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CEREBRAL LATERALITY AND HANDEDNESS IN AVIATION

Performance and Selection Implications

INTRODUCTION

Humans may have preferred to use the right hand more than
the left since prehistoric times. Based on examinatico,i of
fossilized fractured skulls, Levy concluded that Australopitnec-C
(5 million B.C.) was probably right-handed (146). In 1958,
Dennis noted that people represented in Egyptian tomb paintings
(4.000 B.C.) were usually engaged in right-handed activities
(112).

In a more recent analysis, Coren and Porac examined 1,180
instances of artwork dating back to 15,000 B.C., from the
European, Asian, African, and American continents (48). They
found that 92.6% depicted the use of the right hand, and that
this figure was stable over all the centuries examined. Some
researchers, however, noting that a great deal of prehistoric
evidence suggests a lack of dlstlnct.hand preference, declare
that dextrality became established in the bronze age (3,000-1,000
B.C.) (22) when complicated metallic tools were designed for one
hand. These Instruments would have become treasured family
possessions, handed down from generation to generation,
perpetuating the preferred use of one hand.

It has been suggested by many researchers that the right
hand was selected for complex tasks for the simple reason that
the left hand was needed to shield the heart In battle, leaving
the right hand to wield a weapon. The English essayist and
historian, Thomas Carlyle, suggested that those who fought in
this fashion were more likely to survive in battle, perhaps
creating a natural selection process, or at least encouraging
other warriors to adopt this tactic (64). All such theories are
plagued by exceptions, however, and the essential questions
regarding the evolution of hand preference remain unanswered.
Certainly, the Industrial Revolution meant further trouble for
those preferring to use the left hand, as skill with a tool
became even more Important.

A plethora of myths, legends, and prejudices arose from the
dextral majority, exerting social pressure on the sinistral
minority to conform. These prejudices persist even today: The
English language has given derogatory meaning to the Latin and
French words for left: sinister and gauche, respectively. Even
today, left-handers are frequently urged to abandon the use of
their preferred hand (216). That handedness Is not an option was
expressed well by Wltelson (110):



"Derided, chided--the offending hand smacked with a

ruler, even tied behind the back. Shamed and blamed,
left-handers did not quietly wither away. They
survived. Why? Because they do not choose their
preference; they follow a neurological imperative (p.
xlii)."

Apparently, the younger generations of American society are
more tolerant of left-handedness. A 1987 Washington Post/ABC
News poll asked 1,509 people of various age groups, "Are you
right-handed or left-handed?" Thirteen percent of the 18- to
30-year-old group said they were left-handed, whereas only 6% of
people 61 and older admitted to preferring their left hand. More
of the 61 and older group stated they were ambidextrous (6%) than
did those of the 18- to 30-year-old group (3%). These
differences probably reflect the pressure on left-handers during
the early 20th century to convert to the right hand (16).
Although this type of survey has been shown to correlate poorly
with actual hand use, It Is often the only data available.

Long ago, Hippocrates noted that convulsions which followed
head Injury usually occurred on the side of the body oppos!-e to
that of the Injury (204). Over a century ago, It was recognized
that the neurological basis for hand preference lay, not in
differences between the right and left hands, but in an advantage.
of one cerebral hemisphere over the other. Because a given
hemisphere controls most of the voluntary movement of the
opposite side of the body, the "preferred" hemisphere In 90% of
the r[opulatlon was deduced to be the left (64).

Since the mld-1960s, researchers have been unravelling the
complex details of specialized cerebral hemispheric function.
Each hemisphere can be shown to possess specific attributes and
skills. For example, the left hemisphere has been characterized
as verbal, sequential, analytic, logical, rational, and temporal.
The right hemisphere, on the other hand, Is usually described as
holistic, synthetic, visual, spatial, and emotional (165). Most
right-handers have the same general geographical layout of
cerebral function. However, left-handers can be shown to have a
more variable organization of such lateralized functions as
speech or visuospatial skills.

The past two decades have seen a resurgence In laterality
research after a long interim since the turn of the century
(272). Most of this research is laboratory-based cognitive
performance research, which has much Improved our understanding
of brain function. However, practical applications are for the
most part still on the horizon. This paper will review potential
applications of cerebral laterallty research to aerospace
medicine and engineering. For example, ! has oeen suggested
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that cerebral laterality, perhaps manifested as handedness, might
be useful as a selection parameter for pilots (165).
Lateralization of other organs also has been well studied; eye,
ear, and foot dominance will be briefly reviewed later in this
paper.

Current theory suggests that optimum cognitive efficiency is
achieved by maintaining functional separation of the two cerebral
hemispheres (14). Theoretically, a pilot candidate having poor
separation of cerebral function might therefore display inferior
psychomotor skills; the Idea will be presented later in this
paper that left-handedness might serve as a marker for such a
less-lateralized population.

The 25 million left-handed people in the United States
(U.S.), roughly 10% of the population, continue to encounter
special problems in their daily lives because most utensils,
tools, and appliances are designed for right-handers. Lefties
can adapt, and learn to do things with the right hand, but they
might thereby give up the sure touch of the "better" hand, and
the control of the "better" hemisphere (3).

What relevance does neurobehavloral laterality research have
to practical occupational and aerospace operations? The most
visible evidence of cerebral laterallty is hand preference. The
fact that one-tenth of the population prefers to use the left
hand would seem to have significant design implications. If
left-handers have such difficulty with normal playing cards that
they will buy cards specially designed for "leftles" (3), it
makes sense that more complex tasks, such as those found in
Industry or aviation, also are problematic for them. Assuming
this to be true, the significance of left-handedness would seem
an Important area for safety research. Nonetheless, upon
reviewing the literature, It appears that the problem of
left-handedness as an Individual characteristic related to
industrial or aviation safety has not been subject to any
extensive study (117). The lack of consideration of this
interesting topic Is remarkable.

Two relevant questions arising from these considerations
are: First, do left-handers (i.e., those people exhibiting
left-handedness as a marker for unusual patterns of hemispheric
function) in the cockpit learn and perform as well as
right-handers, under all possible conditions? Second, is the
left-hander put at a significant disadvantage by flying in a
cockpit designed for a right-hander? A knowledge of differential
hemispheric function may enhance cockpit design, so as to more
efficiently present information to the pilot. The purpose ot
this paper is to review the basic literature concerned with
hemispheric laterality and handedness, and apply this research to
the avlation arena, in an attempt to answer these two key
questions.
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THE STUDY OF BIOLOGICAL ASYMMETRY

History

As discussed previously, the predominant use of the right
hand has been observed for many centuries. It has also long been
recognized that motor control of the extremities is exercised by
the contralateral cerebral hemisphere. However, It was not until
Broca noted In 1861 that aphasia was linked to localized lesions
In the left cerebrum that the concept of hemispheric
specialization emerged (30). For years thereafter It was assumed
that language and manual dominance were aspects of the same brain
function, and the left hemisphere was considered to be the
"dominant hemisphere," controlling all Important psychological
functions. It was assumed that the left-hander's cerebral
function was completely reversed, with ccntrol of the dominant
hand and speech residing In the right hemisphere. In the early
part of this century, many scientists still believed that
left-handedness was musculoskeletal In origin, rejecting theories
citing a hemispheric etiology (231).

World Wars I and II generated many patients with relatively.
well-defined brain Injuries who provided much of the
neuropsychological data during the first half of the 20th
century. Based on these reports, it became evident that
left-handers sometimes develiped aphasia after left-sided
cerebral damage, and right-handers occasionally became aphasic
after right-sided brain Injury. It also became clear that each
hemisphere could be specialized for functions other than speech.
For example, It was noted by several authors that spatial
disability reaulted more often from right than left brain damage
(53); the Idea that the right hemisphere dominated some functions
was gradually accepted. In addition to the functional asymmetry
of the brain, anatomic or structural asymmetries have been
convincingly demonstrated by several investigators. Asymmetry,
mainly around the Sylvian fissure, has been found in human adults
(81), fetuses (262), and fossil skulls (143).

New experimental methods have been devised over the last 30
years to further elucidate the nature of hemispheric function,
producing a wealth of often confusing data. As will be
discussed, handedness has been commonly used as an obvious and
easily measured Indicator of cerebral laterallty. However, the
basic principles of the complex Interactions among hemispheric
function, handedness, and performance remain elusive.
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Lateralltv In Animals

Anatomic asymmetry is frequently encountered In the animal
kingdom. The bottom-dwelling flatfish such as the flounder and
sole, which have both eyes on the same side, either the right or
the left, and the one enlarged claw of the fiddler crab and the
lobster are well-known examples of external asymmetry (64).
Internal asymmetry of the non-human brain, however, has only
recently become accepted. As early as 1906, asymmetry in the
optic chlasmn of trout was reported, but largely ignored (140).
Geschwind attributes this lack of interest to the prevailing
belief that functional asymmetry was an attribute solely of man,
and also to the rejection of anatomical asymmetry as the basis
for human dominance (80).

Actually, functional asymmetry of unicellular species had
been convincingly demonstrated In the 19th century. Jennings had
noted that each species of ciliated microbe rotates around the
long axis of the body in one direction (120). Of 162 species
examined, 100 rotated exclusively to the right, and 62 rotated to
the left. In 1928, Schaeffer noted these observations and gave
many other examples of functional asymmetry In oligocellular
animals. For instance, he noted that amoebas move around a glass
rod more frequently in one direction than the other (231).

Prevailing scientific opinion through the 1960s held that
non-human species did not demonstrate functional cerebral
asymmetry. *Typically, animal studies pf handedness revealed
consistent forelimb preferences which were evenly distributed
across the population; orangutans, rhesus monkeys, and mice
demonstrated this seemingly random pattern (253). Chimpanzees
have recently been tested for asymmetry of hand performance
(163). Although a clear practice effect was seen for the right
hand in all subjects, and there were individual patterns of
handedness, there was no evidence of hand preference fnr the
group as a whole.

Collins demonstrated that paw preference in mice Is strongly
dependent on directional bias in the environment. The location
of the water bottle In cages of baby mice was found to determine
lifelong paw preference (46). Similarly, the development of a
crushing claw In the lobster is extrinsically controlled. Young
lobsters have symmetrical small claws, called pincers; one of
these will develop into a heavier claw called a crusher. Govind
and Kent showed that the pincer allowed to crush an oyster shell
will develop Into the crusher, and the other will remain a pincer
(91). It appears that some afferent neural signal from the
crushing claw suppresses the development of the crusher in the
claw destined to become nondominant.
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These observations supported the view that genetic control
of functional laterality did not occur In nonhumans. Recently,
the first report of paw preferences in dogs purported to show a
genetic effect. Tan found 57.1% of 28 dogs preferred the right
paw, 17.9% preferred the left paw, and 25% were ambidextrous.
There was no control or observation of the rearing of the
subjects, however, as they were collected strays (253). Other
examples of non-random behavioral asymmetry are apparent. Denel
and Lawrence reported that horses show a strong preference for
the left lead for a gallop, and took longer strldes with the left
lead (56). However, forefoot preference for pawing movements
does not appear to show lateralizatlon (186). Mountain gorillas
tend to begin beating their chests with their right hand (232),
and chimpanzees have been noted to look more to the left than the
right after breaking eye contact with their caretakers (194).
The Japanese macaque monkey has been reported to discriminate
macaque calls better with the right ear. However, since only five
animals were used, Beaton regards the evidence as tentative (14).

The first clear evidence of cerebral specialization in a
manner similar to humans emerged In 1976, Involving the neural
control of song In the canary (193). Lesions of the left
hyperstratum ventrale.were found to abolish song to a far greater
extent than Identical lesions on the right. Interestingly, an
anatomic difference between the right and left song centers was
not found. Subsequently, the right archistrIatum of domestic
chicks was found to control fear behavior more frequently than
the left (212). Less clear Is recent evidence that lesions in
the right hemisphere of the rat brain, as in the human, affect
emotional behavior (57).

Over the past 20 years, many examples of neuroanatomical
asymmetry have been recorded. Among these examples are: a higher
right Sylvian point In the brains of chimpanzees and orangutans
(as in humans) (144), a larger right frontal lobe in the baboon
(34), and the earlier myelinatlon of the rabbit's right optic
nerve compared to the left (191). Animal and human studies nave
also demonstrated lateral asymmetries in brain content of enzymes
and neurotransmltters (80).

Apparently, asymmetry does exist In non-human species, as
Geschwind states (p. 677), "Indeed, anatomical and/or functional
asymmetry has now been found In the brain of every species in
which It has been looked for carefully" (78). It should oe
eviaent that there Is no suitable animal model for the study of
human cerebral laterallty and performance; such research must
rely on human data. It Is Interesting, In closing this section,
to take note of one observation that may have real appli ation in
the study of human performance: the poorer maze performance of
rats who do not show strong turning tendencies to either side
(280). Some human data also suggest the importance of
laterallzation In optimizing performance.
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Sources of Lateralitv Data

Since a good animal model is not available, students of
laterality must rely on human data, thus severely restricting
experimental design. This situation Is particularly true in
studies of neuroanatomical correlates of hemispheric function,
where much of our knowledge Is based on observational reports of
patients with brain damage resulting either from surgery or
trauma. Much functional (as opposed to anatomical) laterality
research is done on normal subjects, but It is very difficult to
ensure that all subjects are using the same neural strategy to
perform the task at hand, since little Is known about internal
Information processing. Also, hand preference has been overused
in the past as the marker for degree and direction of cerebral
lateralization of speech. For these and other reasons,
investigators are frequently unable to reproduce each other's
findings. The major methods of both functional and anatomical
laterallty research will 5 briefly reviewed, and the state of
current knowledge will be summarized In a later section.

Human Brain Leslos-- Much of the early laterality research
was based on observation of World War I and II veterans who had
suffered penetrating head trauma. A number of. case reports of
patients with cerebral hemorrhages and brain tumors also appear
In the literature. These data are plagued by a number of
deficiencies.

First, until recently, It was almost Impossible to determine
the exact nature and extent of a brain lesion, even after
subjecting the patient to painful and Invasive studies, such as
pneumoencephalography and arterlography. Often it was not
ethically possible to pursue these primitive studies in
essentially asymptomatic patients, and anatomic localization of
the cerebral damage was done postmortem, if at all. More
recently, much more accurate and noninvasive diagnostic tools
have been developed. These tools Include Computerized Axial
Tomography (CAT), Positron Emission Tomography (PET), Nuclear
Magnetic Resonance (NMR), and most recently, the
magneto-encephalogram (MEG). Unfortunately, each of these tools
Is expensive, and none has been available for large-scale
research. These methods do, however, represent immense
improvements In diagnostic accuracy.

Second, since the researchers had no control over the nature
of these patients' lesions, no two brains had exactly the same
pattern of damage; the resulting neuropsychological changes were
similarly variable.
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Third, it is always dangerous to extrapolate from the

damaged brain to the normal brain. Functions may be shifted to

normally quiescent undamaged areas of the brain, or test
performance may be Impaired due to reduced Intellect.

Even with Improving diagnostic tools, the second and third
flaws just cited will persist In studies of random brain
pathology. However, a specific and more uniform type of brain
damage, absence of the corpus callosum, has yielded more useful
data. Careful study of the normal brain through
neuropsychological research has also produced much useful
Information.

Sypllt-brain Research-- The two cerebral hemispheres are
normally connected In the midline by a large associative bundle,
the corpus callosum. Other structures of lesser Importance which
connect the right and left hemispheres are the anterior and
hippocampal cornmissures, and In 70% of human brains, the massa
Intermedia (36).

Patients who are missing the corpus callosum represent a
fairly homogeneous study group, and much has been learned from
this small population. In the normal brain, It has been
difficult to isolate the functions of the two hemispheres, since
they so readily 4xchange information.. When the connecting
bundles are missing, however, the hemispheres must. act
independently, and are more easily tested. The defect may follow
wplit-brain" surgery, which was described by Van Wagenen in 1940
as a treatment for Intractable epilepsy (261), or may result from
callosal agenesis, a congenital absence of the corpus callosum.
Beaton has extensively reviewed these studies, and notes that
although these studies have added much to our knowledge, they
still describe abnormal brains, and exact anatomic verification
Is usually lacking (14). All of the post-surgical subjects had
suffered years of severe seizures, and also the trauma of brain
surgery; Intelligence quotient (IQ) scores and reaction times are
generally worse for these patients. Callosal agenesis subjects
tend to show much less marked split-brain symptoms. Frequently,
the smaller commissural tracts are enlarged, and compensate to a
degree for the missing corpus callosum.

Split-brain patients frequently exhibit no behavioral or
cognitive Impairment on casual observation, and lead surprisingly
normal lives. On careful testing, however, profound deficiencies
are found. Ili their day-to-day activities, split-brain patients
display a variety of clever methods of cueing the other
hemisphere about important Information. Bimanual tasks such as
tying one's shoes require communication between hemispheres,
which may be accomplished visually by the patient. It Is even
possible for a patient to transfer information from the right
hemisphere to the left by tracing letters on the back of the
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right hand; the left hemisphere, having control of speech, can
then vocalize the word (71).

Research with Normal Sub-lects-- Neuropsychological research
with normal humans Is often much more difficult to Interpret.
Frequently, testing of the visual or auditory systems has very
poor reliability and validity (214, 229). Even within a single
experiment, subjects can change laterallty direction and
magnitude (V 7). The most simple explanation for this change is
that the normal subject can utilize both hemispheres, which
allows for many more variations In Information processing
strategy. Researchers must attempt to control the thought
processing In subjects In order to reduce "noise" to a minimum.

A problem encountered In laterallty testing is

"stimulus-response" (S-R) compatibility. Common sense dictates

that a manual response with a given arm will be faster when the
target is on the same side as the stimulus; In such a case, the
response Is said to be compatible with the stimulus, thus
Interfering with the experiment. This Interference can often be
overcome with maneuvers such as crossing the arms, or
Intertwining the fingers, but these types of data are difficult
to Interpret (14).

Although the testing of split-brain patients or normal
subjects each requires special analysis, the basic methods are
the same.

Research Methods

Laterality research generally attempts to engage specific
parts of the brain via stimulation of a specific lateralized
sensory modality, and subsequent recording of a motor output
(e.g., speech or peripheral muscle movement). By comparing the
motor output to normal performance, or to performance with a
contralateral stimulus, conclusions can be drawn regarding
function. The common methods of studying laterallty will be
briefly presented.

Vision-- Visual processing Is usually assessed using
tachistoscopic presentation. That is, a stimulus Is presented to
only one visual hemifield, or different stimuli may be presented
to each hemifleld. If the subject does not shift visual
fixation, the stimulus will be transmitted exclusively to the
contralateral visual cortex. A letter presented to the right
hemifield will, therefore, reach the left occipital cortex via
the optic pathways. Subjects may then be asked about the nature
of the stimulus, or they may be required to compare two stimuli
from competing visual fields. Split-brain patients frequently
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show an inability to compare symbols from different visual
fields, but are able to compare them If they are presented within
the same visual field (14). This phenomenon Is due to the
occipital lobes Inability to "talk" to each other about visual
field content. Normal subjects can be shown to display a variety
of hemifleld superiorities for different types of stimuli. Some
of these functions may have application to enhancing cockpit
performance.

Hearina-- Auditory function can be assessed using a
technique called dichotic listening, In which different words are
spoken simultaneously to each ear. Subjects might be asked to
speak or write the words that they hear through the headphones,
In an experiment attempting to determine the hemisphere dominant
for speech. This method serves to overwhelm the weaker
connection to the ipsilateral temporal lobe, and allow testing of
the predominant contralateral pathway. In the hypothetical
experiment Just described, the expectation would be that the
words presented to the ear opposite the hemisphere dominant for
speech will be recalled more accurately.

Tactile Perceotlon-- As might be expected, spltt-brain
patients have demonstrated an Inability to cross-localize a
tactile stimulus; that Is, to Indicate with the opposite hand an
area previously touched by the examiner. This inability is
especially true as more peripheral extremities are touched (72).
Normal subjects have been tested extensively to determine
relative sensitivity of the hands to various stimuli, Including
shapes and braille. These studies may have application to
cockpit design, and will be reviewed later in this paper.

Electrical Activity of the Brain-- A popular method of
localizing brain activation has been the electroencephalogram
(EEG). The EEG will indicate changes In the electrical activity
under electrodes placed In standard locations on the scalp.
These changes reflect the electrical activity of the underlying
cortex. For example, the normal 10 cps alpha rhythm is
suppressed and replaced In the right hemisphere by faster
activity with lower amplitude, during the solving of spatial
puzzles (68). Research using EEGs has been criticized for
failing to exert control over subjects' mental activities (14),
and for various statistical difficulties (165). This device
remains a useful tool, however, and methodologies are improving.
A type of EEG specifically evoked by stimuli presented to the
subject Is the event-related potential (ERP). Decision making
and sensory experiences have been shown to cause specific
waveforms that allow the location and temporal sequence of the
lateralized process to be deduced.
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Lateral Eve Movements-- In 1969, Bakan suggested that the
direction of lateral gaze reflects contralateral cortical
activation, and therefore the direction of gaze following a
question reflects the hemisphere utilized to answer (12). This
concept has been used In a number of investigations, which were
criticized by Ehrlichman and Weinberger (62), and appear
difficult to Interpret, for a variety of reasons. Nonetheless,
some Interesting results did attain statistical significance.

Dual-Task Methodoloay-- This concept has been used widely in
psychology, and In laterality research It holds that mental
processing will be relatively Impaired when more than one
Information processing task Is required In one hemisphere. By
Including the proper tasks (127), this performance decrement can
be used to determine the hemisphere being used for the task under
study. Kinsbourne and Hicks used this technique to demonstrate
the left hemisphere's role In language (138). Their subjects
balanced a stick In one hand while reciting letters of the
alphabet. Stick-balancing times were reduced for the right hand,
but not the left, Implying that the balancing and speaking
competition for neural space was taking place In the left
hemisphere. Much research has successfully used this strategy.

With the concept of task interference taken to Its extreme it
may be that performance would be optimized by causing the two
hemispheres to act completely independently, thereby increasing
the capacity of the person to perform. Research In split-brain
patients does not support this contention, however, as both
hemispheres seem to become Involved In difficult tasks (165). In
fact, Sergent has recently suggested that split-brain patients"
hemispheres communicate through subcortical structures more than
was previously realized (237).

The Wada Test-- A famous research methodology employed first
in the 1950s Is the Wada Test. This test Involves the injection
of sodium amytal Into the common carotid artery, with the
objective of anesthetizing the Ipsllateral cerebral hemisphere.
During the brief period that the hemisphere is depressed, the
patient may be tested for deficits, which would then be due to
the Impaired function of the drugged hemisphere. If the patient
counts aloud during the Injection, he will become aphasic if the
side being Injected contains the speech center, thus allowing the
localization of language control. This procedure has significant
risks, and for this reason, Is limited to patients being
evaluated preoperatively to determine the dominant hemisphere for
speech. This result Is useful Information to the neurosurgeon,
who may be contemplating removal of a temporal lobe, or entire
cerebral hemisphere, for Intractable epilepsy. These data are,
therefore, not based on totally normal subjects, but have
provided much insight into hemispheric function.
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After this brief review of the major research methodologies
found In the laterality literature, the next section of this
paper will discuss the current state of knowledge in the field of
cerebral laterality.
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HUMAN CEREBRAL LATERALITY

In this review of the human laterality literature, three
main areas will be discussed. In this section, evidence of
cerebral anatomic and functional asynmnetry will be presented.
Handedness, which Is a manifestation of cerebral asymmetry, will
then be explored, along with other human systems which manifest
functional asymmetry. Finally, these concepts will be brought
together In a discussion of the interactions among cerebral
laterality, handedness, and psychophysical performance.

Anatomic Asymmetry

It has been well documented that the human brain exhibits
structural asymmetry in the adult, as well as the fetus and
newborn infant (80). A higher Sylvian point can be seen at least
by the 16th week of gestation In humans (142). There is evidence
that human brains have always possessed this specialization.
Fossil human skulls have asymmetry of the Sylvian fissures, much
as Is present In the skulls of modern humans (143). Over a
century ago, It was noted that the left pyramidal tract
decussates above the right In 82% of human brains (80). The
functional significance of this fact remains unknown.

There are many more examples of asymmetry In the human
brain. Some variations reflect hand preference. For example, in
right-handers, the left occipital lobe of the brain Is wider
and/or longer than the right (142).

Functional Asvmmetry

Neuropsychological research over the years has led to a
characterization of the two hemispheres as having different
cognitive "modes" (197). The left hemisphere has been described
as verbal, sequential, analytic, logical, rational and temporal.
Fine motor movements are largely initiated and guided from the
left hemisphere (165). The right hemisphere modes are holistic,
synthetic, visual, spatial, and emotional. Vlsuospatial
relationships, humor, facial recognition, and some aspects of
musical ability reside In the right hemisphere (165).

It Is interesting to note that the complementary functioning
of the two hemispheres of the brain Is not a new concept at all.
The 17th century philosopher Blaise Pascal speculated that there
were two types of mind: esprit de geometrie (mathematical and
concrete), and esprit de finesse (intuitive and common). Van den
Hooff (260) Inferred that Pascal considered the esprit de
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geometrle to be localized In the dominant hemisphere, and esprit
de finesse In the minor hemisphere. Although not based In
science, his concepts were amazingly accurate.

VLsiLon

The visual field of each eye Is divided Into nasal and
temporal hemifields. Through a system of partial decussation In
the optic chlasm, all of the left side of space Is carried to the
occipital lobe of the right hemisphere, and vice-versa, with the
exception of a small area perhaps one degree wide at the vertical
meridian (185).

TachistoScooic Research-- Each cerebral hemisphere can
Independently perceive and respond to tachistoscopic visual
stimuli In Its own visual hemifield. Split-brain patients, when
presented the word "RAILROAD," and asked to fixate on a point
between the NL" In RAIL and the "R" In ROAD, will say they saw
"road" but will point with the left hand to the picture of a rail
(165). This Illustrates the Inability of the split-brain patient
to communicate information from the right hemisphere to the
speech center In the left.

It Is now clear that most Intact subjects exhibit a rkght
visual field superiority In recognition or recall of words and
letters, and a left hemlfleld advantage In visuospatial tasks
(14). First-graders display a left visual field (LVF)
superiority for single-letter recognition (the reverse of the
pattern observed in adults), which Is thought to represent the
nonverbal processing strategy utilized by young children. A
similar pattern is seen In adults analyzing letters In unusual
typefaces. Superiority of the right visual field (RVF) In
recognizing words has been detected as early as 8 years of age.
This asymmetry Increases with age, Into adulthood (53).

Tachistoscoplc presentation has been used to search for
hemifleld asymmetries of different types of visual perception. A
superiority has been found for the left field discrimination of
curvature and In perception of the spatial orientation of a
single line. However, recognition of geometric shapes has not
shown a consistent hemifleld advantage on tachlstoscopic testing
(14). The left hemlfield/right hemisphere does appear to
dominate In tasks which stress the spatial arrangement of
elements In a stimulus display (213).

These visual laterallty effects In the normal brain probably
arise because one hemisphere Is relatively Inefficient at
processing the stimulus presented to it, and may have to transmit
the Information across the corpus callosum to the opposite
hemisphere. The nature of this processing difference Is unknown,
and Is the subject of much speculation.
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Soatial Frecuencles-- Sergent has attempted to resolve the
discrepancies among the many studies of hemispheric
specialization (236). She concluded that the left hemisphere
better processes stimuli with high spatial frequencies, while the
right hemisphere Is superior for stimuli with low spatial
frequencies. Marsh (165) provided the example of human faces,
which contain most of their information a* moderate and low
spatial frequencies, and noted that the right hemisphere is much
more effective at dealing with faces than Is the left. This may
be a way that the hemispheres separate incoming data for
processing (124). The lowest spatial frequency channels, which
are right hemispheric, are thought to detect motion In the visual
field.

The concept of an "ambient" visual system, separate from the
"focal" system, draws on these observations regarding spatial
frequencies (258). The focal system Is thought to have evolved
relatively recently to allow close observation, fine detail, and
hand-eye coordination. Objects of regard for the focal system
involve high spatial frequencies, and are well-represented in the
subject's consciousness. The Information gleaned using focal
vision can be described as unusual features, details, and
patterns; the left hemisphere has shown superiority in using this
type of Information.

The ambient system, on the other hand, Is thought to be
phylogenetically older, subserving spatial localization and
orientation. This system senses coarse detail and low spatial
frequencies, and what Is commonly referred to as peripheral
vision. Stimulation of the ambient system frequently is without
conscious awareness (154). It seems that these systems are
separately controlled. Note that one can walk, completely
oriented, while reading. Also, patients and animals that have
had the focal system destroyed are able to maintain orientation
(83, 259). The ambient system appears to be controlled through
thalamic (superior colliculus and pulvinar) as well as right
parietal contributions (165).

Ocular Dominance-- The term "ocular dominance" (or
"eyedness") may refer to a number of different aspects of vision.
"Acuity" dominance describes an eye with superior acuity, whereas
"sighting" dominance refers to a tendency to uro ^is part!cular
eye in preference to the other during monocular viewing (14).
Approximately 70% of dextrals are right eye dominant, whereas
about 60% of sinistrals prefer sighting with the left eye (178).
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Right eye sighting dominant subjects were more accurate on a
tachistoscopic verbal task, while left-dominant subjects were
superior on a nonverbal task (130). This effect would suggest
some advantage for the crossed optic pathways, since the
contralateral hemisphere appears to be preferentially engaged.
However, one study found that right-eye dominant subjects showed
a left-hemifield advantage for a facial expression matching task,
while left-eye dominant subjects manifested a right hemifleld
advantage (249). Dominance of the right eye also weakly
predicted a left ear advantage on a dichotic listening task.

There appear to be sex Interactions Involved In eye
dominance. In males, handedness Is associated with the sighting
type of eye dominance, whereas the hand preference of females has
been associated with acuity dominance (96). Overall, there Is a
weak association between generic eye dominance and hand
preference (39, 200).

! op.Iiz-- The successful fusion of the two disparate
retinal Images, cortical Integration, and subsequent perception
of the spatial relationships of the scene components Is necessary
to achieve stereopsls. Reseacch Into the functional
lateralizatlon of depth perception has produced conflicting
results, although a recent explanation appears reasonable (141).

In studies of brain-damaged patients, Investigators
measuring depth perception with random letter stereograms have
generally found a right hemisphere superiority, In the absence of
monocular form and depth cues (60). Other researchers, using the
TItmus test of stereoaculty, have found Impairment worse with
left parietal lesions, and concluded that this region was
dominant for stereopsis (185). Apparently, the reason for these
Inconsistencies was that the different tests of stereoaculty are
actually measuring different aspects of stereopsls, which Julesz
originally called "local" and "global" (125).

"Local" stereopsls is the point-by-point matching of
corresponding stimulus elements in the two half-Images, and the
assignment of a depth value for each. The Titmus test, which
presents monocular form cues, measures this type of stereopsis,
which Is thought to occur at the level of the visual cortex by
disparity-detecting neurons.

"Global" stereopsis represents the non-stereoscopic ability
to construct from the binocular Input the overall form of an
object on the basis of Interposition cues alone (53). The right
hemisphere Is dominant for "global" stereopsls, receiving "local"
stereoscopic input from the visual cortex of both hemispheres and
Integrating It with right hemispheric visuospatial mechanisms
(185).
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Bilateral Injury of the occipital lobes can produce a
profound Impairment of depth perception. A patient reported by
Holmes and Horrax In 1919 was unable to tell a flat sheet of
cardboard from a cardboard box, or a pencil held 30 cm (12 in.)
from his face from one held at a distance of 60 cm (23.6 in.)
(115). This lack of depth awareness is Interesting but rare.

Face Recconitlon-- Especially when the faces are highly
discriminable and/or unfamiliar, a superiority of the left visual
field has usually been reported for simple same/different facial
Identification tachistoscopic tasks (14). As discussed
previously In terms of the spatial frequency processing model,
more detailed analysis of facial features seems to be a left
hemisphere function.

Audition

In 1961, Kimura published two reports that provided evidence
of auditory asymmetry. In the first report, she found that
patients who had had surgical removal of the temporal lobe had a
deficit In recalling digits presented under dichotic conditions
to the ear opposite the side of the surgery (132). This finding
supported the view that the auditory pathways from each ear to
the contralateral cerebral cortex are more effective than
ipsilateral pathways.

In the second report, normal right-handed subjects were
found to have an advantage In recall of verbal material presented
to the right ear (133). This right-ear advantage is presumably
due to activation of the left hemisphere, which Is more efficient
at language tasks In right-handers.

While there does seem to be an advantage to the crossed
auditory pathways, the side of space generating the sound does
not determine the hemisphere activated. The left hemisphere
appears to dominate, regardless of the side of space from which
the sound originates, and this Interhemispheric difference
appears to increase as the stimulus becomes more complex (14).

Nonverbal auditory stimuli have also been studied, and
reveal an Interesting effect of proficiency. While the expected
right ear superiority was found in Inexperienced Morse code
listeners, a left ear advantage for longer sequences was seen in
experienced operators. This finding may reflect a more holistic
processing strategy (200). Conversely, musically naive listeners
have been shown to have a left ear superiority, whereas
experienced listeners have a right ear advantage for music (121).
It Is generally conceded that music Is multidimensional, however,
and resistant to easy characterization and cognitive study.
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Surprisingly, split-brain patients do not show an impairment
in localizing a sound source, an ability dependent upon a
comparison of the phase, intensity or time of arrival of the
sound at the left and right ears. This i mplies that the
Integration and comparison of some aspects of sound from the two
ears occurs at a sub-callosal level (71).

The auditory system, while displaying strong evidence of
laterality, Is somewhat more variable than other sensory systems.
The fact that there Is a 10% projection to the Ipsilateral
hemisphere, in addition to the 90% projection to the
contralateral hemisphere, has limited the experimental use of the
auditory system, since vision Is just as readily tested and has
relatively "pure" contralateral projection. Bryden found that
15% of right-handers did not show the expected pattern of
right-ear superiority (32, 229), suggesting that dichotic
listening is a poor method for ascertaining the hemisphere
controlling language In an individual. More recently, some
authors have contended that dichotic listening may be reliable
(165).

In close proximity to the auditory system, the vestibular
system has been reported to exhibit asymmetrical function. Bodo
et al. found the slow phase rate, in response to caloric
Irrigation of the ear canal, to be more active on the left (24).
They also noted a preponderance of the nystagmic reaction to the
right, as measured by duration, frequency, amplitude, and the
slow phase rate. Hand preference was not reported.

Tactile Perceotlon

The afferent neural pathways of tactile sensation transmit
information to the brain from the contralateral body (55).
Because of this, split-brain patients are usually unable to point
with one hand to where they had been touched on the opposite side
of the body, when visual cues are excluded (72). The hemisphere
feeling the sensation of touch is unable to pass that information
to the hemisphere controlling the pointing hand, due to the
absence of callosal fibers. This phenomenon occurs regardless of
which side is touched, provided that the required response is
contralateral.

There is evidence of hemispheric differences in information
processing abilities. The left hand has been shown to be
superior In discriminating the orientation of lines, and
perceiving meaningless three-dimensional forms (271); however,
the right hand Is superior In recognizing letters traced on the
palm (199). A left-hand advantage has also been shown for the
Individual sensory modes of point localization, kinesthesis, out
not for pressure or vibration sensitivity (53).
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In 1971, the case of a blind boy who lost the use of his
left hand was reported (109). The observation that he was unable
to read braille with his remaining right hand spurred a series of
experiments examining the processing of tactile language; several
investigators subsequently confirmed the left-hand superiority
for braille reading. In fact, most right-handed blind subjects
read braille faster or more accurately with the middle finger of
the left hand than with the right, although there are large
individual differences that depend importantly on initial hand
preferences. However, fluent readers use both hands
independently to read, the division of text seeming to depend
mostly on convenience of movement (182). Fast reading seems to
require the rapid alternation of function between the two hands.

Sihce the left hemisphere Is classically cited as being
specialized for language, this left-hand superiority may appear
counterintuitive. It Is currently believed that In order to
process braille Information, the spatial arrangement of the dots
must be first appreciated by the right hemisphere, which is
believed to specialize In visuospatial tasks (53). At least this
is so for right-handed people, whether In the blind or In sighted
people when they shut their eyes. For left-handers, however, the
hands appear to be more nearly equal In skill, although the data
are less clear (102). It has also been proposed that the sensory
modality of touch requires right hemispheric processing more than
similar patterns encountered visually.

De Renzi, In reviewing the literature of tactile perception
laterallty, concluded that the weight of evidence supports a
right hemispheric superiority In simple space perception tasks
(such as the orientation of a line or rod). However, as the
tasks became more complex (e.g., when identifying unfamiliar
shapes), the left hemisphere contribution increased (53).

Lanaua-ae

Much of the evidence indicating a lateralization of cerebral
language function has already been discussed. As language is the
most well-studied aspect of functional cerebral asymmetry, It is
difficult to discuss other aspects of laterality without
referring to this striking pattern of left-hemispheric speech
dominance In most humans.

Laterallzation of Lanauace-- Many studies of patients with
unilateral cerebral lesions have established the left hemisphere
as the site of language In right-handers. Results from severai
experimental paradigms suggest that linguistic functions are
localized In the left hemisphere from birth, for both male and
female children (98). It Is evident, however, that handedness is
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associated with this lateralizatlon. Adult left-handers and
those right-handers with a family history of sinistrality were
noted to show better recovery from aphasia than unequivocal
right-handers (157). This finding, coupled with the observation
that left-handers could develop aphasia from damage to either
hemisphere (278), suggested that left-handers were more variable
than right-handers in their hemlpheric control of language.
Further, rare cases were reported of visuospatlal deficits, but
not aphasia, following left-hemisphere damage (126). This
Implied that language was not the only cerebral function that was
subject to variability. These findings contributed to the
decline of the universal left hemisphere dominance concept.

Gazzaniga et al. examined patients following callosotomy,
and found that In the Immediate ptst-operative period, all
patients were unable to carry out actions of the left arm In
response to verbal Instructions. They were able to Imitate the
movement if demonstrated (74). This evidence supported the
existence of a left-sided cerebral receptive language center, and
bilateral visual representation. For several weeks after the
operation, patients generally show marked deficits In naming
objects presented to the left visual field or placed in the left
hand (73), thus providing evidence of a left-sided expressive
language center as well.

In split-brain patients, the laterallzation of speech
control has been Investigated using various means to engage the
hemispheres separately. This research has shown that, when
verbal output Is required, the left hemisphere has no difficulty,
whereas the right hemisphere has almost no means of responding.
Only one of the reported split-braln patients had language
production capability In the right hemisphere (75).

The Wada Test-- Probably the most famous method used to
localize cerebral control of language has been the Wada test.
Beaton (14) summarized the Rasmussen and Milner data (218),
noting that these subjects were all candidates for brain surgery,
and had some degree of neurologic Impairment. Of 140
right-handers showing no evidence of early injury to the brain,
134 (96%) had speech controlled in the left hemisphere and 6 (4%)
had right hemisphere speech. Among 122 non-right-handers (left
and mixed handers being considered together), the left hemisphere
controlled speech In 86 patients (70%), while 18 (15%) had right
hemisphere speech, and In 18 (15%), speech was bilaterally
represented. The high proportion of right-handers with right
hemispheric speech Is attributed to the preselection of patients
suspected of unusual patterns of speech representation (14).
Rossi and Rosadini found that only one of their 74 right-handed
patients did not have speech controlled exclusively from the left
hemisphere (225).
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Other Research-- Unilateral electro-convulsive therapy (ECT
has produced corroborative data. In right-handers, shock to the
left side of the head impairs verbal performance, whereas
rIght-sided ECT is more likely to impair spatial performance.
The ECT-based research has not accumulated enough left-handers to
contribute much to the body of laterality research (14).

Much recent research focuses on completely normal subjects,
since it Is widely acknowledged now that information processing
Is altered even in the mildly damaged brain. Tachistoscopic
visual research has established the right visual field
superiority in recognition or recall of words and letters (14).

A variety of dual-task experiments have shown that
concurrent verbal tasks interfere with right-hand performance,
and visuospatial tasks interfere with left-hand performance.
This is true especially when the motor task Involves rapid
positioning of the contralateral limb, such as tapping (50).

At present, it Is believed that In almost all right-handers,
and In most left-handers, production of speech Is limited to a
small area of the left frontal lobe (Broca's area) which is just
anterior to the tip of the temporal lobe. Receptive language
functions, which appear to be less well lateralized than
executive aspects, are located In the left hemisphere at the
conjunction of the frontal* parietal and temporal lobes,
(Wernicke's area). Besides controlling most aspects of language,
the left hemisphere has a major role in the fine movements of the
speech and oral musculature (2S2).

Recent studies have shown some language capability in the
right hemisphere; these and other functions of the right
hemisphere will be discussed In a later section.

Sian Lanauage-- The manual sign language of the deaf Is a
fascinating form of communication, which is simultaneously a
language and a spatially presented and perceived set of complex
gestures. There are at leasL £ourteen known true sign languages
In the world, which often bear no resemblance to the local spoken
language (167). American Sign Language (ASL), for example, is a
separate language, much more than simple flnger-spelling or a
manual facsimile of English.

Some investigators have suggested that structures In the
right hemisphere are responsible for formation, expression, and
reception of these spatially mediated languages. However,
evidence accumulated from braln-damaged deai patients has
convincingly demonstrated that It Is the left hemisphere that
controls language in both spoken and signed communication (135,
167).
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Recently, Damaslo et al. studied a female right-handed
patient who was fluent In both English and ASL (51). This
hearing patient was being evaluated to determine which temporal
lobe should be resected for the treatment of Intractable
epilepsy. Determination of the hemisphere dominant for language
would allow the removal of the contralateral temporal lobe
without the risk of post-operative aphasia. A Wada test was
performed, during which all left language areas were chemically
temporarily ablated. This produced an aphasia of both spoken
language and ASL. Removal of the right temporal lobe ensued,
with no subsequent impairment of language abilities, spoken or
sign. Clearly, In right-handers, the left hemisphere controls
linguistic aspects of communication, regardless of the mode of
transmission.

Standard and Anomalous Dominance

The "standard dominance pattern," displayed by most of the
population, is a strong left hemisphere dominance for language
and handedness, and strong right hemisphere control of other
functions . All other variations of cerebral lateralization,
which occur In about 30% to 35% of individuals, represent
"anomalous dominance" to some degree (80).

Much of the lIterature examining the topic of anomalous
dominance searches for relative advantages or disadvantages to
various permutations of handedness, family history, eye
dominance, etc. It should be emphasized that a finding of
Impaired performance or a higher rate of disease In such a group
of people should not Imply that all the members of that group are
Identical, nor should It follow that a specific Individual has
poor job (or flying) performance, or an overall Increased risk of
death.

Stutterina and Dyslexia-- The association between reading
disabilities, stuttering, and faulty cerebral dominance patterns
was first noted in a theory of mirror writing and reading by
Samuel Orton (1925), who noted that some children could read
better In a mirror, or with the page Inverted, and observed that
dyslexic children often reversed letters while writing. He
termed this phenomenon "strephosymbolia," or "twisted symbols."
(198). He proposed that letters are represented backward in the
noncominant hemisphere, and correctly In the dominant hemisphere;
In effect, one hemisphere formed the mirror Image of the other.
Incomplete suppression of the nondominant hemisphere, therefore,
would cause the child to produce mirror Images of the correct
letters. It was thought that one with strephosymbolla might have
a lowered degree of manual or mental dexterity (101).
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More recently, Beaton concluded that there was "no evidence
whatsoever" for belief In Orton's theory that symbols are
recorded in a mirror Image fashion In the two hemispheres (14).
Although Orton's explanation for mlrror-wrlting has been
discarded, there has been a resurgence of interest in the
phenomenon.

Stuttering and dyslexia are popularly associated with
left-handedness (8). This association has received some
experimental support, but the topic is controversial. Numerous
investigators have observed that natural left-handers may begin
to stutter when forced to use the right hand for writing, and
this dysfluency may resolve following a return to left-handed
writing (250).

There Is evidence that the dominant hemisphere may somehow
fall to inhibit the nondominant hemisphere during speech,
producing stuttering as a consequence of this atypical excitation
and competition (94). Studies using a variety of research
techniques have frequently shown that stutterers are not as well
lateralized for language as controls (105). This has been
suggested by anatomical data as well. Hier et al. found that 10
out of 24 adult dyslexics showed a reversal of the normal pattern
of cerebral asymmetry on the CAT scan, the right
parleto-occipital region being wider and not smaller than the
left as Is usual (114). Geschwind and Behan have found higher.
rates of dyslexia and stuttering among strong left-handers than
among strong right-handers (79). However, recent evidence has
cast doubt on the association of stuttering with left-handedness
(230, 266).

Similarly, the literature does not approach a consensus
regarding the interaction between cerebral laterallty and reading
disability. Beaton reviews seven major theories attempting to
account for the available experimental results, and concludes
that there is probably a slightly higher incidence of
non-right-handedness In dyslexics than In the population at
large. A popular explanation for this Is that some degree of
global left hemisphere damage predated the development of both
the handedness and dyslexia (14).

Geschwind and Dyslexia-- Geschwlnd believed that the brain
abnormalities In dyslexia were developmental In nature and
attributable to disturbances in neuronal migration during
cortical embryogenesis. The developing cortex is characterizea
by neuronal redundancy, which may confer protection against
neuronal damage In utero. Normally, these excess neurons die
when they fall to achieve Integration In the embryonic neural
tissue (99). Geschwind speculated that the brain may De able to
compensate for mild neuronal damage by shifting the
specialization of the damaged area to another region of
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developing cerebrum. This remodelling may have a price, however,
as the restructured brain may be predisposed to autism or
dyslexia (80).

Geschwind et al. reported two cases in which speech fluency
was changed by brain damage In adulthood (107). The first
patient was an ambidextrous man who suffered a head Injury and
thereafter ceased stuttering. The second case was a converted
sinistral man, who returned to stuttering after a cerebrovascular
accident. Both of these patients' clinical courses could be
explained by a major change In the balance of speech control.

Geschwind also suggested a fascinating mechanism for
mirror-writing that draws on evidence that left-handers exhibit a
left-hemifield preference for language, relative to
right-handers. When reading a word, regardless of hand
preference, the Image falls on the fovea, and Is available to
both hemispheres. Since English Is written left-to-right, the
next word lies to the right of the fixation point and is
transmitted to the left hemisphere. If the Individual has right
hemispheric specialization for language, the information will be
relayed across the corpus callosum for processing. There is
speculative evidence that the callosal fibers may be poorly
formed In many dyslexics (23, 80), resulting in a clear advantage
for lexical Information that Is presented to the left hemifield.
When mirror-reading, words to the left of fixation are
transmitted to the right hemisphere, which would be the most
efficient mode of processing for these. individuals. Geschwind
noted that the ability to read and write In mirror fashion is
much more common in left-handers. Some left-handers, such as
Leonardo da Vinci, have been able to mirror-write easily; this
may make reading easier for the right hemisphere.

Richt Hemisphere Functions

The dogma of left hemispheric "dominance" persisted for many
years, fueled by the late 19th century work of Broca and Jackson.
In fact, It was not until 25 years ago that the scientific
community acknowledged that the right hemisphere was superior to
the left hemisphere In certain functions (14), despite the 1876
writings of Hugnlings Jackson (118). Studies of right brain
lesioned patients and normal subjects have contributed much to
this understanding of the various functions of the right
hemisphere.

Although the prevailing view held that language in
right-handers was exclusively located In the left hemisphere,
patients with extensive left brain lesions were shown to retain a
few definite language skills (245). Further, patients with right
brain lesions were found to have subtle evidence of language
impairment (61). More easily accepted was research revealing
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that most complex spatial processing was carried out In the right
hemisphere.

Research methods that selectively activate one hemisphere
have made it quite clear that each half of the brain can, when
required to do so, Independently perceive, remember and respond
to stimuli presented to It (14). This capacity is thus not an
exclusive function of the left hemisphere. However, this
remarkable degree of Independence is probably only possible In
the split-brain patient, In whom the corpus callosum is absent
and cannot conduct Information from one side of the brain to the
other. In the Intact brain, the right hemisphere usually
controls attentlonal functions (165).

Perceotion of Space-- The weight of evidence in split-brain
patients points to a right hemisphere superiority for visual and
tactile pattern perception and memory (192). The left hand of
these patients Is superior to the right hand in spatial subtasKs
of the Weschler Adult Intelligence Scale, while the right hand Is
"barely able to do the simplest problems" (73). Drawing simple
geometric shapes or copying a design Is extremely difficult or
Impossible for the left hemisphere. The right hemisphere, by
contrast, has no trouble with block construction or drawing
shapes (150).

Spatial functions, such as the processing of visual stimuli
and their spatial relationships to each other, the mental
manipulation of geometric forms and objects, puzzle assembly and
map reading, either on paper or in mental Images, are all
controlled from the right hemisphere. This is also true of the
ability to recognize faces, especially contours and profiles, and
the "sense of humor," especially with sexually oriented jokes
(165), although there Is evidence that some spatial functions are
subserved by the left hemisphere (177).

L auaisuac-- Many patients retain the ability to sing despite
their left hemispheres being Incapacitated by disease, surgery,
or amytal, suggesting that the right hemisphere does have some
capacity for language (14). The capacity of the right hemisphere
for speech has been the topic of much research. Right
hemispheric speech has been described as different from left
hemispheric speech. The speech of patients with left hemisphere
lesions Is often automatic and stereotyped, containing expletives
and bursts of common phrases (55, 129). Lesions restricted to
the right half of the brain have been shown to cause
"higher-level" linguistic difficulties (263).

Apparently, the appreciation of the prosodic nature of
speech (both receptive and expressive) and the comparative and
metaphorical aspects of language reside In the right hemisphere
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(61). The right hemisphere interprets a word based on a holistic
Impression, rather than a phonetic analysis. Patients with brain
damage to the right temporal area can demonstrate a tonal
agnosia, or "aprosodia," which renders them unable to infer the
expressive qualities of language (227). [For a fascinating,
brief, and readable account of the effects of left and right
brain damage on language, the reader Is referred to Sacks (227),
chapter 9.)

Concrete, highly imageable words, (i.e., book, rock, girl),
are represented In the right hemisphere, as well (176). It
appeared Initially that the right hemisphere's vocabulary was
restricted to a single grammatical class, namely nouns (74).
More recently, Zaidel has shown that If given sufficient time to
decode a message, the right hemisphere Is able to understand many
aspects of language, including verbs. He estimated the right
hemisphere's capacity for language to be approximately the level
of a normal 5-year-old child (276).

It appears that while left-handers have more variable
lateralization of language than dextrals, spatial skills usually
remain lateralized to the right hemisphere in both groups (53).
Language thus appears to be the main functional asymmetry that Is
subJect to variability. However, Junque et al. recently reported
a case of a right-handed man with a massive left-hemisphere
Infarct, who had deficits more compatible with a right-hemisphere
lesion (126). He was found to have neglect, visuoperceptive and
visuoconstructive deficits, and disturbed voluntary expression of
emotion, but no aphasic symptoms at all. Clearly visuospatial
function can be located In the left hemisphere, although this is
rare.

Other Functions-- The recognition and appreciation of music
have usually been associated with the right hemisphere; however
some professional musicians have recently been found to analyze
music much like a language, suffering a larger performance
decrement from damage to the left than to the right hemisphere
(121, 128). As noted In a prior section, a similar phenomenon
has been observed In Morse code operators (200).

The right hemisphere also appears to dominate In depth
perception, ambient vision, and other visual stimuli composed of
low spatial frequencies. These aspects of vision have been
discussed previously.

Information Processina Theories

The efficient management of cockpit resources is often
dependent on the pilot's ability to absorb a large amount of data
In a short time, and react appropriately. A knowledge of the
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various mechanisms used by the brain to process information could
greatly enhance cockpit design. Unfortunately, little is known
about these complex Interactions. The major theories of
Information processing will be briefly reviewed here, and
potential applications discussed In a later section.

There are several ways of contrasting the processing
strategies of the two hemispheres. Some Investigators have
attempted to dichotomize processing into a left hemispheric
serial mode, and a right hemispheric parallel mode (161).
Attempts to experimentally verify these strategies have been
supportive, but difficult to Interpret (14). Another approach
has been to assign an analytic processing mode to the left
hemisphere, and a holistic, or gestalt, mode to the right
.hemisph re. In a well-known experiment, Martin used a large
letter made up of many small letters. When subjects were asked
to respond based on the smaller letters, the left hemisphere was
superior; when responding to the larger, more holistic letter,
the right hemisphere was superior (168).

Information processing models assume that conscious
perception Is the product of a series of processes that a
stimulus must undergo. It is generally accepted that we do not
process all available stimuli; they must be prioritized, accepted
(which is determined by the level of "attentionO), and stored
into memory (165).

Memory is usually thought of as short-term (for fast
processing), and long-term (for storage). The initial process of
registration Is referred to as iconic storage for visual input,
and echoic storage for auditory data. These transient forms of
information storage are susceptible to displacement if another
stimulus follows within about 20 ms; the information can be
dislodged for a longer time If the second stimulus is similar to
that which was initially presented. The information eventually
attains relative permanence, termed retention (165).

There are several variations on these basic assumptions, but
laterallty is generally not considered, although the right
hemisphere has been shown to be faster than the left at this
Initial encoding (106). It is assumed that the intact brain
assigns the most efficient processing sequence available.

A variety of information processing models have been
proposed; each has supporting data. The Direct Access model,
proposed by Kimura, assumes that stimuli will be processed mainly
by the hemisphere receiving it (134). If that hemisphere is
unable to complete processing, it passes the data to the other
hemisphere. A task requiring verbal comprehension will,
therefore, require eventual action by the left hemisphere.
Zaldel proposed a Callosal Relay model, which differs from the
Direct Access model only In that Information arriving at the
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wrong hemisphere is passed, unprocessed, across the corpus
callosum for action (277). Both of these models have supporting
data, but do not have much practical application, since the
intact human would not be expected to direct sensory Information
to either hemisphere exclusively. Kinebourne has proposed an
"attention-biasO model which holds that the
hemispheric-processing strategy depends largely on the expected
stimulus (136). If a person expected to process verbal input,
for example, the left hemisphere would be primed and the right
hemisphere Inhibited. The reverse would be true for nonverbal
information. As will be seen later, there may be application to
aviation psychology in some of the proposed models.

One method of studying these information processing models
Is to use the principle of Interference, which was discussed
earlier in the research methods section. These strategies rely
less on restriction of stimuli to one or the other hemisphere,
but depend more on performance as an indirect measure of
laterality. Results of this type of research are more easily
applied to cockpit performance.
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HANDEDNESS

Coren and Porac recently reviewed the history of hand
preference (48). It has long been known that hand preference is
closely linked to cerebral asymmetry. Since handedness is such a
consplcuous manifestation of hemispheric laterality, It has been
a frequent target for researchers seeking the answers to
questions of cerebral neuropsychology.

Before examining hand preference, the term must be defined
and measuring devices must be designed. Much of the difficulty
encountered In reviewing the literature is due to a lack of
consistency among investigators in measuring and labelling
various subpopulations of lateralization. Many conclusions can,
however, be safely drawn.

General

Even In utero, the size distribution of the left side of the
brain is markedly skewed 61 Lhe left (262), although the right
hemisphere develops faster (80). This cerebral asymmetry
probably Influences the development of hand preference. Probably
the first evidence of laterallty in the newborn infant is
head-turn preference; that Is, the direction that the infant
prefers to turn the head while prone (181).

Early evidence of neonatal laterality Is also seen in the
stepping reflex. Peters and Petrie found that this reflex leg
movement began with the right leg In 18 out of 24 Infants, who
were an average of 17 days old (207).

Data gathered Wi-v observIng the spontaneous manipulation of
objects is useful In assessing differences in hand usage in
infants (217). Clearly, the right hand Is used more than the
left to manipulate objects at least by the age of 15 months,
although there is disagreement in the literature (14).
Nonetheless, Chinese children were observed to show evidence of
hand preference at approximately 2 years of age (153).

Apparently, complementary hemispheric specialization of
function can be detected in the early years of life. It has not,
htwever, been established how these affect later asymmetries in
th adult. The research to date has largely been
cross-sectional, a study design which introduces many potential
biases.
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Hand preference does appear to correlate with manual skill,
but this has been shown to depend on the task under study. For
example, different types of movement, such as peg-fitting and
tapping, have produced disparate results (14). These conflicting
results may be due to researchers Ignoring such modifying effects
as degree of hand preference, degree of practice, or the basic
structure of the task under study. Dominant hand performance may
be superior in tasks such as peg-fitting due to superior aiming,
as the nonpreferred hand has been shown to require many more fine
adjustments by the cortex in order to hit the target (4).

Some movements are accomplished better by the left hand,
even In right-handers. Individual finger flexion, for example,
has been found to be superior in the left hand (201). However,
the control of the intricate, coordinated movements of hands and
digits has not been well-studied. The literature Is massively
conflicting even considering only hand preference.

Measurement

Historically, the study of left-handedness has been fraught
with problems. Researchers have established hand preference in
several different ways. Early studies defined handedness simply
by asking the subjects whether they were right- or left-handed.
Unfortunately, subjects differ In their. criteria for
self-assessment; socioeconomic background-may also Influence
responses. Self report has been shown to be poorly correlated
with actual hand use, especially In left handers (112). Despite
convincing data, this method of assessment continues to appear in
the literature (58). Some researchers have taken the hand used
for writing as the preferred hand (242). Often, social pressure
causes Individuals to abandon the use of their left hand,
especially for writing. Inventory analysis has shown that the
writing hand often does not accurately predict lateralization for
other common tasks (228). The most meaningful method of
assessment Is direct observation by the investigators. This has
been done with some success (182), but can become expensive and
time consuming. The question of how many activities to observe
then becomes an Issue.

The last, and most common method used in modern laterality
research, Is the questionnaire. The nature and number of
questions varies from Inventory to inventory, but generally a
laterallty questionnaire asks subjects to state which hand they
prefer to use for a set of common activities. Most
questionnaires have not been validated against behavioral
observations (14), although some have been subjected to various
types of analysis (42, 228, 269).
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A pitfall in the design of handedness inventories Is the
inclusion of Items that do not correlate with hand usage, and may
weaken the data. As Just discussed, the preferred writing hand
is relatively insensitive. Questions relating to eye dominance
also have been shown to correlate poorly with actual hand use
(80).

Chapman and Chapman have found that strongly right-handed
subjects, and to a lesser extent left-handers, can be reliably
separated from a larger group by asking them the following
question (42):

Wnich description best applies to you?

1. Right-handed and strongly so.
2. Right-handed but only moderately so.
3. Left-handed and strongly so.
4. Left-handed but only moderately so.

Two inventories in common usage are the questionnaire by
Annett (5), and the Edinburgh Handedness Inventory, by Oldfield
(195). These inventories, or modifications thereof, appear in
much contemporary laterality research, although it has been
suggested that the-most sat.sfactory measure of handedness would
Involve a short preference inventory and a performance test
involving tapping speed (33).

Data analysis has been conducted in a number of ways. Most
investigators divide subjects into handedness groups based on
their laterality scores, but any such classification Is arbitrary
(111, 228). Tests that take advantage of the full distribution
of handedness in the sample are the most powerful, and could
detect more subtle shifts in laterality (80). Since handedness
Is not normally distributed, nonparametric tests such as those of
Mann-Whitney and Kolgorov-Smirnov may be employed effectively
(31). The often used chi-square test Is appropriate, but is only
as good as the categories of data.

The Nature of Handedness-- In describing handedness two
distinct factors must be considered: the direction of handedness
(i.e., right or left) and the degree of handedness (i.e., given
that a person Is right- or left-handed, how right- or left-handed
Is he, on a scale from totally ambidextrous to completely
lateralized) (175). Most laterallty inventories generate a
number, commonly called a laterality quotient, which places the
Individual somewhere along a continuum of hand preference.
Usually, the resulting distribution Is bimodal, with a large peak
toward the extreme dextral end of the spectrum, and a smaller,
broader peak In the moderately sinlstral range (195). It is now
generally accepted that handedness Is a continuously distributed
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variable, although there Is some concern that there may be
additional axes of laterallty that are not currently being
measured (104).

Geschwlnd suggested that present measuring strategies ignore
a different aspect of asymmetry. He speculated that there may be
two types of motor learning that exhibit laterallty, noting that
there Is often asymmetry in other types of movement that are not
assessed by current laterality Inventories (80). Among these
movements are the preferred direction of turn by ice-skaters, or
ballet dancers. Some people write with one hand on paper, which
requires many fine hand movements, but use the other hand to
write on a blackboard, which involves more central, truncal
movements. The coarse, more truncal type of motor control is
termed the "axial" system, while more commonly assessed fine
movements are under the control of the "pyramidal" motor system.
Geschwind proposed that an Individual's relative talent In each
system is Independent, and that these two aspects of motor
control are "wired" separately. A person with so-called
"standard" dominance would have control of both types of motor
control located in the left hemisphere, whereas one with
"anomalous" dominance might have control divided between the two
hemispheres. This pattern of lateralized control might explain
much of the variance in the handedness literature, although
Geschwind .admits that supporting evidence is fragmentary. It is
interesting to speculate that such lateralized control of these
systems might facl.itate complex bimanual movements; fine
movements could be performed by one hand, while the other
executed skilled supportive activities.

There Is good evidence for a distinct truncal asymmetry of
rotation In humans, which supports Geschwind's contention that
current laterality Inventories do not assess all aspects of motor
asymmetry. Bracha et a]. found that normal men and women rotate
preferentially to the left or right during normal activities
(27). Left-hemisphere dominant (Judged by hand, foot, and eye
preference) males rotated more to the right than to the left,
whereas left-hemisphere dominant females rotated more frequently
to the left than to the right. In males, eye preference was more
clearly associated with rotational preference than hand or foot
preference.

This concept of a separate truncal axis of laterality is not
new. In 1928, Schaeffer noted that blindfolded persons tend to
walk In "clock-spring spiral" paths when attempting to maintain a
straight path (231). He also found that the direction of "spiral
movements" was unrelated to hand preference, and speculated that
it was controlled by a more deep-seated mechanism, and was
"demonstrably present in more of the protoplasm of the body than
is right-handedness or left-handedness."

32



Correlates With Other Asymmetries

A variety of structural and functional asymmetries have been
linked with hand preference. Some are difficult to interpret;
for example, blondes are significantly more sinistral than
brunettes (80). Also, brachial artery pressures (taken from the
arms) showed no correlation with handedness, although ipsilateral
ophthalmic artery pressure did positively correlate with hand
preference (35).

Clearly, left-handers do not simply show the reverse
cerebral lateralization pattern of dextrals. In fact, since not
even dextrals are uniformly lateralized, it is more proper to
consider cerebral asymmetry as a continuum, rather than an
all-or-none phenomenon.

A greater proportion of left-handers have weak hand
preferences, finding it relatively easy to perform a given
unlmanual task with the nonpreferred hand, and a greater
proportion of them show inconsistent lateral preference patterns,
doing some tasks left-handed and some right-handed (76). With
the notable exception of tongue clicking, which occurs to the
ipsllateral side of the mouth more reliably in left-handers,
studies of lateralized performance effects have demonstrated that
right-handers are more lateralized than are left-handers (112'.

Other organ systems, including the eye, ear, and foot have
been shown to possess anatomic and functional asymmetry.
Although the literature is once again conflicting, Beaton
concluded that the correlations between preferred hand and foot
were the strongest (14).

Theories of Genesis

Left-handers have been variously grouped into familial and
nonfamllial, or normal and pathological. While there is evidence
that heredity plays a large role in the development of
laterallty, other researchers believe that most sinistrality
develops after brain damage in utero, or in early childhood.
Contrary to earlier reports, there does not appear to be a
relationship between birth order and lateral preferences (189).

Left-handedness has been associated with stuttering, autism,
epilepsy, and subnormal intelligence (20). An increased
incidence of left handedness in these various pathological groups
can be explained by assuming that very early brain damage affects
both hemispheres with equal frequency, and thereby causes a shift
from the normal dominant side. Since there are more natural
right-handers than left-handers, more of the brain-damaged people
will shift from right-to-left than the reverse, resulting in a
larger proportion of sinlstrals in that clinical population (14).
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It has been found useful In experimental verification of
antecedent brain damage to test performance of the nonpreferred
hand, relative to the preferred hand (19).

The weight of evidence, however, supports genetic control of
most handedness. Several theories have therefore been proposed
to account for such a hereditary factor. Older models generally
assigned one gene for right handedness and another for left
handedness. Newer theories have proposed single-gene control of
hand preference.

A popular model Is Annett's Right Shift Theory (7). She
postulates the existence of a right shift factor, which biases
the left hemisphere toward speech and dominant hand control. In
the absence of the factor, hemispheric dominance and hand
preference are random and independent of each other. Much
evidence has accumulated supporting the Right Shift Theory.
Especially compelling are good explanations for the raised
incidence of left-handedness In twins, and the common finding
that sinistral females are less lateralized than sinistral males
(14).

Geschwind has more recently proposed a controversial theory
that Is, in effect, the mirror Image of Annett's. He postulated
that the basic pattern of the brain Is one of anatomic asymmetry,
so that language lateralizatlon and handedness.will depend
largely on the size of the planum temporale and other regions of
the hemisphere which are usually larger on the left (80).
Influences that delay left hemisphere growth during pregnancy and
early childhood thus tend to create brains In which the normal
asymmetry of these regions Is diminished, so that the
corresponding areas on the two sides are more symmetrical. In
some cases, the right hemisphere becomes more developed than the
left. The group with symmetrical brains should then manifest
random dominance (80).

While genetics play an important role In Geschwind's theory,
the effect of other outside influences is strong. Among these
Influences are maternal dihydrotestosterone, progesterone,
stress, or exposure to exogenous chemicals (90). This evidence
does not imply that all left-handedness is pathological. The
essential point Is that there Is a continuum botween the cases of
left-handedness with intrinsic and extrinsic etiologies.

There Is corvincing and surprising evidence that the
position of the infant In the birth canal Is somehow linked to
subsequent development of handedness. Two studies have shown
that infants born In the right occiput anterior position are much
more likely to later develop left-handedness than Infants born in
the more common left occiput anterior position (44, 78, 92).
Geschwind suggests that the head position at birth is not the
cause of subsequent laterality, but Is Itself due to antecedent
laterallty of the brain.
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Similarly, neonatal head-turn preference has been shown to
predict hand-use preference in the first 74 weeks of life (181).
These studies should not be Interpreted as evidence for a purely
environmental etiology of handedness (80).

Sociocultural Factors

It Is clear that social factors affect the manifestation of
handedness (243). The exact proportion of handedness due to
these extrinsic factors Is less clear.

The observation that an increase in age Is associated with
Increasing dextral preference suggests that a cohort of people
relatively Intolerant of sinistrality Is gradually aging, and
being replaced with generations of people less conscious of the
traditional dextral bias (16, 18).

Some researchers have attempted to compare ethnic trends in
laterallty, but Geschwind (80) concluded that, "The discussion of
ethnic differences In handedness thus rests at present on mere
fragments of information" (p.146).

Shanon studied American and Israeli subjects .while they were
drawing various characters. He noted that dextrals tended to
execute lines in a left-to-right direction whereas sinistrals
less consistently did so in a right-to-left direction, regardless
of nationality. This finding meant that the Israeli dextrals
were drawing opposite the direction of normal Hebrew writing.
Shanon concluded that right-handers are more resistant to
cultural pressure than left-handers (239).

The distribution of hand preference has been found to be
different for Israeli, Taiwanese (254), and British populations.
Marrion found that Kwatlutl Indians were significantly less
dextral than a matched Caucasian control group (164).

A strong familial effect is apparent. It can be shown
experimentally that right-handers with a left-hander in the
family are less well lateralized for language than those without
a familial sinistrality (173). This finding is probably true for
nonverbal functions as well (14, 234).

Hand Posture

While writing, both right- and left-handers assume one of
two hand postures: a "normal" posture (i.e., hand held below the
line of writing, pencil pointed toward the top of the page), or
an "inverted" posture (hand held above the line of writing,
pencil pointed toward the bottom of the page). The more frequent
Inverted posture in left-handers is often ascribed to a simple
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practical avoidance of smeared Ink, since English is written
left-to-right. However, Shanon has shown that Israeli
right-handers do not Invert more often than American
right-handers (238). Since Hebrew is written from right-to-left,
this would suggest that Inversion is not entirely a position of
convenience, and may have a biological etiology. However, since
many Israelis also speak and write English, it is possible that
this may be a confounding factor.

Peters and McGrory evaluated the writing performance of
right- and left-handers, and found that Inverted writers wrote as
quickly and accurately as noninverted writers when writing with
the preferred hand (206). Right-handers did write more quickly
than left-handers overall, however, possibly due to the advantage
right-handers enjoy In pulling the pen across the page, rather
than pushing It.

Levy and Reid have postulated that Inverted writers control
the language. aspects of writing from the ipsilateral cerebral
hemisphere, and that the reverse is true of normally positioned
writers. Hemispheric laterallty for language was correctly
predicted In 45 out of 48 left-handers and in all right-handers
(149). Their model predicted relative verbal and spatial
abilities In various groups of people: First, among
right-handers having the normal hand posture, verbal ability
should exceed spatial ability In females,'the reverse being the
case in males. Among left-handers with the normal hand posture,
females should display unusually good spatial abilities, compared
to right-handed females, and males should have unusually good
verbal abilities, when compared to right-handed males. In people
using the Inverted hand posture, females who are left-handed
should be greatly superior on verbal as compared to spatial
ability, whereas those who are right-handed should be greatly
superior on spatial as compared to verbal ability. Precisely the
reverse should be seen In males. When eye dominance Is
contralateral to the language hemisphere, the predicted
associations ought to be most strongly manifested. When an
ipsilateral relationship is seen, overall performance should be
reduced, and the predicted effects attenuated (148). These
predictions have accumulated both supporting and refuting data.
Moscovitch and Smith found support for Levy's model only in the
visual aspects of language. Auditory and tactile stimuli failed
to produce the predicted patterns of dominance (188). Levy has
conceded that her early findings may apply specifically to the
visual aspects of language, such as reading or writing (147). In
general, it can be said that hand posture has not proved to be as
successful a predictor of cerebral laterallty or performance as
had been hoped.
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Sex Differences

It is commonly accepted that females exhibit left-handedness
less frequently than do males (42, 195), and that males, in
general, tend to show stronger lateralization of function than do
females (165). It has been speculated that this difference may
result from a tendency among females to conform to sociocultural
norms more readily than males, or simply from an excess of
.pathological left-handedness among males (14).

The basis of the sex difference may be due to the different
maturation rates of the sexes (187). Males are more likely to
mature later than females; therefore, they manifest more complete
lateralizatlon. This is an area of controversy.

Females have been shown to have no significant
tachistoscoplc hemifleld asymmetry, whereas males have shown an
RVF advantage (100). More women than men have difficulty at
quickly identifying the directions right and left (162). This
right-left confusion is associated with symmetry on
tachistoscopic testing and supports the hypothesis that the
female brain, Is less lateralized than the male brain.

The left temporal plane of the human brain has been noted to
be slightly larger in males than in females. However, the normal
patterns of anatomic asymmetry seem to exist for both sexes
(262).

There Is evidence that males are faster than females when
tasks require the formation of a mental "picture," but females
are faster when a purely verbal strategy can be used (179). In
general, females seem to prefer verbal strategies, which may
account for the hemifleld differences that are seen.

Apparently, there are differences In handedness and cerebral
organization of function between males and females. Experiments
and theories purporting to explain these differences are
conflicting and Inconsistent. Different modes of Information
processing could account for much of the sex-related
lateralization literature, but these differences are difficult to
understand and apply to actual performance, at the present time
(14). Some authors believe that Intergender differences are too
inconsistent and Ill-defined to allow the formation of
conclusions or theories (23).
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Lateralltv and Dominance of Other Human Systems

£y.-- About 70% of right-handers are also right-eyed; but
among left-handers, left-eyedness occurs only In about half (39,
178). These observations may have performance implications as
discussed later. Strong right-handers who had suffered birth
stress have an increased incidence of left eyedness (148).

Zoot-- The foot preferred for kicking a ball has been shown
to correlate the best with hand preference, compared with other
lateral preferences (14, 215).

Ear-- The evidence for asymmetry within the auditory system
was reviewed In the sections reviewing dichotic listening tasks,
and the lateralization of language. Suffice It to say that
right-handers recall significantly more verbal stimuli from the
right ear than from the left ear, whereas left-handers as a group
show smaller differences between the ears. This pattern has not
proved reliable for determining the hemisphere specialized for
speech In a patient (112).

Olfactory System-- Smell sensation Is represented in the
ipsilateral cerebral hemisphere (89). Lateral asymmetry has been
found for a category Judgment task, In that right-handed females
are superior using the right nostril (203). This finding Is
consistent with other research which has found the right
hemisphere superior In making categorical judgments.
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CORRELATES OF HUMAN LATERALITY

Performance

It Is difficult to distill the morass of laterallty research
Into practical conclusions such as "better" or "worse," however,
several authors have attempted to do so.

Geschwind has suggested that the lateralization of cerebral
function Is evolutionarily superior (80). He reasoned that an
organism could successfully survive In a wider variety of
situations If its brain was capable of performing more functions.
A well-lateralized brain should be capable of a larger complement
of talents. This theory has received considerable support.

Manual Tasks-- In right-handed persons, the left hand has
been found to be about 10% weaker than the right hand.
Similarly, the left leg Is about 10% weaker than the right leg
(52). In left-handers, the preferred left hand is usually
stronger, although ReiJs found that 30% of left-handers had a
stronger grip In the right hand (220).

There Is a correlation between hand preference and manual
skill, but this depends on the task under study. The preferred
hand does seem to be superior at aiming, while the nonpreferred
hand requires many fine adjustments In order to hit the target
(4). Simon found no difference in hand steadiness among hand
preference groups (8). However, different types of movement,
such as peg-fittlng and tapping, have produced disparate results
(14). The match-sortlng task was discussed in the section on
handedness. Hand preference does not seem to have a large effect
on tracking tasks (244, 270).

Tasks requiring little skill are usually performed by the
preferred hand, but as spatial complexity increases,
right-handers tend to use the left hand more than the right hand
(95). This preference may result from increasing right
hemispheric input due to the spatial nature of the difficult
task, or from a generalized cerebral activation due to the
heightened task difficulty. Grote and Salmon found that those
subjects with fastest performance on the most difficult task were
those who demonstrated the strongest shift in hand use.

Left-handers seem more proficient than right-handers at some
tasks. A 1959 study examining a complex perceptual-motor task
found that left-handers scored higher and made fewer errors than
right-handers (251). Left-handers have since been shown to be
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faster than right-handers on some peg-moving tasks, especially
when considering the nonpreferred hand (131). This may reflect
reduced lateralization of left-handers, or the effect of
adjusting to a dextral society. Conversely, left-handedness is
more common among children who perform poorly on a match-sorting
task, using the nonpreferred hand (20). Left-handers also were
significantly faster at visually Judging two patterns as same or
different (108).

Left-handers usually display smaller differences in
performance and strength between the two hands than right-handers
(131, 205). This observation would seem to support Annett's
theory that left-handers arise from a random process, whereas
more right-handers are genetically destincd for the "standard"
dominance pattern (80).

Increased attention to confounding factors may permit more
stable conclusions In the future.

Spatlal Performance-- Tests of visuospatial ability seem to
measure two distinct spatial abilities: spatial visualization and
spatial orientation. An example of the former ability is a cube
rotation task, while the latter Includes maze, map-reading, and
embedded figures tasks. Mental rotation tasks rely heavily on
the ability to reorient mental Images in relation to-left-right
cues. Both types of spatial ability have been shown to correlate
well with performance on the Job, but It Is not known why this is
so (53).

Left-handers have indeed been found to perform poorly on
some spatial tests, but this has by no means been a universal
finding (249); left-handers of both sexes and those with learning
disabilities often exhibit superior right hemisphere functions
(84).

Thomas and Campos found the spatial performance of subjects
who were said to be strongly left- or strongly right-handed was
superior to those whose hand preference was less extreme (255).
This finding would support the contention that It Is the degree,
rather than the direction, of handedness that is important.

Levy proposed that left-handers, who as a group are less
well lateralized for language, would perform worse at a spatial
task than dextrals. This hypothesis was based on the principle
of task Interference. As previously discussed, this "competition
hypothesis" advocated by Levy and Reid (149), holds that verbal
and spatial coding processes are basically unable to coexist in
the same hemisphere, and that spatial skills suffer when such a
conflict exists. Some studies have failed to confirm this
concept (53), while Levy (145) and others (183) have provided
strong support.
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Left-handed divers have been shown to adapt less well to the
underwater distortion of object size and position, although this
spatial task improves markedly with practice (158).

Using dual-task methodology, Nagae found that left-handers
were Inferior to right-handers in recall of target positions
(190). He concluded that, because left-handers are less
lateralized for speech than right-handers, the right hemispheric
component of language was Interfering with spatial processing,
causing a performance decrement in left-handers. Left-handed
males may be the least hemispherically specialized, right-handed
males the most specialized, with right- and left-handed females
possessing an intermediate degree of lateralization.

Consistent with the vlew that left-handers and females are
less lateralized than right-handers is the observation that
right-left confusion is reported more frequently among female
left-handers (103). This trait Is more closely associated with
sex than with hand preference (162). Wolf reported that 17.5% of
women and 8.5% of men show a high degree of right-left
confusability (273). An impaired appreciation of one's relation
to the environment certainly could be detrimental in the flying
environment.

There Is evidence that familial non-right-handers may be
more proficient than familial right-handers in using strategies
of transformation of mental images in relation to left-right cues
(40).

The effect of "androgyny" has been examined recently (171).
In males, lesser masculinity, as measured by secondary sex
characteristics and 17-ketosterold excretion, was associated with
higher spatial ability. Those females, conversely, with greater
masculinity possessed greater spatial ability. This
physiological Index deserves further study.

Duhamel et al. recently assessed the auditory component of
spatial performance by asking blindfolded subjects to manually
localize auditory stimuli (59). This methodology Is free from
practice effects, since the subject receives no feedback on his
performance accuracy. They found that (a) left-handers made
significantly more errors than right-handers, (b) the right hand
made more errors than the left hand, and (c) the right hemispace
was associated with more errors than the left, especially when
using the nondomlnant hand. These observations may have
application in the design of cockpit threat or collision warning
systems.
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Verbal Performance-- Annett reported that subjects with
mixed hand preference did worse on vocabulary tests than both
consistent left- or right-handers. The well-lateralized dextrals
and sinistrals did not differ (6). Conversely, McKeever (171)
fouiid support foL Levy s contention that left-handers possess
superior language ability (145).

Effect of Eve Dominance-- It has been reported that 20-30%
of right-handers are left-eye slghting-dominant (178). The
effect of this "crossed dextrality" on novice marksmanship
performance was recently examined. Sheeran found that right-eye
dominant dextrals had significantly higher scores than left-eye
dominant dextrals (240). All subjects sighted with the right
eye.

In 1952, Gilinsky and Brown Investigated the effect of
sighting dominance on a compensatory tracking task (82). They
found that, while there was no effect seen In Initial
proficiency, practice on the task seemed to more greatly benefit
the dominant eye. However, a beneficial effect of practice was
seen for both eyes.

Monocular dominant and nondominant viewing during a tracking
task was compared to binocular viewing by Madan (159). He found
that binocular tracking was superior to monocular tracking, and
that performance with the dominant eye was significantly better
than that attained with the nondominant eye.

Effect of Family Hlstorv-- As mentioned previously, a
positive family history of left-handedness may exert an effect.
It has also been reported that familial sinlstrals do worse on
the Wechsler Adult Intelligence Scale (WAIS) performance subscale
(28), and the full-scale WAIS score (29).

It should be mentioned, In closing, that there is a weight
of dissenting evidence that finds no difference between
sinistrals and dextrals In these aspects of performance or
Intelligence. However, much of the research just cited that has
provided evidence of handedness associations with proficiency was
well-designed and valid. The exact nature of these differences
remains elusive.

The term "hemispherlcity" refers to the tendency of people
to rely on one hemisphere more than the other. This trait is
closely related to the concept of "cerebral dominance," which
usually expresses the preeminence of the left hemisphere, not
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only for language, but also for generally filling the
"controller" role (165). Several researcher.9 have examined
various associations between occupational groups and hemispheric
dominance, the underlying principle being that left-handers tend
to rely on their right hemisphere more than the left.

Developmentally, If left hemisphere functions fall to
"predominate," there may be a tendency to choose those
occupations which benefit In some way from a visual mode of
thought. The findings suggest that this tendency Is sometimes
associated with a hand preference that is other than fully
dextral.

Several studies have shown an elevated rate of
non-right-handedness In certain occupations, several of which
require an Increased use of spatial talents. Among these are
professional athletes (174), artists (208), and architects and
engineers (209). Left-handed architectural students entering
college in 1970 were more likely to graduate, compared with
right-handers (210). Engineering students have been shown to oe
significantly more dextral In hand preference than psychology
students (123). Mathematically gifted children have a much
elevated rate of left-handedness (139).

There Is evidence that eye dominance may also act as a
marker for occupational aptitude and choice. Among right-handed
college students, those who were studying architecture or design
were significantly more likely than law students to be left-eye
dominant or ambiocular (66). Mixed dominance seems to be more
common among students majoring In fields requiring visuospatial
skill than those studying subjects requiring skill in reading and
language.

Rossi and Zani found that athletes showed more hemispheric
specialization than did nonathletes (224). Specifically,
athletes were shown to be more accurate than nonathletes in
perceiving rod orientation, especially with the left hand. This
finding may be Interpreted as evidence that athletes develop
enhanced spatial abilities, which reside In the right hemisphere,
or as evidence suggesting that athletes possess genetically based
ability to process spatial information.

Other researchers have not been able to assign different
spatial processing strategies to specific occupations (53). In
general, there Is little evidence to support the contention that
an excess of sinistral tendencies among members of certain
occupational groups necessarily means that such Individuals are
more likely to utilize right hemisphere processes than are
members of other more left hemisphere "dominated" occupations.
Beaton points out that both the trend towards sinistrality and
the tendency to utilize right hemisphere skills might be a result
of very early insult to the left half of the brain (14).
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Manacement Skills and Lateralltv-- As the concepts of
cerebral specialization have become more widely known, some
professional and educational groups have attempted to utilize the
differential abilities of the two hemispheres to improve learning
and performance.

Gordon et al. recently critiqued the applied management
psychology literature, and also reported three studies of
occupational correlates that they conducted (87). The business
and educational literature has seen a recent Increase In articles
describing various ways to Improve performance and/or efficiency,
by tapping one or the other cerebral hemisphere. Many workshops
and seminars have sprung up, purporting to enhance specialized
brain skills. Generally, business executives are urged to
develoo right brain skills (I), and educators are exhorted to
format their teaching so as to appeal to students" right
hemisphere (63). The right hemisphere is popularly regarded as
the silent, untapped side, within which reside such processes as
intuition, and holistic problem-solving. It should be noted,
however, that most of the supporting research has not been
conducted by neuropsychologists.

Gordon et al. note that the questionnaires and inventories
that have been used In this research have not been
neuropsychologically validated, and probably do not measure
hemispheric function. Those people who are labelled
"right-brainedn or *left-brained" do not necessarily perform
better on validated neuropsychological tests that do measure
relative hemispheric function (87). In fact, these popular
questionnaires often seem to be personality Inventories rather
than Indicators of laterallzed cognitive neuroprocessing.
Although there Is some evidence associating personality with
cognitive strategies (43), the research that has been conducted
using these suspect measures of laterality Is of questionable
validity. Personality characteristics may indeed be predictive
of success In various occupations; however, conclusions regarding
differential hemispheric function would be unwarranted.

Gordon et al. conducted three studies examining various
occupations and their patterns of cognitive processing, using a
previously validated collection of neuropsychologIcal tests
called the Cognitive Laterality Battery (CLB) (85). They did
find some support for the contention that lateralized hemispheric
function is correlated with workplace performance. However, some
Interesting patterns were found.

In the first study, bank employees In supervisory positions
or with complex clerical duties performed better on tests of
visuospatial skills. The second study showed that, in managers
of a health care facility, Job ratings correlated with
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visuospatial performance and job complexity. In the third study,
managers in a major airline with higher verbosequential skills
who were controlling greater numbers of people and services,
received higher performance ratings from their supervisors. The
investigators concluded that more "complex" Jobs correlated
better with visuospatial ability, whereas in jobs differing in
magnitude, sucn as number of employees or service units,
verbosequential ability seemed to correlate more with
performance. Managers may Indeed rely more on one mode of
Information processing than another, but It is clear that the
optimum strategy may not be obvious to the ca-uzl observer.

Training managers In a standard "right-braln" approach Is
therefore Inappropriate at the current level of knowledge.
Gordon et al. also point out that there is no evidence that
training programs enhance laterallty, nor that any improved
lateralization would enhance Job performance. The
cross-sectional study design does not support conclusions
regarding cause-and-effect.

Educators have also begun to use "right-hemispheric" methods
in teaching. There has been research supporting the concept that
presenting information to students via music, cartoons, or
methods that use mental Imagery, enhances the learning process.
As in the business psychology literature, the supportive research
Is often less than convincing.

In 1986, Evans and Payne reported an experiment In which
they presented learning material to 31 subjects In a
"right-brain" format (music and cartoons), a "left-brain" format
(lecture-based), and a module which combined both approaches
(63). They found that the combined and right hemisphere
approaches were superior when they tested short-term recall, but
long-term memory was superior after the bimodal approach only.

Caskey and Meier recently examined the effects of mental
imagery on retention of learning material (41). They found that
those subjects presented material through mental imagery had
significantly better recall, and more positive attitudes toward
the learning experience, than did controls, who learned the same
material through a conventional lecture-based format.

These studies both suffer from the same problems of
misclassification, In that the "right-hemisphere" modes of
teaching may not actually be preferentially engaging the right
hemisphere. For instance, either hemisphere may process music,
depending on the experience of the listener (121, 128); and thKe
process of mental Imagery Is not consistently lateralized In the
reported literature (176). The experimental subjects may also be
affected by the novelty of the "right-brain" stimuli, causing
better learning and Improved recall. These alternative
strategies may well be better teaching methods, but it might not
be due to asymmetrical hemispheric processing.
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It Is interesting to note the fervor with which the concepts
of cerebral laterality are applied. In a highly speculative and
unsubstantiated 1986 essay, E. Smith analyzed the educational
plignt o' the md'n black child (246). He contended that the
public school system in the United States continues to foster an
exclusively left-brain educational strategy, which does not
address the needs and aptitudes of inner-city black children.
This position Is not unique, but Smith has prepared a unique
hemispheric rationale. He opined that the African tribal
heritage of blacks was rlch, imaginative, oral, and agrarian, but
lacking a written language. He states, "...the black experience
In Africa, as well as in America, until recently has been a
predominantly right brain experience." He believes that blacks
have had a difficult time transitionlng from the South, where
"rural right hemisphere labor" Is the norm, to "urban left
hemisphere labor" In the North. He concludes that the black
student would be better taught using educational methods that
utilized their right hemispheric talents.

Emotions and Personality

There Is some evidence that the two halves of the brain
differ In their contribution to human emotions, and other
evidence suggests Interactions between handeaness and
personality.

Silberman and Weingartner recently reviewed the evidence
suggesting that emotions are asymmetrically represented In the
cerebral hemispheres (241). They found three hypotheses
suggested In the literature: (1) emotions are better recognizea
and appreciated by the right hemisphere; (2) processing and
control of emotional expression and behavior take place in the
right hemisphere; and (3) the right hemisphere is specialized for
dealing with negative emotions, while the left Is involved with
positive emotions. The evidence for these theories was mostly
unreplicated and fragile; however, the authors concluded that the
most likely model was based on Interactive inhibition between a
right negatively biased and left positively biased hemisphere.

It has long been noted that damage to the two hemispheres
results in different patterns of emotional impairment. Right
hemispheric damage often resulted In a pattern of "indifference,"
and the Wada test on the right was likely to result in euphoria.
Left hemispheric damage, conversely, caused a "catastrophic"
depressive response, as did the left-sided Wada test (225).
Apparently, the more frontal region of each hemisphere is
responsible for the strongest emotional response (184).
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However, electrophyslological research has produced
conflicting results regarding the hemispheric lateralizatlon of

emotion (46o. Boh negative and positive affective stimuli

produce bilateral frontal activation of the EEG and symmetrical

skin conductance response magnitudes (180).

There has been sporadic research aimed at determining the

"seat of consciousness," which for years was assumed to Je the

left hemisphere. This research has been difflult to do In the

Intact brain, due to transcallosal communication. However, in an

Interesting tachistoicopic experiment with split-brain patients,

Sperry et al. determined that the right hemisphere had its own

consciousness, much like the left hemisphere. Although the

corpus callosum was absent, evoking an emotional response In the

right hemisphere resulted In transfer of the basic awareness of

the emotion to the left hemisphere, h ut not any knowlecge.of the

Inciting stimulus (e.g., words, pictures, etc.) (248).

The right hemisphere has been linked with a variety of

"unconscious" mental processes. Among these are hypnosis (172),

hysterical symptoms (67), and phantom limb pain (14). In the
intact brain, the right hemisphere seems to control attentional
functions (165).

Some clinical psychologists and counselors have attempted to
integrate these concepts of cerebral laterality into practical
therapeutic strategies. Richardson et al. related the
left-hemisphere/right-hemisphere dichotomy to the Eastern
philosophy of yin/yang, and male/female strategies of thought
(222). They suggested that clinical tools such as hypnosis,
imagery, and psychodrama, which are predominantly mediated
through the right hemisphere, represent "feminist" approaches to
counselling. This conceptualization of left brain/right brain
activities as male/female is interesting, but Richardson et al.
seem to imply that males rely largely on left hemisphere
strategies, and females prefer right hemispheric methods. In
fact, some research indicates that males tend to prefer tasks
requiring mental Imagery, and females excel on tasks requiring
purely verbal strategies. These psychological therapies have
certainly proved their utility, but their characterization as
masculine, or feminist, does not appear to be based on good
neuropsychological data.

Some investigators have found that left-handers are
significantly higher in socialization than right-handers (221).
Personality inventories have shown that subjects who show strong
manual lateralization, either dextral or sinistral, feel that
they are more "externally controlled" than those with mixed hand
preference, who tend to be more "internally controlled.'
Externally controlled Individuals see themselves as being more
controlled by their environment, whereas internally controllec
subjects believe that they are responsible for their own fate
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(113). However, Annett found no differences in Minnesota
Multiphasic Personality Inventory (MMPI) and Edwards Personality
Inventory (EPI) scores among handedness groups (8).

Geschwind and Galaburda speculated that left-handedness
might be related to homosexuality (80). Recently, studies have
been published which variously support (155) and contradict this
theory (223).

Field Deoendence/Indeoendence-- Researchers have discovered

that laterality, both cerebral and peripheral, Interacts with the
ability to characterize a stimulus In central vision, when the
surrounding periphery is varied. In one of these tests, the Rod
and Frame test, some subjects are more affec~ed by the position
of a central rod (termed "field Independent" Indlvlduals) while
the responses of others are more reiated to the position of the
frame surrounding the rod ("field dependent" subjects) (14). In
terms of "dominant" hemispheres, field dependent Individuals have
been characterized as left hemisphere dominant, and those
displaying field Independence as right hemisphere dominant (70).

Available data also suggest that field Independent subjects
tend to have strong lateral preferences for hand, ear, and eye
movements. They also show clear visual field asymmetry in
response to tachistoscopic tasks, Intimating that field-
Independent persons have more differentiated cerebral
lateralization than field-dependent subjects, who show the
opposite tendencies (14).

Carretta recently reported that the Embedded Figures test
did not significantly predict performance In U.S. Air Force
Undergraduate Flight Training (37). However, the author pointed
out that this test may not be a good measure of field
dependence/independence; further, It Is possible that this
population is already screened for field dependence/lndependence,
since a Hidden Figures test is included in the current selection
test battery.

Human Disease and Laterality

A higher than expected incidence of left-handedness has been
reported for a wide variety of different clinical populations,
including stutterers, autlstlcs, epileptics, and the mentally
retarded (14). Many disorders seem to affect one side
preferentially. These manifest abnormalities probably
contributed to the historical idea that left handedness per se Is
abnormal. Some of these associations will be presented.

Cleft lip has been noted to occur on the left side in
two-thirds of cases, and significantly more patients with cleft
lip are left-handed than controls (257).
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Undescenled testes are located more frequently on the right
side. Breast cancers, cysts, hypertrophy, and difficulties in
lactation are located on the right side In most cases (116).

There is a left-sided predisposition for meningiomas of the
lateral ventricle and papillomas of the chorold plexus (80) Tic
douleureux Is more often caused by pressure on the right
trIgemInal nerve by an anomalous cerebellar artery, therefore
causing symptoms on the right side more often (119).

A variety of associations with psychiatric impairment have
been made (220). Some investigators feel that schizophrenia is
associated with -3turbance of left hemisphere functions, and the
affective psychoses with impaired right hemisphere function (65).
Dextrals have been reported to be less neurotic than either left
or mixed handers (169).

Alcoholism has been linked to cerebral lateral:ity. London
found that In men admitted to an inpatient alcohol rehabilitation
facility, a history of paternal alcoholism was significantly
associated with left-handedness in the patient or a first-degree
relative of the patient (156).

Personality research has produced conflicting results In the
area of anxiety and handedness; Beaton believes that
methodological bias may account for positive results obtained in
the past (14). Recently, the association of dyslexia with
laterality has also been challenged (230).

Geschwind has speculated that left-handedness, disease, and
Immune disorders are strongly linked (69, 79). In his series,
Geschwind found that 27 of 253 strong sinistrals reported a
personal history of immune disorder, whereas only 10 of 253
strong dextrals gave such a history (p<.01). He suggested that
the same factors influencing laterality also affect immune
development. Aberrations such as anomalous dominance should
therefore be associated with a variety of Immune-related
disorders. His data also showed an Increased rate of
left-handedness among those with atopic disorders such as asthma,
eczema, and hay fever (80). This association has received
support from some (233, 247, 268) but not all investigators (21).

Further, left-handedness was associated with the presenile
form of Alzheimer's disease (235). Geschwind suggested that
anomalous dominance, based on a common Immunological link,
predisposes individuals to the presenile form, in which apha=ia
is more common than in the late-onset disease (80).

These myriad associations are by no means universally
accepted. Recently, Satz and Fletcher found no association of
dyslexia with handedness, cognitive function, birth history, or
parental achievement (230).
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Research Applications

Research Into cerebral laterallty has provided concrete
benefits, In addition to general advancement of knowledge and the
call for further research. For example, the functional
assessment of a patient recuperating from a cerebrovascular
accident (CVA) is aided by knowledge of the specialized function
of the Injured area of brain. A rehabilitation program could
take advantage of the functions of the remaining Intact neural
tissue (2, 14).

Evolution would seem to have favored asymmetry, and although
the literature is conflicting, there is evidence that the degree
and nature of functional cerebral specialization may be related
to certain performance measures. The remainder of this paper
will attempt to apply this psychological research to the field of
aviation.
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AIRCREW SELECTION AND PERIPHERAL LATERALITY

Since the early days of flying, aviators have enjoyed a
certain amount of prestige associated with their ability to "s.ip
the surly bonds of earth, and dance the skies...' (160). Flight
surgeons owe their professional existence to the historical
acknowledgment that successfully negotiating the flying
environment demands a man'(or woman) possessing particular
qualifications, both physical and mental. This requirement
became apparent early in aviation history: In the early part of
World War I, Great Britain found that of every 100 of her flyers
killed in action, only two died at the hands of the enemy, while
90 perished because of some individual deficiency (54). This
unfortunate statistic was largely due to the British policy at
that time of transferring "washouts" from other branches of the
service to the Air Force (47).

As a result of similar experience in the United States,
Major Theodore Lyster, an ophthalmologist, was directed In 1914
to develop meaningful physical standards for pilots. He
implemented the first realistic selection standards for aviators,
recognizing that ma..j minor physical and psychological defects,
which pass unnoticed In conventional occupations, were best
excluded from the cockpit. Lyster's Initial selection standards
were based on consensus opinions of the small community of early
flight surgeons, and obviously were not based on much
experimental data. Nonetheless, the physical fitness-for-flight
of the aviator population was dramatically improved.

Over the ensuing years, selection standards were continually
refined and validated, based on principles of safety, physiology,
and occasionally, supply and demand. Despite this evolution,
most aircraft accidents continued to be caused by some judgment
or performance shortcoming on the part of the pilot. Much energy
was therefore devoted In the 1930s and 1940s to the development
of preselection screening tests which could Identify those
candidates who possessed the necessary psychomotor aptitude to
become a successful aviator.

A number of large studies were conducted (211), which were
unfortunately plagued by methodological difficulties. A
cross-sectional approach was often employed, with many variables
simultaneously examined for possible predictive value in
selecting pilot cadets. Statistically, In a study such as this,
a certain percentage of variables will appear as significant
predictors solely on the basis of chance. As a result, these
studies Initially produced some unlikely predictors of flight
aptitude, such as reaction time, effect of startle, and,
strangely, the presence of dermatographia (11). Subsequent
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verification of these "predictive" variables was frequently
unsuccessful.

It should be no surprise that such an obvious variation as
left-handedness has been suggested as a marker for aspects of
flying aptitude. A few authors over the past 75 years have
speculated about the effect of left-handedness on flying aptitude
and/or flight safety. However, these scattered reports are
mostly anecdotal, cross-sectional, and often obscure. Curiously,
handedness does not appear in any of the aforementioned large
analyses of pilot attributes conducted in the 1940s and 1950s.
There has never been a study of handedness as a possible
predictor of success in flight school, although such a study
would be relatively easy to conduct. Apparently, hand preference
was regarded as an easily manipulated demographic characteristic
which had no effect on performance. More recently, there has
been a modest increase In Interest In hand preference; later In
this section, all available references to handedness In the
aviation literature will be reviewed.

Early cognitive psychologists directed their attention
toward describing the skills that good pilots must possess. It
was Intuitively obvious that pilots worked in the
three-dimensional environment more than most ground-based
personnel. Accordingly, a variety of visuospatial/manual
coordination tests were developed. In the Immediate post-World
War II era, several of these psychomotor tests were convincingly
shown to significantly add to the accuracy of the pilot selection
methods of the day (11). However, these tests were abandoned In
1955 because the testing had been decentralized (to reduce
transportation costs) rendering the old electromechanical devices
more difficult to calibrate and maintain. Since that time,
selection In both the U.S. Army (USA) and U.S. Air Force (USAF)
has been based on paper and pencil tests of flight experience and
knowledge, general verbal and spatial performance, a review of
the past service record, and a personal interview (219).

Two factors have contributed to a resurgence in Interest in
these psychomotor performance tests. First, the development of
computers will now permit the reliable placement of testing
modules in geographically dispersed locations, without fear for
maintenance or calibration. Second, the emerging awareness of
the functional specialization of the brain has provoked
speculation as to the potential utility of hemispheric dominance
patterns as predictors of performance or aptitude In aviation, as
well as other occupational fields.

Are there patterns of functional cerebral asymmetry (or
handedness), which can be Identified, that are associated with
better (or worse) aviator performance? This discussion will
review the rationale for hypothesizing an ideal aviator brain,
the relevant historical literature, and the most current
experimental evidence.
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Basis for the Hvoothesls

From the previous review of the cerebral laterality
literature, it should be obvious that the human thought process
cannot be reduced to a simple series of consecutive steps, which
predictably result in decisions and purposeful actions. Even in
the split-braln patient, the hemisphere performing a task cannot
be predicted with certainty (165). It is therefore extremely
difficult to understand Information processing In the Intact
brain, especially when considering such a complex action as
flying. Nonetheless, the general theory of functional
laterallzatIon does appear to hold up under experimental
scrutiny. As reviewed earlier, the left hemisphere tends to
become involved in verbosequential processing, whereas the right
hemisphere Is usually Involved in visuospatial processing.

The body of literature purporting to associate
"hemisphericity" with occupation has been subject to much
criticism, especially when handedness has been used as a marker
for hemispheric predominance. It does appear, however, that some
Individuals consistently perform better when executing tasks that
are attributed to one hemisphere, although most people do not
display this lateral preference. It may be possible, therefore,
that some occupations require such a degree of specialized
processing that an individual possessing a corresponding
"cognitive profile" would excel In that profession (88).

It can be stated with confidence that no profession requires
an awareness of self-position In three dimensions more than that
of an aircraft pilot. For this reason, researchers have long
sought to Isolate the skills required of pilots, although it was
not until recently that this was done with functional cerebral
laterality In mind.

The complex task of flying requires the smooth, continuous
integration of many skills. Among these are: three-dimensional
positional awareness, sustained vigilance, continuous and smooth
limb coordination with closed-loop feedback monitoring, and
Integration of systems operations via the cockpit
Instrumentation. Naturally, there are many hundreds of tasks
that are carried out during flying operations, and apparently
many of these do involve the right hemisphere for processing. In
the Intact brain, it Is likely that most tasks could be executed
by either hemisphere, and lateralization depends on the
concurrent task load, which is also probably distributed
according to a lateralizatlon pattern.

Although "seat of the pants" flying may be a fairly
consistent set of cognitive skills, the requirements of each
aircraft type vary; helicopter pilots have different concerns
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from transport pilots, who In turn have different concerns from
fighter pilots. Different display systems and cockpit
Instrumentation demand different processing strategies, and
different missions place varying levels of stress on the
operator. Marsh summed up the right hemisphere's general role in
flying as "manipulator of the environment," whereas the left
hemisphere is crucial In processing the large amounts of
Information presented by modern sophisticated aircraft (165).

Early flight surgeons did not have the benefit of modern
cognitive processing theories, and the only marker of cerebral
laterallty available was hand preference. Since current theory
holds that optimum performance Is attained by maximum functional
hemispheric separation, left-handers, who as a group are less
lateralized than right-handers (76, 112), may Indeed function
less well in the cockpit environment. However, left-handers are
a much more heterogeneous group,and some show good hemispheric
lateralization. These slnisLcais would be expected to pertorm
well on tests of lateralized cortical function, and to co well in
flight training (165). The small body of aviation medicine
literature examining handedness will be reviewed in the next
section; research examining cerebral laterality and pilot
performance will be presented later In the paper.

The Left-handed Pilot

Early History-- Hand preference and cerebral laterality
Issues have been virtually Ignored throughout the history of
aviation. Perhaps the fact that those pioneers of powered flight
In America, the Wright brothers, were both right-handed was an
omen (256). In any event, there has been a striking lack of
aeromedical speculation regarding left-handedness. This absence
Is all the more surprising given the long quest for successful
predictors of student pilot aptitude (202). The exhaustive
testing of selection criteria for flight school admission
Included such esoteric factors as eye color, head circumference,
startle reflexes, and types of dreams (26), but It was not until
relatively recently that data on handedness were even collected.
In 1920, handedness was not recorded on the U.S. Army Air Forces
standard flight physical jorm (264). Handedness was also missing
from the 1930 flight physical data sheet of the British (9) and
the French (10) Air Forces.

T0' find reference to left-handedness, one must carefully
peruse the early aviation medicine literature. In 1930, Bauer
cited a study, by Longacre, of the reasons given by Instructors
why men fall to learn to fly (13). In his list of dozens of
reasons for failure is buried the corment, "...had difficulty
because left-handed..." Unfortunately, no further comment was
made as to the nature of the student's difficulty.
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A 1941 training manual published by the U.S. Army Medical
Department, entitled "Notes on Psychology and Personality Studies
in Aviation Medicine," contained a long list of qualities to look
for In prospective aviators (265). In the section entitled
"Morphology" are the only questions In the manual dealing with
handedness or related Issues: "Was cerebral dominance established
early? Were definite efforts made to lateralize to right- or
left-handedness and with what results? Stammering?" The 1943
edition of the U.S. Army Air Forces Flight Surgeon's Handbook
asked the aviation candidate, "Did you ever stammer or stutter?
Are you left-handed?" Unfortunately, these manuals contained no
elaboration of the issues raised by many of the proposed
questions. It is unclear, for example, how a unit-level flight
surgeon would ascertain the cerebral dominance history of a
prospective flyer.

In addition to concern about the safety of vocal
communication, these questions were probably based on the popular
observation that forcing left-handers to become right-handed
resulted in a likelihood of stuttering and psychomotor
Ineptitude. This concept was embodied In a theory of mirror
writing and reading by Samuel Orton, who called mirror reading
"strephosymbolia," or "twisted symbols" (101). His theories were
discussed previously. It was thought that one with
strephosymbolla might have a lowered degree of manual or mental
dexterity. An individual with severe difficulty would not be
expected to pass through flight training successfully, but a
pilot with mild difficulties might learn to compensate for his
weakness. However, when tired or overloaded, he could become
more liable to error, as his ability to compensate would be
impaired (77). Although Orton's theories were popular, and seem
to have had application to aviation safety, a discussion of these
phenomena is not to be found in the aviation medicine references
of the day (11, 17).

The only written evidence of the aeromedical thinking on
this subject was found in the proceedings of a 1941 Postgraduate
Course in Aviation Medicine (93). Dr. Ralph Greene, a past
president of the Aerospace Medical Association, commented on his
approach to anomalous dominance patterns:

We take the sighting eye of every pilot
examined. If he has a left dominant eye and is
right-handed, we try to carry out special studies on
him. If he is one who confesses to having been
left-handed and having been changed over by his
parents, we ask him questions about his progress in
mathematics and foreign languages and get a very
quick confirmation of the diagnosis of
strephosymbolia. On the other hand, if he has a left
dominant eye and is a right-handed individual, we ask
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him: "Would you be good enough to walk over to the
other side of the room, turn around and come back to
me? We want to observe your method of walking." He
will walk and will almost invariably turn to the left
as he reverses direction. The person who has a
dominant right eye and Is right-handed will usually
turn to the right.

It Is interesting to note that Greene is referring to the
concept of "truncal asymmetry" which would be described by
Geschwind, 40 years later (104). Greene goes on:

Awkwardness attributable to strephosymbolla is
more widespread than many of us as physicians
realize. Su.rely If one with strephosymbolla is
placed at a serious disadvantage, It must reflect
itself in a lowered degree of manual or mental
dexterity by virtue of one having been made a
right-handed person when he was born as a left-handed
person. We know that the change-over inclines one to
awkwardne:. He may confess that he had great
difficulty, by comparison, In making a right-hand
turn or a left-hand turn in an open cockpit airplane
while learning to fly.

Dr. Greene's position was that he would accept any
left-handed applicant for training, but would reject a candidate
who displayed evidence of strephosymbolla. If a fully trained
pilot was discovered to have this condition, he would probably be
retained, based on his prior performance. This Is the only
reference in the literature to disqualifying persons because of
any correlate of left-handedness.

World War II to the Present-- The concept of
strephosymbolla, as described by Orton, was abandoned as modern
theories of cerebral specialization developed. Formal selection
criteria never contained any reference to anomalous dominance,
"twisted images," or left-handedness, although several authors
wondered about an association between sinistrality and flying
aptitude.

In 1959, Gerhardt, of the Institute of Military Psychology
In Norway, noted an apparent excess of left-handedness among
maladjusted pilots referred for psychological evaluation (77).
He wondered why this excess should appear at that point in
aviation history, and reasoned that the Increased speed and
performance of modern aircraft might have finally over-extended
the left-handed pilot's cognitive reserves. Gerhardt recognized
that there were left-handed pilots who did not experience any
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trouble when flying, and certainly there were right-handed pilots
who had enormous difficulty learning to fly. He noted, however,
that left-handedness was often accompanied by a generally reduced
laterallzation, resulting in a tendency toward letter and number
reversals and right-left confusion. This might lead to
difficulty interpreting and responding to directional
information. He reported several cases of Impaired pilots in
which left-handedness and reduced laterallty appeared to have
been a contributing factor. As the reference Is relatively
obscure, four of the six cases are quoted below for Illustrative
purposes.

Case I

A fighter pilot, second lieutenant, 24 years
old, consulted the physician because he did not sleep
and did not like his kind of service. He began to
drink more liquor than usual and was frightened to
observe that this made him feel relaxed. On
interviewing him we found him very depressed. He
said he always had been very careful while flying and
did not like close formation flying. He began to be
afraid, especially during gunnery missions, where he
was most concerned with the flying and could not
concentrate on the firing. Since he was often blamed
by the other pilots, he felt more and more careful
and this resulted in more criticisms and more
Isolation, which was In turn transferred to the
family situation. We found this pilot to be
ambivalent as regards hand preference. He had been
left-handed as a child but had practiced many
operations with the right hand as he grew older,
writing for Instance. In the plane the pilot had to
look for his wedding ring in order to identify left
and right when he got instructions over the radio to
bank the aircraft. This delay of reactions seemed to
explain why he did not like close formation and why
he always had to be careful. He had a tendency to
stutter and to mix letters in his writing, symptoms
which often follow handedness problems.

This pilot was grounded for 2 months. During
this period he recovered from his psychosomatic
symptoms and felt happy.. He was then transferred to
a communication wing where he has adjusted himself
successfully during these past 6 months.
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Case 4

One fighter pilot, a second lieutenant, 22 years
old, was grounded because of "dangerous tendencies"
In the air. He was characterized as "peculiar" by
most of his colleagues.

After one year of OrestO a flying board has
reco mended his transference to cor nunicatlin flying
duty, and the pilot himself does not want to return
to a fighter squadron. The pilot Is left-handed,
writing with his right hand but drawing with the
left. He has obviously learned to use the right hand
In a great many situations.

Case 5

A lieutenant, 25 years old, flying as a second
pilot In a Dakota, was grounded because of a flying
deficiency. One year before he had been transferred
from a fighter to a transport squadron upon his own
request.

About one month after being grounded he had a
severe 'acmohlle crash. This happened In a Jeep on
the taxi-Ing strip and no other car was involved.

At present this pilot Is planning his future In
civil air transport. This pilot was dominantly
left-handed as a child, but now he prefers the right
hand In most situations.

Case 6

A 23 year old fighter pilot made a crash landing
about 2000 ft from the runway because of "flame out."
It was found that he had run out of fuel although he
had been flying near the air base for a long time,
At one time he had reported a fuel level of 900 lb
and a few minutes afterwards he reported 1370 lb
without perceiving the Inconsistency.

It seems highly probable that the pilot read the
usual "fuel level Indicator" the first time and that
he concentrated on the "fuel flow Instrument" the
second time. The last Instrument does not as a rule
give readings corresponding to the fuel level
indicated by the first mentioned instrument. The
pilot had observed the "fuel pressure warning light"
and he checked the fuel level again but probably on
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the wrong instrument, and he did not react as In
emergency because he thought that the red signal had
appeared because of electrical "snags."

This Pilot had been fairly well adjusted before
this accident and was on the point of being selected
as a "deputy flight commander." The pilot is
left-handed, writing with his right hand.

All six cases cited by Gerhardt Involved left-handers who
probably would have met Greene's criteria for strephosymbolia, as
they were left-handers who wrote with the right hand. Of course,
his report has no statistical value, but it Is a valuable record.
Gerhardt also began to apply the concept of differential
lateralization of various cognitive modes, naming four
"functional fields": handedness, vision, form and space, and
ideation.

In a subsequent report, Coucheron-Jarl, Gerhardt, and Riis
provided data that indicated that a population of "problem case"
pilots referred to their psychology unit tor evaluation contained
a significantly higher proportion of left-handers (49).

J. L. Gedye, of the Royal Air Force (RAF) Institute of
Aviation Medicine, reported a study in 1964 that related pilot
proficiency to degree of laterality, as measured by handedness
(76). He measured the consistency and degree of lateral
preference, using a paper and pencil inventory, in three groups
of aviation personnel: 143 student aircrew, 95 fighter pilots,
and 59 test pilots. The relative proportions of (a)
consistent/inconsistent use of right or left hands for a series
of tasks (a measure of preferred hand), and (b) the median
difficulty of using the nonpreferred hand (a measure of the
strength of lateral preference), were then compared across the
three populations of differing flying skill.

He found that the proportion of "left" inconsistent subjects
fell as the level of flying skill increased, which was
interpreted as evidence that "left" inconsistent patterns were
unfavorable. Seven fighter pilots, who were members of a
demonstration aerobatic team, had significantly more consistent
right laterallty scores than the sample fighter pilot population,
suggesting that consistency was associated with proficiency, even
In right-handers. The combination of inconsistency and low non-
preferred hand difficulty score emerged as unfavorable
characteristics. The most skilled group, the test pilots, had
significantly stronger lateral preferences than the student
aircrew group. The author noted, however, that all three groups
had several members with weak lateral preferences.
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This study was of a cross-sectlonal design, and therefore
does not allow inferences regarding cause and effect; that Is,
the differences In laterallty patterns may or may not be
reflected in pilot proficiency. There also is the possibility
that flying training may somehow affect performance on the test
used to evaluate laterallty. The age distribution of each of the
three groups also differed, and the data were not age adjusted.
In the earlier discussion of handedness, it was pointed out that
hand preference proportions have been changing over the past few
decades (18); a cohort effect may have confounded this aspect of
the data. Nonetheless, Gedye did present evidence suggestive of
a gradient of laterality among levels of pilot skill/training.
Since hand preference for writing was not reported, It Is not
possible to determine the likelihood of any of these subjects
having been labelled as strephosymbolla cases by Greene.
However, the theme of reduced laterallty being a negative pilot
attribute appears to be supported.

This exhausts the Western aviation medicine literature with
respect to hand preference. The Issue of cognitive performance
as a predictor of flying performance will be considered in the
final section of this paper. Before leaving this literature
r-vi-7 ,tf peripheral laterallty and aviation, we should take note
of four reports from the Union of Soviet Socialist Republics
(USSR).

In 1975, Yegorov and Shlrogorov reported a study of pre- and
postflight laterality measures in. an unspecified number of pilot
subjects (274). They measured asymmetry of brachial artery blood
pressure, skin temperature, skin resistance, electromyogram (EMG)
of the bicipital muscle of the shoulder, proprioceptive
thresholds, and the relative motor activity of the two index
fingers. These measures were combined to generate an asymmetry
index.

Yegorov and Shirogorov found that those subjects with
preflight right- or left-saided asymmetry showed a postfllght
decrease In asymmetry. They cited other Soviet research which
associated a decrease in asymmetry of a variety of physiological
functions with concurrent vestibular stimulation, and an Increase
In asymmetry during intellectual activity (226). The authors
point out that the motor asymmetry of the arms was reduced only
In those with a preflight left arm predominance, since they were
compelled to use their right arms to fly the aircraft, whereas
the right-arm dominant pilots showed no change in motor
asymmetry. Overall, while general asymmetry was reduced
postflight, the direction of the asymmetry was maintained. The
authors concluded that the Inflight activity of a pilot leads to
changes In asymmetry of physiological function, determined to a
great extent by the number of flights per flying day, and
suggested that changes In physiological asymmetry could serve as
an Indicator of workload. Unfortunately, details about flight
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hours, number of flights, and type of aircraft mission were not
provided.

In a follow-up study, Yegorov and Shlrogorov reported in
1976 on the effect of Inflight activity on asymmetry of motor
activity and reaction time (275). In this investigation, 37
fighter pilots and 50 ground crewmembers were tested for
asymmetry and reaction time before flying. Motor asymmetry was
measured by instructing the subject to press two buttons
simultaneously, and recording which button was depressed first.
The authors found that right-handers (classified by reaction
time) showed a decrease In motor asymmetry after three flights;
the results of the left-handers were Inconclusive due to their
small number.

Clearly, these two reports, while concerned with the general
Issue of functional asymmetry, are not looking at pilot
performance or flight safety. However, it Is interesting to note
this application of laterality research. Unfortunately, this
research Is incompletely described, which may be an artifact of
translation, and appears to be confounded to some extent by the
cockpit requiring the preferential use of the right hand and arm.
Several of the parameters measured are mediated to a large degree
by the autonomic nervous system; It would be Interest.ing to
'attempt to correlate these measures with pilot proficiency.

In 1980, Gyurdzhian and Fedoruk published a paper which
examined possible correlations between pilot performance and
functional hemispheric asymmetry (97). They studied three groups
of rated aviators and student pilots, classified on the basis of
physical health and flight performance. Flight performance was
evaluated by examining flight records, and pilot's subjective
report of flight difficulties or episodes of spatial Illusions.
The first group consisted of 37 pilots and 15 cadets who had no
history of flight difficulties or mishaps. The second group
contained 27 pilots who had had near-misses or mishaps, and 37
students who were doing poorly In flight training. The third
group consisted of 24 pilots who had "functional diseases" of the
cardiovascular or central nervous system (CNS). Laterality
measures included a speech perception index, derived from a
dichotic listening task, which specified the extent to which the
left hemisphere was dominant for speech. A handedness index
Incorporated several tests of motor function, and provided a
summary measure of manual preference.

Gyurdzhian and Fedoruk found that the speech perception
Index was much higher In the first group (44% in the pilots, 33%
In the students) than In group 2 (12% In the pilots, 14% in the
students). As discussed previously, many authors consider
dichotic listening to be an unreliable method of determining the
language hemisphere, especially In those showing a left ear
advantage (229). However, these sample differences are
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Impressive. If the speech perception Index Is taken as a measure
of lateral function, and not necessarily a reliable Indicator of
the language hemisphere, these data seem to point out a
processing difference between the two groups. The handedness
Index also was higher In group 1 (67%) than group 2 (31%),
Indicating a higher degree of right-handedness In the successful
group of pilots and students. The pilots In the group 3 appeared
very much the same as group 2.

The authors concluded that a poorly lateralized (to the
left) language hemisphere was an unfavorable pilot attribute, and
speculated that, since group 2 was very similar to group 3,
Inadequate laterallzation might be related both to
accident-proneness and the Incidence of functional diseases of
the cardiovascular system and CNS. However, the authors
mentioned that It was often dlificult to separate groups 2 and 3,
because many of the "accident-prone" pilots also had functional
diseases, and pilots with these diagnoses often reported
near-misses more frequently. It seems that the more stable
findings relate to the differences between groups I and 2. The
conclusion, that a well-lateralized speech hemisphere is
desirable for pilots, Is In basic agreement with the previous
research cited, although lateralization of speech has not been
previously examined In relation to aviation. It would be
Interesting to study a sample of left-handers with
well-lateralized right hemispheric control of speech, although
such a sample would be nearly Impossible to assemble. One might
expect a pilot, with speech strongly lateralized to the right
hemisphere to fly as well as any strongly dextral pilot.
Strongly lateralized left-handers might still be expected to show
a performance decrement under simultaneous spatial and manual
loading, however. Unfortunately, by expressing the handedness
index as a group mean, the authors have obscured the bimodal
distribution of handedness; arranging handedness Into multiple
categories, or even presenting the entire distribution, would
have allowed much more powerful statistical analysis.

Flying personnel (pilots and students' were compared to
healthy male adults In a 1985 report by Bodrov and Fedoruk (25).
They measured laterality of manual preference (by several manual
tasks, strength, and physical Indicators such as the width of
thumbnail bed), language hemisphere (by a dichotic listening
task), and eye sighting dominance. In the first part of the
analysis, they found no differences between groups for laterallzy
of hands, legs, or eye dominance. However, more flying personnel
displayed a left hemispheric dominance for receptive language
than aid the controls. Among the fly!ng personnel, there were no
differences between students and pilots; however, "first class
flyers" were found to be more right-handed, more right-eye
dominant, and more right-ear dominant than either regular pilots
or students. Each group cf flying personnel had individuals with
different patterns of laterality. The authors concluded that the
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right-dominant profile of functional asymmetry was characteristic
of their highly trained pilots.

In the second part of the article, Bodrov and Fedoruk
categorized the flight personnel into 2 groups based on quality
of flying. Group 1 consisted of flyers who seldom made mistakes
in flying technique, and Group 2 contained those who frequently
erred while flying. The authors found Group I pilots to be
predominantly right-handed, with Oasymmetry of hearing and eye
dominance." Group 2 contained significantly more people with
left-handed laterality and functional symmetry (i.e., poor
lateralization). The findings In this analysis are not
elaborated further, although it is clear that Group 1 was
predominantly composed of consistently right-sided asymmetrical
pilots.

Bodrov and Fedoruk felt that their results strongly
supported the theory that pilot skill is correlated with a high
degree of cortical development and specialization. They
speculated that individual profiles of tunctional asymmetry could
be used for selection of flying personnel, and in the study of
reasons for flying errors. This paper is a fascinating
cross-sectional study of pilot laterallty attributes. However,
like the previously reviewed report, by Gyurdzhian and Fedoruk,
it is incompletely described. We are not told how many subjects
were involved, nor is there even a rudImentary description of
methods for subject selection., Further, it is unclear what
distinguishes a first-class pilot from other aviators. The
authors recommend these methods for selection of aviators, but
the only difference from the general public that they noted was
the lateralization of receptive language. As previously
mentioned, the method used in this study for determining the
lateralization of language, a dichotlc listening task, may be
unreliable, especially in those showing non-right-ear
preferences. Nonetheless, the general historical theme of strong
asymmetry being linked to flying skill Is supported in this
report.

We will now return to the general psychology literature,
reviewed previously in this paper, in an attempt to substantiate
and expand these observations by the aeromedIcal community.

Extrapolations From The Psvcholoav Literature-- Earlier, It
was noted in passing that Zimmerberg et al. reported that rats
that do not show strong turning tendencies to either side perform
poorly in mazes (280). The application of this experimental
observation should now be obvious; pilots may be similar to rats
in this respect, if we are to believe the previously reviewed
aeromedical literature concerned with laterallty and pilot
proficiency.
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It is difficult to extrapolate from the results of basic
psychology research to predictions of cockpit performance. The
reader should therefore note that the following suggested
applications represent conjecture, and have not been
experimentally validated In the aviator population. Of course,
prior to Instituting any selection parameter, extensive testing
and validation must be completed.

The psychological literature Is replete with associations
between left-handedness and psychophysical impairment, such as
stuttering, epilepsy, mental retardation, and brain tumors.
Clearly, most of these patients would not be accepted as pilots,
and represent the "pathological left-handedness" category of
*sinistrality (90). As Geschwind pointed out, however, not all
left-handedness Is pathological, and certainly the majority of
left-handers would pass the neurological and psychological parts
of a standard Class I flight physical. The topic of the present
discussion Is this population of apparently normal left-handed
flight applicants. Is there evidence of potential subtle
performance deficiencies that might affect flight performance?

We have noted several references In the aeromedical
literature suggesting that Incomplete lateralizatlon Is
associated with impaired pilot performance. A number of pilots
with poorly developed functional asymmetry would meet Geschwlnd's
criteria for "anomalous dominance," and therefore be suspected of
less than optimal cognitive ability (80). The psychological
concept of anomalous dominance thus seems to find support In the
clinical aerospace medicine literature.

Since left-handers are, in general, less well-lateralized
than right-handers, it would follow that the performance of
sinistrals should be inferior. While this Is sometimes true
(183, 190, 196), many authors have concluded that In some tasks
the performance of left-handers is at least equal to that of
right-handers (108, 251). Annett concluded that the only
significant motor difference that emerged from the literature was
a superiority of left-handers in control of the nonpreferred hand
(8). The specific task involved In each experiment Is critical
In this research. This complication Is one of the many reasons
that It Is difficult to make generalizations regarding flight
aptitude based on hand preference. Despite Levy's evidence that
left-handers perform worse at spatial tasks (145), the amount of
literature to the contrary caused Annett to comment, "This great
weight of negative evidence should surely be sufficient to
counter the left-handers' spatial disability hypotheels" (8).
Most of this research treated handedness as a dichotomous
variable, however, which may have obscured the effect of any less
lateralized subjects. More research Is needed with greater
attention to subjects possessing lesser laterallty.
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Although hand posture while writing has not proved to be a
reliable predictor of spatial processing In all studies (149), it
would be interesting to attempt to correlate flying performance
with these different writing modalities.

The concept of truncal laterality, as proposed by Geschwind,
may contribute to an individual's overall laterality pattern
(80). The observation that rotational preference varies with
gender supports the widespread contention that females as a group
are less lateralized than males (27). Rotational preference
should be investigated further; perhaps this truncal asymmetry
influences flight control inputs. For instance, preference in
direction of aircraft roll might be associated with rotational
preference.

Left-handers' impaired ability to localize auditory stimuli
(59) probably has no consequences In the present generation of
aircraft cockpits, since aural warnings and communications
emanate from monaural speakers. However, future cockpit concepts
may include directional aural threat warnings, for example, to
enable the pilot to more quickly determine the location of an
approaching missile. Other similar cockpit systems can be
envisioned in which the ability to localize sound would be
important. It is unlikely that the left-lander's impairment wil.l
be operationally significant, but this Is an interesting area for
further. study.

Eye dominance Is an aspect of laterality that is easily
measured and could be used as a selection criterion for pilot
applicants. The observation that right-eye sighting dominant
subjects are more accurate on a verbal task, while left-eye
sighting dominant subjects are superior on a spatial task, would
suggest that left-eye dominant flight students might be
preferable (130). However, Bodrov and Fedoruk found no
difference between pilots and nonpilots in termo of sighting
dominarce, but did note that their best pilots were right-eye
dominant (25). The basic experimental literature obviously Is in
conflict with these clinical observations.

A more direct application of eye dominance may be in
monocular sighting systems, which are currently used on several
modern military aircraft. Sheeran's observation that right-eye
dominant dextrals were better marksmen than left-eye dominant
dextrals, when sighting with the right eye (240), raises
questions regarding the effectiveness of left-eye dominant
aircrew who are compelled to sight with the right eye. Most
systems currently in use do not allow the pilot to select the eye
used for sighting. Aircrew being trained in these systems
possibly should be restricted to those with compatible eye
dominance, if this effect was experimentally verified.
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Research into personality correlates of handedness does not
seem to apply readily to aviation psychology. Hicks and
Pellegrini found that subjects who showed strong lateralization,
either dextral or sinistral, tend to see themselves as being more
controlled by their environment, whereas those with mixed hand
preference believe they are responsible for their own fate. One
would expect the reverse, based on observations of the typical
pilot personality (122). Aviators are generally characterized as
manipulators of the environment, and very Independent. The
reason for this conflict between the basic and applied psychology
literature Is unclear.

Apparently, a family history of left-handedness in dextrals
is associated with decreased lateralization of language (173).
Performance data correlated with handedness and family history
would be Interesting, to determine the performance effects of
this easily measured historical Item.

Many authors have noted gender-speclflc differences in
laterality patterns. In general, right-handed males consistently
show more developed functional asymmetry. Nagae suggested that
females possess a level of specialization less than dextral
males, but more than sinistral males (190). He also presented
experimental data which supported the contention that left-handed
males might have difficulty processing verbal and spatial
information simultaneously. A particularly Interesting.finding
was that of Manga and Ballesteros, who noted that right-left
confusion was more common among females, especially left-handers
(103, 162).

Contrasted with these experimental findings are the
empirical observations that females do not, in fact, make poorer
pilots than males (219). However, fewer females than males seek
to become pilots, so It may be that those females who enter
flight training are a self-selected population with an
exceptional degree of lateralization and cognitive capacity.
There are no reports in the literature concerning the
lateralization characteristics of female flyers. This is another
area for future research.

Handedness as a Selection Criterion

Although there do appear to be subtle Interactions between
handedness and aviator performance, the future of handedness and
other correlates of laterality as selection criteria is
uncertain. It is clear that much Interesting research remains to
be done in this area. Whereas conflicts between the psychology
and aviation literature exist In some areas (such as aviator
personality and laterality), other facets of functional asymmetry
In aviation simply have not been examined at all.
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It bears repeating, at this point, that a statistical
association between demographic variables and performance does
not Imply a cause-and-effect relationship, and that Individual
members of the study population may not exhibit the performance
characteristics of the sample as a whole. The laterality
literature Is full of contradictions and weak associations, which
probably will be difficult to resolve In future research.

It Is possible that laterality of central cognitive
processing may be more amenable to such application. The body of
aeromedical literature dealing with these Issues will be reviewed
In the next section.
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AIRCREW SELECTION AND COGNITIVE LATERALITY

Although handedness has been associated with flying
aptitude, It readily becomes apparent to the student of human
laterallty that hand preference Is only a manifestation of some
cortical asymmetry. As described in the preceding section, it is
those with poor lateralization of motor and sensory functions who
may be at a disadvantage In the cockpit, compared to subjects who
manifest strong functional asymmetry. This handedness research
supports the theory that optimum cognitive efficiency is achieved
by maintaining functional separation of the cerebral hemispheres
(14), and suggests that left-handedness may serve as a marker for
this less-lateralized population. However, It Is the cortical
processing of information that ultimately should be well
lateralized.

Aviation psychologists have long sought to define a set of
readily tested cognitive abilities, a cognitive profile, which
characterizes the skills and aptitude required of an aviator.
These efforts have produced several pencil and paper tests, as
well as actual performance tests requiring hardware and software
support, which have been shown to help predict student pilot
performance in flight school. However, this research has not
been concerned with the hemispheric location of a given task's
processing. The general approach has been to employ a multiple
regression modelling technique to determine which of many tests
under study add significance to the regression equation. This
approach Is certainly of some value In the selection process, but
does not provide insight into the structural workings of the
Uaviator brain."

By using tests for which the hemisphere required for
processing has been determined, investigators have begun to
characterize the hemispheric processing ability of aviators.
This knowledge can then be applied to the selection process.
Researchers who are familiar with the concepts of cerebral
laterallty can also use dual-task research to assess the effect
of multiple task loading on performance, which has important
application to the real-time cockpit environment (165).

In a fascinating essay, Tipton and Mohler compared the
fathers of powered flight, Orville and Wilbur Wright, In terms of
personality and cognitive talents (256). They carefully examined
several biographical accounts, and found that the two brothers
apparently possessed dramatically different cognitive profiles.
For example, Orville was extroverted, creative, and mechanically
inclined, whereas Wilbur was analytical, organized, and
mathematically adept at the new science of aerodynamics.
Although Orville is credited with the first successful powered
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flight, Wilbur actually attempted the feat 3 days earlier, having
won the coin toss. His flight ended quickly, however, due to
improper horizontal stabilizer control input. Tipton and Mohler
concluded from this analysis that Wilbur possessed cognitive and
personality traits characteristic of superior left brain
function, and Orville, the better aviator, was probably gifted
with exceptional right hemispheric ability. It is of additional
interest that both brothers were right-handed. Of course, these
conclusions cannot be verified experimentally, but the Wright
brothers' abilities seem well-documented, and there is evidence
that extroversion/Introversion correlates with relative
hemispheric ability (43). Perhaps, as suggested by Tipton and
Mohler, it was the fortuitous combination of these two minds,
with their complementary cognitive abilities, that was finally
able to solve the problems of powered flight.

In this section, the evidence for an "ideal aviator brain"
will be reviewed, and possible applications outlined.

Desirable Coanitive Abilities in Aviators

Aviators are required to work in a rapidly changing
three-dimensional world to a greater extent than any other
profession, and It seems likely that talent for this continuous
spatial processing would reside in the right hemisphere (88).
However, modern cockpits present a large amount of numerical,
sequential, and trend information to the pilot, which may engage
the left hemisphere. The best laterality pattern for a
prospective aviator may therefore not be intuitively obvious.

Different types of flying may require different cognitive
profiles; it is important to characterize these subpopulations of
aviators. Fighter pilots rely heavily on pattern recognition and
spatial orientation, and must be able to react quickly to a
perceived directional threat. Tanker, transport, and bomber
pilots may require more monitoring and vigilance skills. While
all flyers must maintain good three-dimensional position
awareness, there are obvious qualitative differences between a
precise instrument approach by an airline pilot, and the
aggressive air combat maneuvering of a fighter pilot.

Helicopters require another set of pilot skills. Successful
helicopter control requires the constant integration of all four
extremities, In response to sensory Input regarding helicopter
pitch, roll, and yaw. Several authors have considered piloting a
helicopter to be a more complex task than piloting a fixed wing
aircraft (170, 279). Helicopter pilots may require a more
omnidirectional position awareness, especially while at a hover.
Although the apparent movement of the environment is relatively
slow, the helicopter can move in any direction, includi-g
backward. Zavala et al. showed that both fixed- and rotary-wing
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flying could be described by Independent component abilities, or
wmaneuver dimensions," which may superficially appear to describe
similar flight maneuvers. For example, takeoffs and landings are
common to all types of flying, but require radically different
cognitive strategies in fixed-wing versus helicopter flight.
Other maneuver dimensions, such as autorotations or hovering
turns, are more obviously unique to rotary-wing operations (279).
The requirements of rotary-wing and fixed-wing flying are so
different that It Is often very difficult for a fixed-wing pilot
to learn to fly rotary-wing aircraft, and vice-versa (170).
Researchers have attempted to define different cognitive profiles
for these different varieties of aviator; this work will be
presented later.

Undesirable Coanltlve Profiles In Aviators

In a previous section, the effect of handedness and other
peripheral manifestations of human laterality on aviation were
reviewed. Several cases were presented, and the few experiments
relevant to the topic were discussed, with the general conclusion
being that poorly lateralized aviators might be at a disadvantage
compared to their well-lateralized colleagues. In this section,
the more central aspects of laterallty will be discussed.
Gerhardt suggested that some components of anomalous dominance
are frequently present in persons without any peripheral
manifestation of reduced laterallty (77).

Effects of Anomalous Dominance Patterns-- The basic utility
of peripheral laterallty as an experimental variable, or as a
selection criterion, is to serve as a marker for cerebral
function. The previously discussed concepts of anomalous
dominance and strephosymbolla, which are diagnosed by peripheral
signs, connote disturbed cognitive processing.

Since the Ideal aviator brain is well-lateralized,
permitting separation of function and reduced task interference,
any process which reduces this laterallty could be expected to
impair performance. For example, the reduced language laterality
present in many left-handers-has been shown to interfere with
right hemisphere spatial tasks (145, 190). This small degree of
Impairment is unlikely to be a factor during normal flight
operations, but under conditions of fatigue or task overloading,
might affect cockpit performance (76). This could mean a
decrement In spatial awareness for a poorly lateralized pilot
trying to understand complicated, garbled, Air Traffic Control
clearances over the radio. More research in this area is needed;
It is possible that improved methods of Information display or
control layout would reduce the effects of hemispheric
competition.
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Safety Implications-- One application of laterality to the
arena of aviation safety is derived from the principle of task
Interference. As Just restated, those aviators who are less
completely lateralized mignt experience more hemispheric
competition during multiple task loading, and suffer a
performance decrement.

Another application might be found in aircraft accidents
which result from directional confusion. Beaty reviewed several
civil aviation accidents In which laterality might have been a
factor (15). Four accidents were cited In which the pilot had
correctly diagnosed engine trouble, correctly specified the
affected engine, and then unwittingly shut down the good engine,
on the opposite side, resulting In aircraft loss of power, and
subsequent loss of life.

Beaty also cites two accident cases which resulted from
simply turning the wrong way. These cases are reproduced here in
their entirety:

Just after midnight on 9th August, 1954, a
Constellation was diverted from Santa Maria and
landed at Terceira--both Islands In the Azores.
Lagens aerodrome in Terceira Is built in a valley on
the extreme northeast end of the island, and the only
really long runway possible lies northwest/southeast.
Facing northwest, to the right is a ridge. To the
left is Monte de Pico, rising 2,321m (7615 ft) above
sea-level. As a result, normal procedure after
takeoff on the northwest runway is a right turn out
over the sea.

When I was In Lagens during the war, In spite of
briefing to the contrary, a transport aircraft took
off in a northwest direction, turned left and crashed
Into the mountain, killing all on board. There was
ever afterwards particular care taken in briefing
pilots for takeoff.

When the captain and the navigator of the
Constellation called at the Navigation Briefing
Office, requesting information for preparation for a
flight plan to Bermuda, the briefing officer went to
considerable pains to explain that on the runway in

I t ',am necessary to make a right turn out, and
proceed to a checkpoint over the sea called Ponto
Sul, In order to avoid the mountain. The exact words
were: "Following takeoff, turn right, climb until
2500 (762m) on heading 160 degrees and proceed to
Ponto Sul." This procedure was included In the first
stage of the flight plan.
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After completing the flight plan, the two
crewmembers went to the Meteorological Office, before
proceeding to the aircraft. The Tower cleared the
Constellation to taxi to the south taxiway to engine
run up. The clearance was acknowledged and repeated.
After run up, the captain took up position on the
runway, and asked for takeoff clearance. The Tower
replied: "After takeoff, turn right and climb till
2500 feet on heading 160 degrees, then proceed to
Ponto Sul." The captain opened up the engines to
full power. The Constellation took off normally to
the northwest. The Tower reported time off as 02.37
and Instructed the aircraft to "turn right."

"Shortly afterwards," says the report, "the
aircraft not having turned to the right, the
Controller asked the pilot to report his position.
The pilot replied that he was northeast of the
aerodrome."

The pilot could only have been northeast of the
aerodrome If he had turned right. He was, in fa't,
northwest.

The Controller looked towards the northeast, and
saw no aircraft. He asked the captain whether he was
flying on an approach heading or was still outbound.
He received no answer. The aircraft had already
collided with the mountain about 5 miles (8 km)
west-south-west of Lagens at a height of about 2000
feet (610m), killing all nine crew and twenty-one
passengers.

No mechanical failure was found. The probable
cause of the accident was given as "the failure of
the pilot to carry out the normal cllmbout procedure
following takeoff from runway 34 on a flight to
Bermuda, and his having made a turn to the left
instead of to the right, thus flying into the
mountains instead of turning out to sea."

The other case involves a takeoff from Shannon ai'rport in
Ireland:

In September, 1961, a DC6 taking off from
Shannon turned left instead of right as it had been
cleared to do on takeoff. During the whole
operation, the weather was very bad--in fact below
limits. The report stated that there was a "strong
possibility that the captain, copilot, and flight
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engineer were suffering from fatigue due to a long
duty period, a short rest prior to the flight and
their amount of flying during the previous 90 days."
A malfunction was possible.

Although we are not provided information regarding the hand
preferences of the crew on these Ill-fated flights, the pilots
obviously suffered from right-left confusion, at least at the
time of the mishaps. Earlier in this paper, other cases of
rlght-left confusion in aviators were noted. Greene mentioned
pilots with strephosymbolia who had difficulty making a
right-hand turn, or a left-hand turn, in an open cockpit airplane
while learning to fly (93). Similarly, Gerhardt cited a pilot
who "had to look for his wedding ring in order to identify left
and right when he got instructions over the radio to bank the
aircraft" (77). Recently, in a case reported to the author, a
helicopter pilot routinely placed pieces of tape on the
instrument panel, with the words "right" and "left" written on
them, to help him speedily respond to the instructor's commands
(personal communication, K. Mason MD, 1988).

There is some evidence to suggest that the mental
representation of "right" Is less complex than that of "left," in
right-handers. Olson and Laxar investigated the speed and
accuracy of comprehending submarine fire control displays, and
found asymmetries In reaction times which favored the direction
"right" (196). They concluded that, for right-handers, right is
the natural reference direction In the sagittal plane, just as
aboveness and forwardness seem to be reference directions in the
other two planes. Left-handers recognized the direction "left"
better than the right-handers, but made more errors overall.

Another type of error which might be related to laterality
is number or letter reversals, which would be expected in
dyslexics and, according to Geschwind, mild cases of anomalous
dominance. Beaty cites such an airplane mishap:

The first officer, flying the aircraft from the
right-hand seat, asked for the setting to put on his
altimeter for aerodrome height at Nairobi (OFE).
Control told him 839 millibars. The first officer
set It reversed on his altimeter--that Is 938.

Nairobi is 5500 feet (1676m) above sea-level.
By setting up a level almost 100 millibars higher
than the true one, the pilot raiserl his height
indication by 3000 feet (914m). Being 3000 feet
lower than he thought he was, he hit the ground 9
miles (5.4 km) from the threshold of the runway.
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Beaty notes that In the eight accidents In which he felt
that laterality might have been a factor, six occurred outside
normal daytime working hours, and five occurred under conditions
of Increased stress on the cockpit crew. These additional loads
may have been enough to uncover a latent tendency toward
left-right confusion.

Research with Aircrew

Most research In aircrew selection has been concerned with
group trends. To employ cognitive laterality as a selection
tool, It will be Important to characterize subjects In more
depth, to evaluate how abilities cluster within Individuals
(165). Some recent research with aircrew has begun to examine
these detailed Individual differences.

Selectina Parameters to Evaluate-- When devising selection
tools, investigators usually first perform a job analysis,
attempting to Isolate the Individual tasks that are required to
execute a given job. Then, aptitudes that would be necessary to
perform these tasks are specified, and finally, tests are devised
to Identify applicants that possess these talents (219). As we
have seen, the talents necessary to make a good pilot are not
always clear, much lesp the skills that would distinguish between
the various subtypes of aviator, such as fighter pilots and
helicopter pilots.

Because the cognitive skills required of pilots are
resistant to Investigators' Intuition, the trend In aviator
selection has been to gather data on many tests and demographic
variables that might correlate with flying skill, and see how
each variable fares in a multiple regression analysis (38). This
approach has also been applied In the cognitive laterality fiela,
but more attention is necessarily paid to the nature of the
measurement instrument. Obviously, cognitive tests for which the
responsible hemisphere has been determined are of much value.
Also, tests which measure dimensions of performance or
personality which have been associated with laterality are of
Interest. Examples of these dimensions would Include an
applicant's field dependence/independence orientation, or
tendencies toward introversion or extroversion. In addition, the
effect of dual-task testing can be evaluated, to simulate the
high workload environment encountered in the cockpit.

It Is reasonable to expect that individuals should vary in
their ability to perform multiple tasks simultaneously. As we
have seen, a subject's degree of cognitive asymmetry would
probably influence this ability. Wickens et al. searched for a
general time-sharing factor, that might be used to select
aviators, but were unsuccessful (267). They did conclude,
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however, that hemispheric-task integrity was a neglected field,
which appeared to have much promise in alrcrew selection and
aircraft design.

This Job analysis approach to aviator selection is somewhat
more intellectually pleasing than the simple multivariate
analysis. It demands a more complete understanding of the
abilities being tested, and the neuropsychological processes
required of the successful pilot.

Review of Coanitive Lateralltv Research in Aircrew

Visual Evoked Potentials-- The first report in the
literature to describe the hemispheric asymmetry of aircrew
appears to be that of Lewis and Rlmland, in 1979 (152). These
investigators, from the Naval Personnel Research and Development
Center, attempted to differentiate between pilots and radar
intercept officers (RIOs) on the basis of visual evoked
potentials (VEPs). The initial hypothesis was that pilots would
display higher amplitude VEPs over the right hemisphere, and RIOs
would generate. larger potentials over the left hemisphere. They
based this supposition on an intuitive job analysis; pilots deal
wtth problems in three-dimensional space, at a high rate of
speed, and often with incomplete information. The RIOs, on the
other hand, work with explicit information, largely numerical, in
a sequential and logical fashion.

The subjects were 28 pilots and 30 RIOs assigned to an F-4
base. VEPs were recorded with the subject at rest, without any
secondary task. They found that those pilots with the highest
flight performance ratings tended to have the largest R-L
parietal VEP amplitude differences. Within the RIO group, those
with the highest performance ratings tended to be evenly split
between RIOs with larger amplitudes on the right and those with
larger amplitudes on the left. Considered as a simple dichotomy,
the pilots could be discriminated at a significant level from the
RIOs on the basis of the electrical potential at one of the
frontal electrodes. Thus, proficient pilots and RIOs showed
different patterns of hemispheric activity, as predicted by the
hypothesis.

Marsh has criticized this study, however, on two main points
(166). First, the subjects' minds were allowed to wander, since
no secondary task was required. This wandering could
dramatically shift an individual's mode of cognitive processing.
Second, 8/58 subjects were left-handed; these were included in
much of the analysis, which may have biased the results.
Nonetheless, significant preliminary differences were noted
between and within these aircrew occupations, providing
encouragement to other cognitive psychologists.

75



In 1981, a similar study was reported by Schlichting and
Kindness, in which 32 right-handed sonar operators were tested
using a similar VEP methodology (234). They found that In sonar
operators as a group, the right hemisphere displayed greater VEP
amplitude than the left, In response to complex visual stimuli.
Also, there were significant Interhemispheric asymmetries in VEP
amplitude which correlated with supervisor ratings of job
performance. Interestingly, only those subjects with no
left-handed relatives in the Immediate family displayed
significant asymmetry. Although this experiment excluded
left-handers, these subjects also were not given a secondary task
to control their cognitive processing mode during the VEP
recording. Echoing Lewis and Rimland (152), VEP amplitude was
suggested by Schlichting and Kindness (234) as a future tool in
inltlal selection of personnel requiring spatial proficiency.

It is difficult to understand why such a crude electrical
measure of brain activity during the viewing of various random
patterns should be correlated wlth scna-C cperation, or a compiex
act like flying. However, it Is likely that the observed utility
of the amplitude difference between hemispheres reflects the
degree of cerebral lateralization. Although these studies do
take advantage of some principles of hemispheric laterality,
cognitive function Is not assessed in a readily Interpretable
fashion.

CoonitIve Performance Testing-- In 1982, Gordon et al.
administered a set of more clearly performance-oriented cognitive
tests to three groups of Israeli student and fully trained
aircrew, to evaluate relative information processing modes (88).
The test battery (dubbed the Cognitive Laterality Battery)
consisted of six subtests, three measuring left hemispheric
functions, and three measuring right hemispheric functions. The
left hemispheric tests were Serial Sounds, Serial Numbers, and
Word Production (Fluency), and the right hemispheric tests were
Orientation, Localization, and Form Completion. Gordon et al.
hypothesized that those Individuals excelling In right
hemispheric functions such as pattern perception and orientation
would be more likely to succeed as fighter pilots, and that
helicopter pilots would be less skilled in these dimensions.
Navigators were also predicted to possess less right hemisphere
skills than fighter pilots, as their jobs require calculation and
analytical abilities as well as positional and spatial awareness.
Although the exact number was classified, and therefore not
reported, approximately 50 navigators, 50 helicopter pilots, and
100 bomber and fighter pilots were tested with the CLB. In
addition, a group of high school students were tested to provide
a control group for the second part of the analysis.
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Two outcome measures were calculated: (a) a Cognitive
Laterallty Quotient (CLQ), which was obtained by subtracting the
average left hemisphere score from the average right hemisphere
score, and (b) a Cognitive Performance Quotient (CPQ), which was
obtained by adding the two mean hemisphere scores.

Gordon et a]. found significant differences among the
different study groups (p<O.05). Specifically, they found that
fighter pilots favored functions attributed to the right
hemisphere (CLQ=O.11), helicopter pilots performed better at left
hemispheric functions (CLQ=-0.3), and navigators showed no strong
hemispheric advantage (CLQ=O.02). The right hemisphere group of
tests was the discriminating factor among groups, while the left
hemisphere scores were statistically similar. Helicopter pilots
were not statistically different from the high school student
control group, whereas navigators and pilots showed better right
hemispheric function. The fighter pilots had slightly higher CPO
scores than the other groups, but this was not a significant
difference. All three groups had higher CPQ scores than the
controls, indicating an overall performance superiority for the
aircrew personnel.

A separate analysis compared Instructor ratings of the six
aviators with the most positive CLQ scores, with the six pilots
with the most negative CLQ scores. They found that those
subjects who were considered "natural" pilots tended to have
higher CLQ scores; that Is, they performed better on the tests of
right hemisphere function than on tests of left hemisphere
function.

The CLB appears to be a useful tool, however these data must
be interpreted with caution. Gordon et al. combined students and
rated aircrew In their sample, and did not specify the numbers or
relative proportions of each. If, for example, quallfied fighter
pilots composed a large proportion of that subgroup, their
cognitive skills might dominate the group's profile. A related
problem involves the subject air force's selection process. As
described by Gordon et al., all students begin In a common class,
and only the superior students are selected to continue as
fighter pilots, while the next best become helicopter pilots, ano
the rest enter navigator training. This procedure prompts two
caveats: First, It is not specified how far along in the
training cycle the subjects were at the time of testing. The
possibility might exist that the members of this group could
still drop out into one of the other two groups, which would mean
that the performance scores of the fighter/bomber pilot grour
would be diluted by these future dropouts. This would appear to
be a minor criticism, since significantly better scores were
consistently obtained for the pilot group. If, however, the
testing occurred relatively early In the training cycle, the
navigator and helicopter pilot groups might contai:i those who had
been weeded out earliest and, therefore, had the most obvious
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difficulty flying. The second concern relates to conclusions
about the non-fixed-wIng pilot cognitive profiles. In a training
system such as that described by Gordon et al., conclusions about
ideal rotary-wing or navigator profiles are unwarranted. It
seems a foregone conclusion that these subjects will have
different cognitive profiles, just as dropouts from any pilot
program will perform differently than the successful trainees.
Conclusions regarding helicopter pilot attributes would be better
gauged by examining a program which places students In
rotary-wing training based on ambition, or random selection.

Nonetheless, the conclusion that successful fighter and
bomber pilots differ from those who are removed from training is
an important one. This might suggest that such a battery of
tests could be used to help predict success in flight training.

In 1988, Gordon and Leighty reported a prospective study of
naval student aviators (86), extending the findings of the
Israeli Air Force study just discussed. They tested 600 students
In ground school or early In flight training, using a slightly
expanded version of the CLB. The subjects included students
destined to fly jet, helicopter, or propeller-driven aircraft.
It is important to note that the U.S. Navy assigns aircraft-type
early in the training process, and bases this determination on a
variety of factors, unlike the Israeli Air Force, in which
fighter pilot dropouts are enrolled In helicopter or navigator
training. Gordon and Leighty noted that 11% of their subjects
were left-handed, by self report. The flight school performance
of each subject was tracked, and recorded as success or failure.
Of their 600 subjects, 130 (22%) did not complete training;
specific reasons for failure are not reported. The successful
group had significantly higher mean visuospatlal scores than the
failure group (p<0.0001), but the mean verbosequential score did
not differentiate between the two groups. There were no
differences among the successful students, regardless of aircraft
type.

Gordon and Leighty subjected their data to a logistic
regression analysis, and developed two model equations to
describe the likelihood of success in flight training. In the
study sample, variables that were not found to contribute
significantly to the model Included previous flight experience
and ha.id preference. The CPQ was found to be significant in one
model, Indicating that overall performance predicted the chances
of success, but the CLQ did not add to any of the models tested.
As expecteu, visuospatial scores did significantly predict flight
school performance. Verbosequentlal ability, as measured by the
CLB, did not by Itself ad'1 significance to the model, although
there was an interesting Interaction effect with vlsuospatlai
ability. Verbosequential scores had little effect on the ocds ot
being graduated, except in individuals with high scores, in which
case colncictent high visuospatial scores seemed to lower the ocas
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of success. The authors conceded that this result was difficult
to explain, but speculated that highly verbal, analytical traits
might interfere with superior spatial intuition, or "seat of the
pants" talent.

Gordon and Leighty described how these data could be used to
develop selection criteria for pilot training. By using the mean
visuospatlal score of the dropouts as a cut-off score, 52% of the
dropouts could have been eliminated, while 28% of the future
successes would have been removed from training in error.
Alternatively, a more conservative approach would involve setting
the cutoff at the normative mean, which would have eliminated 22%
of the failures, and 7% of the eventual successes. Factors which
would affect the choice of the cut-off level include training
cost, applicant ability, and other administrative considerations.

The main problem In this study Is common to virtually all
aircrew selection research. All flight cadets are heavily
screened prior to entering flight training, which probably means
that the results of this study do not apply to an untested
aviator applicant population. In fact, it is somewhat surprising
that visuospatial skills were so predictive of flight school
success, since the preadnission visuospatial testing would be
expected to produce a student population with fairly homogeneous
performance ir this area. Most tests used in conventional
selection batteries probably measure left hemisphere functions
(165), which may account for the poor predictive value obtained
for the verbosequential battery. However, the model may be valid
as a secondary selectlon tool. Research must be conducted on
applicants prior to selection, although this is difficult to
accomplish.

There are other methodologic criticisms of this study. Self
report Is generally acknowledged as an unreliable method of
determining hand preference. Perhaps more meaningful methods of
peripheral laterality assessment would produce more significant
results. Also, by not verifying the specific reasons for
dropping out of flight training, the authors cannot be sure that
all failures were due to flight deficiencies. Some students
withdraw for family or medical reasons; if these individuals are
not removed from the analysis, the cognitive profile of the
dropout subgroup could be diluted.

Gordon and Lelghty did demonstrate that regardless of
aircraft type, the cognitive profiles of successful pilot
graduates are fairly uniform, contradicting the 1982 report of
Gordon et al. They also provided a valuable example of the use
of cognitive laterality as a secondary selection tool.
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Future Trends

As the cogn~tive abilities that characterize th7 Ideal
aviator become more apparent, flight school admission screening
will no doubt Include cognitive performance testing. Such
testing Is already the practice In many aviation training
programs.

The concept of hemispheric Interference appears to be welI
accepted by modern psychologists. The early aeromedical
literature, suggesting that those pilots with marked functional
asymmetry were better and safer, might eventually be proved more
correct than not. Selection testing could attempt to find those
Individuals who possess the most cognitive laterality, and the
least hemispheric Interference under heavy task loading.

Marsh has speculated that laterality might be enhanced by
trainlng (165), by teaching the pilot to employ the most
efficient cognitive strategy possible at that particular time.
By practicing spatial or vigilance tasks while simultaneously
performing left hemisphere problems, skills in using the two
hemispheres simultaneously might be trained. Blofeedback
sessions could be used to practice selectively engaging one or
the other hemisphere. Marsh suggests that pilots may benefit
from training in orientation and spatial perception, using
cognitive psychology tools such as block rotation and random dot
stereograms. If aviators can enhance their spatial awareness Dy
simple tasks which exercise the mind, actual flight performance
might be Improved significantly. While this capability would
probably be most useful for fighter-type pilots, many helicopter
and transport pilots are also reaching the point of task
saturation In their respective cockpits. All aircrew, especially
those engaged In rapid maneuvering In three dimensions such as In
air-to-air combat, could benefit from enhanced visuospatial
skills.

New knowledge of the principles of cognitive laterality
should aid In the intelligent design and selection of these
tools, and help aeromedical specialists better understand the
workings of the aviator mlni.
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