250
Gender x Replication 0.05 1 0.05 0.51 0.479
Diagnosis x Gender 0.14 1 0.14 1.49 0.229

x Replication
Ss Within Groups 4.09 44 0.09

Harmonic 276.19 24 11.51 1062.07 <0.001
Diagnosis x Harmonic 1.71 24 0.07 6.59 <0.001
Gender x Harmonic 0.16 24 0.01 0.62 0.922
Diagnosis x Gender 0.22 24 0.01 0.85 0.669

x Harmonic
Ss Within Groups 11.44 1056 0.01

Replication x Harmonic 0.09 24 0.00 0.58 0.947
Diagnosis x Replication 0.13 24 0.01 0.78 0.765

x Harmonic
Gender x Replication 0.17 24 0.01 1.08 0.362

x Harmonic
Diagnois x Gender 0.10 24 0.00 0.61 0.930

x Replication x Harmonic
Ss Within Groups 7.08 1056 0.01

Total 362.00 2351
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Table 33: Differences Between the Y-Axis Amplitude Values on Course A

Source SS df MS F P

B etw een Subjects 18.28 47
Diagnosis 1.28 1 1.28 3.47 0.069
Gender 0.66 1 0.66 1.79 0.188
Diagnosis x Gender 0.07 1 0.07 0.18 0.673
Ss Within Groups 16.27 44 0.37

W ithin Subjects 41.90 2304
Replication 0.23 1 0.23 1.24 0.272
Diagnosis x Replication 0.17 1 0.17 0.91 0.346
Gender x Replication 0.01 1 0.01 0.05 0.833
Diagnosis x Gender 0.64 1 0.64 3.45 0.070

x Replciation
Ss Within Groups 8.11 44 0.18

Harmonic 0.98 24 0.04 2.71 <0.001
Diagnosis x Harmonic 0.66 24 0.03 1.83 0.009
Gender x Harmonic 0.36 24 0.01 0.99 0.483
Diagnosis x Gender 0.31 24 0.01 0.86 0.659

x Harmonic
Ss Within Groups 15.87 1056 0.02

Replication x Harmonic 0.25 24 0.01 0.82 0.711
Diagnosis x Replication 0.31 24 0.01 1.03 0.428

x Harmonic
Gender x Replication 0.40 24 0.02 1.31 0.143

x Harmonic
Diagnosis x Gender 0.21 24 0.01 0.69 0.868

x Replication x Harmonic
Ss Within Groups 13.39 1056 0.01

Total 60.18 2351
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Table 34: Y-Axis Amplitude Values for the Domiant Hand on Course B

Source SS df MS F P

Betw een Subjects
Diagnosis 8.81 1 8.81 41.63 <0.001
Gender 0.15 1 0.15 0.72 0.400
Diagnosis x Gender 0.14 1 0.14 0.64 0.427
Ss Within Groups 9.31 44 0.21

W ithin Subjects 50.51 2304
Replication 0.76 1 0.76 14.22 <0.001
Diagnosis x Replication 0.19 1 0.19 3.63 0.063
Gender x Replication 0.08 1 0.08 1.44 0.237
Diagnosis x Gender 0.27 1 0.27 5.08 0.029

x Replication
Ss Within Groups 2.34 44 0.05

Harmonic 29.58 24 1.23 193.87 <0.001
Diagnosis x Harmonic 1.48 24 0.06 9.70 <0.001
Gender x Harmonic 0.18 24 0.01 1.19 0.244
Diagnosis x Gender 0.08 24 0.00 0.54 0.964

x Harmonic
Ss Within Groups 6.71 1056 0.01

Replication x Harmonic 3.16 24 0.13 33.13 <0.001
Diagnosis x Replication 1.07 24 0.04 11.24 <0.001

x Harmonic
Gender x Replication 0.22 24 0.01 2.27 <0.001

x Harmonic
Diagnosis x Gender 0.19 24 0.01 2.03 0.002

x Replication x Harmonic
Ss Within Groups 4.20 1056 0.00

Total 68.92 2351
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Table 35: Y-Axis Amplitude Values for the Non-Dominant Hand on Course B

Source SS df MS F P

Betw een Subjects 17.05 47
Diagnosis 6.62 1 6.62 28.19 <0.001
Gender 0.00 1 0.00 0.01 0.904
Diagnosis x Gender 0.09 1 0.09 0.36 0.549
Ss Within Groups 10.34 44 0.23

W ithin Subjects 53.03 2304
Replication 0.68 1 0.68 13.39 0.001
Diagnosis x Replication 0.11 1 0.11 2.11 0.154
Gender x Replication 0.18 1 0.18 3.51 0.068
Diagnosis x Gender 0.04 1 0.04 0.71 0.405

x Replication
Ss Within Groups 2.25 44 0.05

Harmonic 31.10 24 1.30 176.79 <0.001
Diagnosis x Harmonic 1.59 24 0.07 9.05 <0.001
Gender x Harmonic 0.13 24 0.01 0.73 0.827
Diagnosis x Gender 0.12 24 0.01 0.69 0.868

x Harmonic
Ss Within Groups 7.74 1056 0.01

Replication x Harmonic 3.00 24 0.13 28.48 <0.001
Diagnosis x Replication 1.26 24 0.05 11.90 <0.001

x Harmonic
Gender x Replication 0.11 24 0.00 1.03 0.427

x Harmonic
Diagnosis x Gender 0.08 24 0.00 0.77 0.777

x Replciation x Harmonic
Ss Within Groups 4.64 1056 0.00

Total 70.08 2351
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Table 36: Differences Between the Y-Axis Amplitude Values on Course B

Source SS df MS F P

Betw een Subjects 10.21 47
Diagnosis 0.16 1 0.16 0.69 0.411
Gender 0.11 1 0.11 0.49 0.488
Diagnosis x Gender 0.01 1 0.01 0.03 0.874
Ss Within Groups 9.93 44 0.23

W ithin Subjects 25.12 2304
Replication 0.00 1 0.00 0.02 0.888
Diagnosis x Replication 0.01 1 0.01 0.14 0.714
Gender x Replication 0.49 1 0.49 5.36 0.025
Diagnosis x Gender 0.51 1 0.51 5.52 0.023

x Replication x Harmonic
Ss Within Groups 4.03 44 0.09

Harmonic 0.23 24 0.01 1.03 0.426
Diagnosis x Harmonic 0.13 24 0.01 0.59 0.939
Gender x Harmonic 0.18 24 0.01 0.79 0.757
Diagnosis x Gender 0.23 24 0.01 1.03 0.424

x Harmonic
Ss Within groups 9.84 1056 0.01

Replication x Harmonic 0.17 24 0.01 0.88 0.634
Diagnosis x Replication 0.14 24 0.01 0.73 0.821

x Harmonic
Gender x Replication 0.40 24 0.02 2.06 0.002

x Harmonic
Diagnosis x Gender 0.31 24 0.01 1.61 0.032

x Replication x Harmonic
Ss Within Groups 8.45 1056 0.01

Total 35.33 2351
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