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Clock Drawing in
Developmental Dyslexia

Guinevere E Eden, Frank B. Wood, and John F. Stein

Abstract

Although developmental dyslexia is often defined as a language-based reading impairment not attributable to low intelligence or edu-
cational or socioeconomic limitations, the behavioral manifestations of dyslexia are not restricted to the realm of language. Functional
brain imaging studies have shed light on physiological differences associated with poor reading both inside and outside the classical lan-
guage areas of the brain. Concurrently, clinically useful tests that elicit these nonlinguistic deficits are few. Specifically, the integrity of
the dorsal visual pathway, which predominantly projects to the parietal cortex, remains underinvestigated, lacking easily administered
tests. Here we present the Clock Drawing Test (CDT), used to test the visuoconstructive ability of children with and without dyslexia
and garden-variety poor readers. Compared to typically reading children, many children with dyslexia and some garden-variety poor
readers showed significant left neglect, as measured by the distribution of figures drawn on the left clock face. In the poor readers with
dyslexia, we observed spatial construction deficits like those of patients with acquired right-hemisphere lesions. The results suggest that
in some children with dyslexia, right-hemisphere dysfunction may compound the phonological processing deficits attributed to the left
hemisphere. The CDT provides an easy opportunity to assess skills known to be associated with right-hemisphere parietal function. This

test can be easily administered to children for both clinical and research purposes.

ost researchers consider the

core deficit in dyslexia to in-

volve a dysfunction of pho-
nological processing, letter naming, and
verbal working memory (Torgesen &
Davis, 1996, Wagner & Torgesen, 1987).
In addition to these cognitive skills,
some have studied the possible role of
failure in the sensory processing mech-
anisms. Such nonlinguistic deficiencies
have been documented in visual (Love-
grove, 1993; Lovegrove, Martin, et al.,
1986) and auditory (Hari & Kiesila,
1996; Tallal, Miller, & Fitch, 1993) sen-
sory processing, tests of balance and
coordination, and an assortment of
speeded, bimanual motor tasks (Nicol-
son, Fawcett, & Dean, 1995; Wolff, 1993).
A shortfall in phonological awareness
skills in dyslexia has been demon-
strated consistently across different
tests and cultures. The administration
and interpretation of these language-
based tests is relatively easy and time
efficient. On the other hand, the com-
plexities associated with administering

tests designed to evaluate aspects of vi-
sual system integrity, such as magno-
cellular function, have led to a paucity
of data from clinical evaluations and
research studies. Computer-based stim-
ulus presentation of motion displays
or sinusoidal gratings used to evaluate
magnocellular function often require a
highly controlled laboratory environ-
ment, a good understanding of psy-
chophysical experimentation, compu-
tational knowledge, and long testing
sessions. As a result, only a limited
number of studies in dyslexia have in-
vestigated the role of sensorimotor
deficits (specifically of the visual sys-
tem), sometimes giving rise to the un-
justified opinion that research-based
support for nonlinguistic deficits in
dyslexia is contentious. This imbalance
in the literature has made it difficult to
reconcile two apparently disparate
views concerning the etiology of this
disorder and its neurobiological basis.

Developmental dyslexia, or reading
disability (RD), is defined as “a disor-

der manifested by difficulty in learning
to read despite conventional instruc-
tion, adequate intelligence, and socio-
cultural opportunity” (Critchley, 1970,
p- 11). It is relatively common; 5% to
10% of 8- to 10-year-olds have ex-
ceptional difficulty in learning to read
despite conventional instruction and
average 1Q. There is usually a strong
family history. Developmental dys-
lexia has an organic neurological basis,
demonstrated by physiological (Flow-
ers, Wood, et al.,, 1991; Rumsey, An-
dreason, et al., 1992; Rumsey, Berman,
et al, 1987, Rumsey & Eden, 1997;
Rumsey, Zametkin, et al., 1994) and
neuroanatomical (Galaburda & Kem-
per, 1978; Galaburda, Sherman, Rosen,
Aboitiz, & Geschwind, 1985; Living-
stone, Rosen et al. 1991) differences in
the brains of individuals with dyslexia.
Foremost, individuals with dyslexia
have difficulties separating the sounds
of words into their constituent pho-
nemes to match their written alpha-
betic form (Bradley & Bryant, 1983; Li-
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berman, Shankweiler, Liberman, Fow-
ler, & Fischer, 1977). Numerous studies
have demonstrated that the phono-
logical abilities of individuals with
dyslexia are deficient, and remediation
strategies targeting phonological pro-
cessing have been largely successful
(Alexander, Anderson, et al., 1991;
Torgesen & Davis, 1996). In addition to
decoding problems, some individuals
with dyslexia show impaired perfor-
mance on a range of visual tasks (Love-
grove et al., 1986; Stein, 1993; Stein &
Walsh, 1997) and complain of visual
confusion (Eden, Stein, Wood, & Wood,
1995b). These visual manifestations
have been studied in the framework of
the magnocellular and parvocellular
pathways, which are characterized by
anatomical and physiological distinc-
tions in the primate visual system
(Ungerleider & Mishkin, 1982). In de-
velopmental dyslexia, demonstrations
of reduced contrast sensitivity at low
luminance levels, favorably processed
by the magnocellular system, have led
to the proposal of a magnocellular
deficit in dyslexia (Lovegrove et al.,
1986). A magnocellular deficit has been
confirmed with other tasks involving
luminance decision, visual motion, and
flicker fusion frequency and further
corroborated by anatomical (Living-
stone, Rosen, Drislane, & Galaburda,
1991) and physiological (Eden, Van-
Meter, et al., 1996) techniques. Al-
though the phonological deficits in
dyslexia are inclement and result in
poor application of the sound corre-
spondence rules necessary for good
decoding (Vellutino, 1977; Vellutino,
Steger, & Kandel, 1972), it has been
proposed that many children with
dyslexia have problems with both
phonological and visual processes
(Cornelissen, Bradley, Fowler, & Stein,
1991; Cornelissen, Richardson, Mason,
Fowler, & Stein, 1995; Eden, Stein, et al.,
1995b; Talcott, Witton, et al., 2000).

In addition to their low scores on
the psychophysical and physiological
measures used to demonstrate magno-
cellular deficits, individuals with dys-
lexia have tended to perform more
poorly on other visual tasks; differ-
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ences in their temporal processing of
visual information (Eden, Stein, et al.,
1995a) and poor eye movement control
(Eden, Stein, Wood, & Wood, 1994) are
thought to be related to a magnocel-
lular system deficit. A striking infor-
mal observation is that children with
dyslexia appear to have a tendency
to direct their attention away from
their left side. When opening a book,
individuals with dyslexia often look
at the right page first, whereas indi-
viduals without dyslexia usually look
at the left page. This correlates with
findings that individuals with dyslexia
perform worse on tasks where visual
targets appear on their left-hand side
(Hari, Renvall, & Tanskanen, 2000;
Riddell, Fowler, & Stein, 1990; Stein,
1989).

A neglect of the left side of space is
frequently observed in a more dra-
matic fashion in patients with right
posterior parietal cortex lesions. Dem-
onstrated in the 19th century by Hugh-
lings Jackson and abundantly confirmed
since then (Brain, 1941; Riddoch, 1935),
visuoperceptive disorders have been
associated with lesions of the right
hemisphere. Lesions of the right pari-
etal cortex often impair a person’s abil-
ity to attend to or move into the left
side of space. The coordinate system in
which this kind of disorganization of
space is most clearly seen varies from
patient to patient. Usually, it is based
on the ego center and also on the cen-
ter of objects that are being inspected.
Objects to the left of the patients are ne-
glected or ignored, but also the left
sides of objects tend to be neglected
even if they are on the person’s right
side. Hence, the term neglect is used to
describe a person’s failure to respond
to or report stimuli presented in a par-
ticular area of the visual field. If the de-
ficiency in response can be attributed
to a primary sensory or motor loss,
then the patient is not considered to
have neglect (e.g., as in hemianopia).
Neglect is only half as common after
left-hemisphere lesions, in which case
right neglect manifests itself in rather
different and milder forms. Neglect syn-
drome is most frequently observed in
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patients with damage to the occipital-
temporal-parietal junction, but also in
some cases of frontal and subcortical
damage (K. M. Heilman & Valenstein,
1979; K. M. Heilman & Van den Abell,
1979).

The parietal cortex receives projec-
tions from the magnocellular system
(Ungerleider & Mishkin, 1982). Hence,
it displays properties such as sensitiv-
ity to the detection of movement, as is
evident in single-unit recordings in
monkeys (reviewed by Van Essen &
Maunsell, 1983) and in task-related sig-
nal change in human functional brain
imaging studies (Cheng, Fujita, et al.,
1995). Impaired right posterior parietal
cortex function has therefore long been
suggested to be one of the cardinal
characteristics of developmental dys-
lexia (Stein & Walsh, 1997). To validate
the observation of left neglect in indi-
viduals with developmental dyslexia,
a test is required that allows quantita-
tive evaluation in children. One such
test is the Clock Drawing Test (CDT). It
is commonly used clinically to demon-
strate neglect in individuals with brain
damage (Friedman, 1991), but its use in
developmental disorders has not yet
been investigated.

Visuoperceptual disabilities are no-
toriously difficult to investigate because
there is such a large variety of them;
patients may be poor at one task but
not at others. Clock drawing and copy-
ing have been used extensively and
scaled to evaluate differential patterns
of cognitive deficits among older peo-
ple and patients with dementia and
depression (Herrmann, Kidron, et al.,
1998; Herrmann, Kidron, et al., 1999;
Rouleau & Salmon, 1992; Rouleau,
Salmon, et al., 1996; Shulman, 2000).
The CDT is usually used only as a qual-
itative measure, but it can be quanti-
fied (Weinstein & Friedland, 1977). It is
thought to be sensitive to visuospatial
impairments, attention, and executive
function. Whereas some clinicians
have applied clock face drawing to as-
sess frontal lobe integrity (due to its re-
liance on planning, organization, and
self-monitoring), many have used it for
its dependence on visuospatial and
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constructional abilities served by the
right parietal cortex. The anatomical
correlate of clock drawing has recently
been elucidated by morphometric
magnetic resonance imaging (MRI)
studies, showing that clock drawing
scores correlated significantly with
right anterior and posterior superior
temporal lobe volumes (Cahn-Weiner,
Sullivan, et al., 1999). Corroborating this
link between clock drawing and right
posterior gray matter volume are stud-
ies of patients with right inferior pari-
etal lobule lesions demonstrating that
these patients are more likely to exhibit
signs of neglect than those with lesions
in other areas of the brain (Vallar,
Lobel, et al., 1999). The CDT is particu-
larly well suited to testing for hemi-
spatial neglect because the individual
draws from memory, so the test reveals
the patient’s internal spatial or motor
representation rather than the state of
his or her sensory pathways. Patients
with right-sided strokes tend to neglect
the left side of the clock, cramming all
the numbers into the right side or omit-
ting the numbers after 6. Generally, the
more impaired their clock drawing, the
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more severe their stroke (Friedman,
1991).

Although the CDT has largely been
used in older populations, it has been
established that clock construction is
fully developed in children by the age
of 8 (Cohen, Ricci, Kibby, & Edmonds,
2000). Younger children (6- and 7-year-
olds) may show neglect to the upper
quadrant, but this is no longer evident
by 8 years of age. The CDT can be ad-
ministered quickly, and children enjoy
doing it. A clock can be instantly ex-
amined for any peculiarities. A further
advantage of the CDT is that it is not
confounded by language ability, so
verbal cues cannot facilitate perfor-
mance.

To investigate if the CDT would be a
suitable addition to test batteries pri-
marily concerned with language and
reading skills, we administered this
test as an indicator of any atypical vi-
suospatial ability in 93 children with
an average age of 11 years. Our goal
was to see if the comparison of the chil-
dren with and without dyslexia would
confirm the differences between the
groups that we had observed infor-

TABLE 1
Profile of the 93 Participants Studied

Chronological

Reading 1Q (WISC-R)

age standard score standard score
Group n (5th grade) (5th grade) (3rd grade)
No dyslexia 39 range: range: range:
10.2-12.1 86-115 85-114
M=10.9 M =98.03 M=102.2
SD=1.0 SD =81 SD=73
Dyslexia 26 range: range: range:
10.9-12.2 65-84 85-115
M=11.6 M=78.85 M=94.0
SD=0.6 SD=5.3 SD=65
Garden-variety 12 range: range: range:
poor readers 10.9-12.6 63-84 68-84
M=11.7 M=74.3 M=176.4
SD=0.8 SD=11.9 SD =478
Miscellaneous 16 range: range: range:
10.2-12.5 85-126 72-132
M=11.2 M=109.7 M=101.7
SD=0.8 SD =147 SD=17.5
Entire sample 93 range: range: range:
10.2-12.6 63-126 68-132

mally in some children with dyslexia.
We also compared the children with
dyslexia with a group of children
whose poor reading was explained by
their low 1Q. We expected to find bet-
ter performance in this garden-variety
poor reading (GVPR) group compared
to the dyslexia group if a clock draw-
ing deficit is specific to dyslexia. The
comparison of a GVPR group elimi-
nates the possibility that the deficit of
interest is a consequence of poor read-
ing ability rather than a characteristic
or cause of dyslexia, and the inclusion
of this sample makes our study design
consistent with research practices in-
vestigating phonological deficits in dys-
lexia (Stanovich, 1988). A measure of
phonological awareness was also scru-
tinized to establish whether a deficit in
either of these tests happens to coexist
in children with RD or whether poor
clock drawing is a separate deficit that
is not related to poor phonemic aware-
ness.

Method

Participants

We studied 93 children selected from
a larger sample of typically reading
(n = 485) and poor reading (n = 295)
children enrolled in the Learning Dis-
ability Project at the Wake Forest Uni-
versity School of Medicine at Bowman
Gray, in North Carolina (Felton &
Wood, 1992). Children with dyslexia
were compared with both typical read-
ers and garden-variety poor readers
(GVPR). The poor reading of the GVPR
group, unlike that of the dyslexia
group, was mainly the result of low
IQ. We also included a miscellaneous
sample of children to complete a wide
range of reading and IQ levels. The
characteristics of each group are de-
tailed in Table 1.

The no dyslexia (ND) group was se-
lected from the typically reading sam-
ple. Their reading ability at fifth grade
on the Woodcock-Johnson Psychoeduca-
tional Battery reading standardized
score (WJRSS; Woodcock & Johnson,
1977) was between 85 and 115. Their



score on the Wechsler Intelligence Scale
for Children—Revised (WISC-R; Wech-
sler, 1974) was also between 85 and 115.
There were 39 children in the ND
group: 21 boys, 18 girls (27 White and
12 non-White children). The dyslexia
(D) group was selected from the poor
readers. Their reading score at fifth
grade on the WJRSS was below 85, but
their IQ on the WISC-R was between
85 and 115. There were 26 children in
the D group: 17 boys, 9 girls (11 White
and 15 non-White children). The dis-
crepancy between their IQ and stan-
dardized reading score was on aver-
age 15.2 points (1 SD) for the group,
consistent with most research-based
criteria for identifying dyslexia. The
GVPR group was selected from the poor
reading sample; their reading scores
at fifth grade were below 85 on the
WIJRSS, but their IQ on the WISC-R
was also below 85. There were 12 chil-
dren in the GVPR group: 7 boys, 5 girls
(4 White and 8 non-White children).
The GVPR group’s mean IQ was equiv-
alent to their mean standardized read-
ing score (see Table 1). Sixteen miscel-
laneous children were also included
(6 boys, 10 girls, 13 White and 3 non-
White children). They were all typical
readers, but they had IQs below 85 or
above 115. They were included in order
to extend the range of reading and 1Q
levels to produce a more representa-
tive sample with which to compute
correlations of clock drawing ability
with other variables known to be asso-
ciated with visuospatial performance
or reading. For clock drawing specifi-
cally, there is little information for this
age group about the effect of gender
and handedness on task performance.
For example, left-handers may per-
form differently from right-handers in
the left visual field. It is known that
girls perform somewhat lower than
boys on visuospatial tasks (McGlone,
1980), and there has been some inves-
tigation into the preponderance of
right-handedness in females (Hicks &
Kinsbourne, 1976). Individuals with
dyslexia have a higher incidence of
left- or mixed-handedness compared
to typical readers (Annett & Turner,
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1974), and these factors need to be in-
vestigated in the context of clock draw-
ing. Previous research has shown a
greater propensity for left neglect in
children with attention-deficit disorder
(ADD; Voeller & Heilman, 1986), and
as some of the children in our sample
had a diagnosis of ADD, the diagnosis
of ADD was included in the statistical
analysis. Correlations were performed
for measures of IQ, gender, handed-
ness, visuospatial skills, and phonolog-
ical ability.

Children with physical illness or
neurological disorders were excluded
from the study. A standard eye exam,
including visual field examination to
confrontation, was carried out by an
independent orthoptist or ophthalmol-
ogist on all children. It has been dem-
onstrated that sensory deficits are not
responsible for the dramatic effect on
performance seen in neglect patients
(Rosenberger, 1974), but visual field
deficits could possibly enhance the ef-
fect of hemispatial neglect. All children
included in the study had typical or
corrected-to-typical vision and typical
visual fields.

Measures

Clock Drawing Test (CDT). The
children were presented with a plain
8.5 x 11.0-in. blank sheet of paper and
pen (not pencil, as we wanted their
immediate response and did not allow
them to make corrections). The in-
structions were, “I would like you to
draw a clock, with all its numbers in
it.” No time limit was given.

Handedness and ADD. Handedness
was determined using the Edinburgh
Test for Handedness (Oldfield, 1971).
The ADD portion of the Diagnostic
Interview for Children and Adolescents
(Herjanic, 1983) was completed by the
parent or guardian of each child in
order to see if ADD might affect the
ability of children to perform the CDT.
This is a structured interview, yielding
a standardized measure of ADD based
on the Diagnostic and Statistical Manual
of Mental Disorders, third edition (DSM-

219

III; American Psychiatric Association,
1980). Children were classified as ADD
or no ADD.

Intelligence and Reading Ability.
The Wechsler Intelligence Scale for
Children—Revised had been adminis-
tered when the children were in third
grade to determine Verbal 1Q (VIQ),
Performance IQ (PIQ), and Full Scale
IQ (FSIQ). Reading ability was assessed
in fifth grade using the Woodcock-
Johnson Psycho-Educational Battery (WJ;
Woodcock & Johnson, 1977). Word Iden-
tification, Word Attack, and Passage
Comprehension subscales were used
to assess sight word vocabulary, mono-
and polysyllabic nonword reading,
and passage comprehension, respec-
tively.

Visuospatial and Mathematical
Skills. The scores from the Block De-
sign subtest of the WISC-R were used
to compute correlations with the CDT
in order to assess the relationship be-
tween visuospatial skill and clock
drawing. In this task, children were
asked to make patterns with building
blocks to match those shown in a book-
let. As the CDT involves the use of
numbers, the mathematical ability of
the children was also measured, using
the W] Math standardized score, which
measures ability of calculation and ap-
plied problems.

Phonological Awareness. The Pig
Latin Test (PLT; Olson, Wise, Conners,
Rack, & Fulker, 1989) was used to as-
sess phonological ability in order to
compare this with the result of the vi-
suospatial tests. In this test, words are
reassembled by deleting the initial
phoneme from a word, placing it at the
end of the word, and then adding ay.
Thus pig is spoken as igpay. Correct an-
swers, as well as the time to translate
27 words into Pig Latin, were scored at
fifth grade.

Procedure

For the verbal, neuropsychological, and
achievement tests aforementioned, a
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psychologist tested each child individ-
ually during two visits to the child’s
school. WISC-R and ADD data were
collected at third grade only. A few
months after the school testing had
been completed, the visual tests were
carried out individually on the fifth-
graders at Wake Forest University
School of Medicine at Bowman Gray as
part of a longer testing battery.

Scoring

Many quantitative and qualitative anal-
yses of the Clock Drawing Test have
been reported (Goodglass & Kalpan,
1972; Henderson, Mack, et al., 1989;
Rouleau & Salmon, 1992). In this study,
we measured the following:

1. Angle. The angle between the top
of the clock (where the number 12
is) and where the child had placed
the numbers 2, 5, 8, and 11. These
were chosen to measure the posi-
tion of the numbers with respect to
each other. Measuring every num-
ber would not add any more infor-
mation because we were looking at
the overall pattern. As the number
11 is often the most striking one in
the case of left neglect, it was im-
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portant to include this number.
Numbers representing a quarter,
half, and three-quarter hours were
avoided, because their position
might have been chosen using a
different strategy. The measure-
ments were made at the central
points of each of these numbers,
yielding the distance between
them and the top of the clock.
Lower values indicated squashing
of the numbers in that particular
quadrant of the clock.

2. Clock size. Clock size was measured
by ruler from the center point to
the top, bottom, and either side.

3. Order and omission of figures. Any
deviation from the correct numeric
order or omissions of the clock
numbers were noted.

Statistical Analysis

The significance of the differences be-
tween the D, ND, and GVPR groups
was determined by multiple analysis
of variance (MANOVA). The depen-
dent variables were the angles at
which the numbers 2, 5, 8, and 11 were
drawn in the CDT and were controlled
for gender, handedness, and ADD.
Where appropriate, the means of the

40 -

Mean difference from ideal angle

-60 -

Clock numbers

1

—a— D difference |
{
|

—— GVPR difference
——ND difference |

FIGURE 1. Distribution of clock angles for the numbers 2, 5, 8, and 11 drawn by
children with and without dyslexia and garden-variety poor readers (GVPR). The
dyslexia group showed significant differences compared to the control group for the

groups were compared using post hoc
two-tailed t tests to see whether the
CDT could discriminate between them.

Results

Clock Drawing

1. Angle. A Number Position (4) X
Group (2) x Gender (2) x Handedness
(2) x ADD (2) MANOVA with repeated
measures across the number position
condition between the D and ND groups
yielded a significant effect for group,
F(1, 59) = 6.23, p < .016, with no further
interactions. The same MANOVA com-
paring the D and GVPR groups pro-
duced only a trend but no significant
differences. Post hoc comparison re-
vealed a significant difference between
participants with and without dyslexia
for the angles of the numbers 2, 8, and
11, t(61) = 2.29, p < .025; +(59) = 3.65,
p < .0006; and #(58) = 2.40, p < .019, re-
spectively. These results are presented
in Figure 1, which graphically repre-
sents the difference in angles sub-
tended by the numbers 2, 5, 8, and 11
from their ideal location on the clock
face. It shows how the values of the
children with dyslexia are lower com-
pared to those without dyslexia, par-
ticularly for the left side of the clock
face (numbers 8 and 11). Although
there was a similar trend for the GVPR
group, it was not as strong as that for
the dyslexia group.

2. Clock size. Similar MANOVAs
were used to analyze the size of each
quadrant of the clock drawn by the
children, using all four measurements.
However, this revealed no significant
differences between the groups.

3. Order of numbers. All the children
tended to first draw a circle and then
put in the numbers from 1 to 12. None
of the children in any of the groups re-
versed the order of these numbers.
Some children left numbers out toward
the end of the task; these children
tended to finish quickly but often real-
ized that their drawing did not look
right and that they had omitted the last
few numbers (e.g., the number 11 or
the numbers 10 and 11). This suggests



that children with dyslexia do not pro-
duce defective clocks due to an inabil-
ity to reproduce the correct sequence of
numbers.

The children with dyslexia crowded
the numbers into the right side of the
clock compared to the children with-
out dyslexia. In contrast, some of the
children without dyslexia showed a
tendency to fill in the numbers toward
the left side of the clock, as shown by
their larger angle for the number 8 (i.e.,
the angle is greater than 240 degrees,
which is what would be predicted).
The neglect seen in some of the clocks
drawn by children with dyslexia is
clearly demonstrated in Figure 2, which
shows some unusual examples of
clocks drawn by children with dyslexia
matched with typical readers through-
out a wide range of IQ levels (selected
from the entire sample of n = 93). The
mild left neglect exhibited by our chil-
dren with dyslexia suggests that they
may have right-hemisphere dysfunc-
tion in addition to their better docu-
mented left-hemisphere deficits. Like
patients with posterior parietal lesions
(for an example, see Figure 3), the chil-
dren with dyslexia showed some dis-
tress after realizing that their clocks
did not look right. However, unlike the
patients with such lesions, they would
often come to this realization immedi-
ately and be able to make an assess-
ment of why their clocks looked odd.

The size of the angle provides a
quantitative measure of clocks drawn
by the three different groups of chil-
dren. It is also of interest to establish
how many children are responsible for
these unusual clocks. To identify the
number of children with dyslexia who
drew defective clocks, we investigated
how many children in each group per-
formed 2 SD or more below the group
mean (calculated from the ND sam-
ple). Using the value of the angle of the
number 8, there were 3 (7.7%) children
in the ND group, 12 (46.2%) in the
D group, and 3 (25%) in the GVPR
group who performed below this level.
Although this is an arbitrary division
of scores, it does give a sense of how
many more children in the dyslexia
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group produced clocks that were dif-
ferent. This result is probably an un-
derestimation, as 2 children with dys-
lexia did not complete their clock and
did not include the number 8. In con-
clusion, about one in two children in
the dyslexia group drew a clock with
neglect in the lower left quadrant.

Phonological Awareness

The PLT accuracy scores were ana-
lyzed by a Group (2) x Gender (2) x
Handedness (2) x ADD (2) MANOVA
between D and ND groups. As ex-
pected, there was a significant effect
for group, F(1, 59) = 21.2, p < .0001, but
none of the other variables were sig-
nificantly different. Likewise, the PLT
time score yielded a significant differ-
ence for group, F(1, 59) = 23.77, p <
.0001, with no other interactions. Pro-
tected t tests demonstrated signifi-
cantly higher PLT accuracy scores for
the ND group (M = 16.26, SE = 0.58)
compared to the dyslexia group (M =
11.25, SE = 0.88), #(61) = 4.94, p <.0001,
as well as faster PLT completion times
for the ND group (M = 193.46 s, SE =
8.65) than for the dyslexia group (M =
366.63 s, SE = 39.72), t(61) = 5.30, p <
.0001. There were no significant differ-
ences between the dyslexia group and
the GVPR group for PLT accuracy scores
or completion times.

Correlations

To explore the effect of clock drawing
ability and the other tests we adminis-
tered in these children, correlations were
computed for the entire sample (N =
93). The clock variable used was that of
the angles of the numbers 2, 5, 8, and
11 combined; lower values of this vari-
able indicate neglect of the left side of
space. Table 2 shows the correlations
that were significant, confirming that
reading in this sample was well corre-
lated with the usual skills known to
predict reading ability; positive corre-
lations between reading ability and
phonological awareness, 1Q, mathe-
matics, and visuospatial skill mea-
sured on the WISC-R Block Design
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subtest were found. Clock drawing
significantly correlated with PLT as
well as reading scores. There was very
little association between WISC-R
Block Design and clock drawing; this
was also the case for mathematics and
clock drawing. This implies that the
CDT is different from other visuospa-
tial tasks and that it is unlikely that a
talent for mathematics helps a child to
construct a clock. In accordance with
the MANOVA results, clock drawing
was not influenced by ADD, gender, or
handedness. The strongest correlation
for the Clock Drawing Test was with the
Pig Latin Test, indicating that children
in this sample with good phonemic
awareness also had good visuospatial
ability on the CDT.

Discussion

Developmental dyslexia is usually as-
sociated with left-hemisphere dysfunc-
tion because the skills that are impaired
in dyslexia, such as verbal working
memory and phonological processing,
are known to primarily depend on this
hemisphere. Indeed, anatomical (Gala-
burda & Kemper, 1978; Galaburda et al.,
1985; Leonard, Voeller, et al., 1993) and
physiological studies (Flowers et al.,
1991; Rumsey et al., 1992; Rumsey et al.,
1987; Rumsey & Eden, 1997; Rumsey
et al., 1994) contrasting individuals
with and without dyslexia have con-
firmed differences between the groups
in numerous regions of the left hemi-
sphere. However, discrepancies in brain
physiology are also sometimes identi-
fied in right-hemisphere regions. The
present study provides behavioral evi-
dence that children with dyslexia ne-
glect the left side of the image when
they draw clock faces, suggesting a
dysfunction of right-hemisphere mech-
anisms in addition to those frequently
reported in the left hemisphere. Other
than left neglect, there were no differ-
ences in clock size or in the ordering of
numbers between children with and
without dyslexia, suggesting that the
test is indeed revealing left neglect
rather than poor size constancy or num-
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Clocks Drawn by Good Readers

(1) C. Age: 11.5 (2) C. Age: 11.3 (3) C. Age: 11.1 4) C. Age: 10.8
R. Age: 12.0 R. Age: 12.0 R. Age: 15.2 R. Age: 10.3
1.Q.: 85 1.Q.: 92 1.Q.: 94 1.Q.: 96

(5) C. Age: 11.8 (6) C. Age: 10.2 (7 C. Age: 114
R. Age: 11.3 R. Age: 9.8 R. Age: 18.0
1.Q.: 97 1.Q.: 100 1.Q.: 123

Clocks Drawn by Poor Readers

(4) C. Age: 11.3

(1) C. Age: 12.0 (2) C. Age: 11.7 (3) C. Age: 11.9 R. Age: 8.3
R. Age: 8.0 R. Age: 8.3 R. Age: 8.8 1.Q.: 97
1.Q.: 85 1.Q.: 92 1.Q.: 94 -

(5) C. Age: 11.4 (6) C. Age: 10.2 (7) C. Age: 10.8
R. Age: 9.7 R. Age: 9.0 R.Age: 9.8
1.Q.: 160 1.Q.: 102 1.Q.: 123

FIGURE 2. Examples of clocks drawn by children from the no dyslexia sample and from the dyslexia sample. Some of the
more unusual demonstrations of clock drawing are presented.



ber skill. As clocks are usually drawn
in a clockwise direction, it is possible
that the CDT may have biased children
toward bunching the figures on the
right-hand side. However, typical read-
ers showed the opposite pattern, namely,
a slight tendency to compress the fig-
ures into the left field. The CDT did not
correlate with either Performance or
Verbal 1Q, suggesting that these tests
may not be sensitive to the same pro-
cesses measured with the CDT. Gen-
der, handedness, or ADD diagnosis
did not influence CDT performance.
Thus, our results provide more evi-
dence for the view that many indi-
viduals with dyslexia suffer impaired
visuospatial skills that cannot be ex-
plained by any other variables. How-
ever, it should be noted that the
measure of ADD we used is not a con-
tinuous one, and a better way to inves-
tigate this defcit would be by studying
a sample that also included individu-
als with ADD but no RD (Voeller &
Heilman, 1986). The results from the
correlation analysis suggest that ne-
glect coexists with phonological defi-
cits, so that those who do poorly on the
CDT do not constitute a specific group
of individuals with dyslexia. Almost
half of the individuals with dyslexia
performed 2 standard deviations be-
low the typical readers. Garden-variety
poor readers did not perform signifi-
cantly better than individuals with
dyslexia on clock drawing; therefore,
the clock drawing deficit is not specific
to dyslexia, but it is more frequent in
the dyslexia group than in the garden-
variety poor reading group. Phonemic
awareness was also not significantly
different between the GVPR and dys-
lexia groups, consistent with research
that has questioned the validity of
the distinction between dyslexia and
garden-variety poor reading (Stano-
vich, 1994).

Why does the pathophysiology in
the left hemisphere in developmental
dyslexia not result in right neglect dur-
ing clock drawing? There are two as-
pects that need to be considered to
address this question: (a) the role of de-
velopmental versus acquired lesions
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and (b) the disproportionate right-
sided vulnerability of the right hemi-
sphere in attending to visuospatial
materials. Acquired lesions will be con-
sidered first. Left-sided lesions can
give rise to neglect on the right side,
but right neglect is less common. Le-
sion patients may make reading errors
that are confined to the right half of
objects or words. An unusual patient
with a left posterior lesion reported by
Caramazza and Hillis (1990) neglected
the right side regardless of length and
irrespective of whether words were
presented horizontally, vertically, or
mirror reversed. This right neglect was
therefore object centered, with the
middle of the word acting as the refer-
ence point. In the present study, we
found no examples of right neglect
among our participants with dyslexia.
Acquired cases of reading deficits
therefore do not necessarily emulate
developmental lesions in their behav-
ioral manifestations. Similarly, phono-
logical deficits are found in patients
with acquired dyslexia, but they are
not as commonly observed as in devel-
opmental dyslexia (Castles & Colt-
heart, 1993). The most likely reason for
this discrepancy between develop-
mental and acquired dyslexia resides
in the recovery and reorganization that
sets in during maturation in develop-
mental disorders (Galaburda, 1992).
The behavioral consequences are likely
to differ compared to those cases in
which a skill was once established and
then lost as a result of instant brain
damage. Likewise, lesions induced in
the magnocellular system in monkeys
(Area MT) initially result in the inabil-
ity of the monkey to perform a visual
motion discrimination task. However,
several months after the lesion, the
monkey recovers the majority of this
skill and only exhibits a mild deficit.
Developmental disorders and acquired
lesions that share underlying cortical
pathophysiology can therefore manifest
in different behavioral consequences.
The second issue when considering
why left-hemisphere pathophysiology
in developmental dyslexia does not
result in right neglect requires a dis-
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FIGURE 3. An example of a clock
drawn by an adult patient with a right
parietal lobe lesion resulting from a
stroke.

cussion of the models underlying at-
tention to visuospatial construction de-
rived from human and animal data. It
has been suggested that the right hemi-
sphere is more vulnerable to damage
and more significant resultant deficits
than the left hemisphere. The theories
explaining this observation are com-
plex and will be only briefly addressed
here (for a review, see Vallar, 1998).
Kinsbourne (1970) has postulated that
in healthy people, the right hemi-
sphere has greater control of attention
and the two hemispheres are in recip-
rocal balance. After a unilateral lesion,
this mutually inhibitory interaction is
disrupted, and so attention is biased to
one side. As a result, stimuli contralat-
eral to the lesion tend to be ignored.
With the additional hypothesis that in-
hibition of the left hemisphere by the
right hemisphere is twice as strong as
vice versa, the observation that left ne-
glect is twice as common as right ne-
glect can be accommodated. Posner,
Walker, et al. (1984) put forward a three-
stage model of attention: disengage-
ment, shifting, and engagement. Pos-
ner et al.’s finding that patients with
right parietal lesions have particular
problems with disengaging attention
from the right rather than difficulty
shifting it to the left is consistent with
Kinsbourne’s (1970) hypothesis, as are
observations that posterior parietal
cortex neurons are much more strongly
modulated by shifting attention than
they are by passive visual stimuli
(Mountcastle, Anderson, et al. 1981).
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Attentional bias to the right is much
more likely to explain the mild left ne-
glect shown by our participants with
dyslexia. The clocks drawn by individ-
uals with dyslexia resemble those of
patients with what is called spatial ne-
glect or other terms, such as hemispatial
neglect, visuospatial agnosia, visuospatial
neglect, and so forth (F. M. Heilman,
Watson, et al., 1993). Although none
of the children went to the extreme of
writing all 12 numbers into the right
side of the clock, as seen in some pa-
tients with right-hemisphere lesions,
many of them wrote the majority of
the numbers on the right side of the
clock. Unlike lesion patients with se-
vere neglect, children with dyslexia
have enough awareness of the entire
picture to orient themselves at the end
of the task.

Attentional mechanisms defined by
ADD status did not seem to correlate
with the lack of spatial attention re-
sulting in poor clock drawing. The rea-
son for this can be considered in light
of the distributed networks that un-
derlie attention. Human and animal
lesion studies have shown that dam-
age to a number of cortical (temporo-
parietal-occipital junction, cingulate
gyrus) and subcortical regions (thala-
mus and mesencephalic reticular for-
mation) will result in unilateral neglect
(F. M. Heilman et al., 1993). Heilman
and colleagues (F. M. Heilman et al.,
1993; Mesulam, 1981, Watson, Heil-
man, Cauthen, & King, 1973) have pro-
posed that the subcortical structures
are involved in mediating arousal and
attention, whereas the cortical areas
are responsible for the analysis of the
behavioral significance of stimuli. For
example, the activity recorded from
the neurons of the inferior parietal lob-
ule (Area 7) of the monkey correlates
with stimulus response or importance
to the animal (Mountcastle, Anderson,
& Motter, 1981, Mountcastle, Lynch,
Georgopoulus, Sakata, & Acuna, 1975).
As the inferior parietal lobule also has
neurons that are active when the ani-
mal is fixating on an object of interest
(visual fixation neurons), these may
play arole in reading in the human ho-
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mologue, the posterior parietal cortex.
As neurons in the posterior parietal
cortex of monkeys have bilateral re-
ceptive fields (Mountcastle et al., 1975),
K. M. Heilman and Van Den Abell
(1979) postulated that the right hemi-
sphere contains more of these neurons,
with the left hemisphere representing
only the contralateral receptive fields.
Alesion in the right hemisphere would
therefore cause left neglect, because
the left hemisphere would not be able
to compensate, but damage in the left
hemisphere would not result in right
neglect, because the right hemisphere
would be able to attend to ipsilateral
stimuli. In summary, given some of the
properties of the posterior parietal cor-
tex that have been observed in human
and animal lesion studies, this area ap-
pears to function as an interface be-
tween attention to, reception of, and re-
sponse to significant events in space.
How do the parietal cortex and clock
drawing relate to theories about a mag-
nocellular deficit? Although the pres-
ent study has not correlated clock draw-
ing with tasks that are known to
engage the magnocellular system (such
as visual motion detection), functional
brain imaging studies have shown that
such tasks rely on extrastriate visual
Area V5/MT and the parietal cortex
(Cheng et al., 1995). Several investiga-
tors have demonstrated sensory defi-
cits specific to the dorsally projecting
parietal stream (dominated by the
magnocellular system) in dyslexia (for
a review, see Stein & Walsh, 1997).
Tasks preferentially processed by the
magnocellular system, such as visual
motion perception, have been shown
to elicit a strikingly different physio-
logical response in the extrastriate
cortex in individuals with dyslexia
compared to controls (Demb, Boynton,
et al.,, 1998; Eden, vanMeter, et al.,
1996). Advances in functional neuro-
imaging techniques allow the question
of shared systems to be investigated di-
rectly. For example, the regional spe-
cialization and spatial congruence of
those cortical areas engaged in pro-
cesses affected by developmental dys-
lexia can be identified with modern
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imaging technology. Functional brain
imaging studies of reading, phonologi-
cal awareness, and sensory processing
have converged to yield agreement on
atypical task-related signal change in
the areas of the occipital, temporal, pa-
rietal, and frontal regions (Eden & Zef-
firo, 1998). Despite these technical
advances allowing noninvasive acqui-
sition of physiological correlates of be-
havior, gaps remain in the array of
behavioral measures used to elicit sen-
sorimotor or visuospatial deficits.
Functional brain imaging studies are
time consuming and costly, and cur-
rently they do not provide an alterna-
tive for good neuropsychological eval-
uation. Filling this void of behavioral
measures assessing visual system in-
tegrity would provide a link between
behavioral aberrations measured with
paper-and-pencil tests and the physio-
logical basis of dyslexia revealed by
fuctional brain imaging research. Fur-
ther studies performed in children
with dyslexia might help pinpoint the
etiology of these deficits. That is, neu-
robiological anomalies might originate
at several foci in the brain; alterna-
tively, a single brain region that is con-
strained as a result of dyslexia might be
responsible for processing both visual
and phonological processes.

The link between the magnocellular
system and the parietal cortex in the
context of this study lies in the anatom-
ical projections from the magnocellular
layers of the lateral geniculate nucleus
to the extrastriate visual cortex and the
posterior parietal cortex. The posterior
parietal cortex is active in visual mo-
tion perception and other magnocellu-
lar tasks. Unlike Area MT/ V5, the pari-
etal cortex is involved in many higher
order perceptual and motivational in-
fluences. Although it is not yet known
where the primary deficit of the mag-
nocellular pathway occurs in dyslexia,
anatomical or functional changes have
been reported at multiple levels, in-
cluding the lateral geniculate nucleus,
extrastriate visual cortex Area MT/V5,
and parietal regions. Irrespective of the
known etiology, the existence of mag-
nocellular projections to the parietal
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cortex provides good reason to believe
that a deficit to this system could result
in parietal cortex dysfunction, such as
neglect. Human parietal cortex is more
expansive in the right hemisphere,
suggesting functional advantages of this
hemisphere over the left hemisphere
(Eidelberg & Galaburda, 1984). Fur-
thermore, it has been suggested that
the dorsal system is responsible for ac-
tions in near space (particularly in the
lower visual field), such as object ma-
nipulation, and in human skills such as
reading and writing (Previc, 1990). Ev-
idence supporting this theory comes
from human lesions in the parietal cor-
tex resulting in neglect in near space
but not in far space. Patients with right
parietal damage have been shown to
neglect objects not only in space but
also in time. When identifying a visual
object such as a letter, the identification
of a second object close in time is im-
paired based on a phenomenon called
attentional blink. This ability to allocate
attention over time is impaired in a pa-
tient with right parietal lesions (Hu-
sain, Shapiro, et al., 1997) as well as in
individuals with dyslexia. This tempo-
ral attention deficit provides a link to
some of the difficulties observed when
individuals with dyslexia process vi-
sual stimuli with short interstimulus
intervals (Williams, Molinet, Lecluyse,
1989).

Conclusions

To date, there has been a dispropor-
tionately small number of investiga-
tions into the visual and visuoper-
ceptual problems of individuals with
dyslexia. These studies, often con-
ducted in the framework of a magno-
cellular deficit hypothesis, have shown
that children with dyslexia do indeed
have aberrant perceptions of contrast
and motion under certain stimulus con-
ditions (Lovegrove et al., 1986; Stein,
1989; Williams & Lecluyse, 1990; Wil-
lows, 1991). In the present study, we
present data illustrating that right-
hemisphere function can be investi-
gated in children with dyslexia using
the Clock Drawing Test. From these re-

JOURNAL OF LEARNING DISABILITIES

sults it seems that children with dys-
lexia suffer both visuospatial impair-
ments characteristic of right posterior
parietal cortex and phonological diffi-
culties, pointing to left-hemisphere in-
volvement. Thus, dyslexia probably re-
sults from a developmental process
affecting both hemispheres. The extent
to which this deficit affects cortical and
subcortical structures and, therefore,
can be interpreted in terms of the
arousal and attention models that have
been proposed is not yet clear, al-
though there is evidence for atypical
physiology and anatomy at both these
levels. The Clock Drawing Test is ex-
tremely simple and requires only
about 1 minute to perform. We there-
fore recommend its inclusion in testing
batteries designed for research and
clinical evaluations, in lieu of other,
more extensive measures of visual sys-
tem function. It is useful as a screening
test for detecting visuospatial impair-
ment in children with dyslexia. A
deeper understanding of the processes
involved when reading fails to develop
typically may suggest new approaches
to the diagnosis and treatment of de-
velopmental dyslexia.

ABOUT THE AUTHORS

Guinevere F. Eden, DPhil, is associate profes-
sor at the Department for Pediatrics, George-
town University Medical Center. Her research
interests include functional brain imaging stud-
ies of reading and reading disability and the
neurophysiological basis of reading remediation.
Frank B. Wood, PhD, is associate professor
and section head of the Section of Neuropsy-
chology, Department of Neurology, at Wake For-
est University School of Medicine at Bowman
Gray, NC. He has conducted research studying
and integrating genetics, functional brain
imaging, and behavioral aspects of learning dis-
abilities and attention-deficit disorder. John F.
Stein, FRCP, is a professor at the University
Laboratory of Physiology, Oxford, England. His
interests include developmental dyslexia, and he
studies nonhuman primates to understand the
role of the posterior parietal cortex and the cere-
bellum in motor control. Address: Guinevere
Eden, Center for the Study of Learning, George-
town University Medical Center, Building D,
Suite 150, 4000 Reservoir Rd., Washington,
DC 20057; e-mail: edeng@georgetown.edu

AUTHORS’ NOTES

1. For their help, we would like to express our
thanks to Dr. G. Weaver and E. Sturmfels at
the Eye Center, and M. Wood and K. Eades,
Section of Neuropsychology, Bowman Gray
School of Medicine.

2. Support for this study was provided by the
Medical Research Council (UK), the Mc-
Donnell Pew Foundation, and the National
Institute of Child Health and Human De-
velopment.

REFERENCES

Alexander, A. W., Anderson, H., Heilman,
P, & Voeller, K. (1991). Phonological
awareness training and remediation of
analytic decoding deficits in a group of
severe dyslexics. Annals of Dyslexia, 41,
193-206.

American Psychiatric Association. (1980).
Diagnostic and statistical manual of mental
disorders (3rd ed.). Washington, DC: Au-
thor.

Annett, M., & Turner, A. (1974). Laterality
and the growth of intellectual abilities.
British Journal of Educational Psychology
44(1), 37-46.

Bradley, L., & Bryant, P. E. (1983). Catego-
rizing sounds and learning to read—a
causal connection. Nature, 301, 419-421.

Brain, W. R. (1941). Visual disorientation
with special reference to lesions of the
right hemisphere. Brain, 64, 224-272.

Cahn-Weiner, D. A., Sullivan, E. V., Shear,
P, Fama, R, Lim, K., Yesavage, J., et al.
(1999). Brain structural and cognitive cor-
relates of clock drawing performance in
Alzheimer’s disease. Journal of the Inter-
national Neuropsychological Society, 5, 502—
509.

Caramazza, A., & Hillis, A. E. (1990). Spa-
tial representation of words in the brain
implied by studies of unilateral neglect
patients. Nature, 346, 267-269.

Castles, A., & Coltheart, M. (1993). Varieties
of developmental dyslexia. Cognition, 47,
149-180.

Cheng, K., Fujita, H., Kanno, 1., Miura, S.,
& Tanaka, K. (1995). Human cortical re-
gions activated by a wide-field visual
motion: An H,"O study:. Journal of Neuro-
physiology, 74, 413-427.

Cohen, M. J,, Ricci, C. A., Kibby, M., & Ed-
monds, J. (2000). Developmental progres-
sion of clock face drawing in children.
Neuropsychol Dev Cogn Sect C Child Neu-
ropsychol, 6(1), 64-76.


http://www.ingentaconnect.com/content/external-references?article=/0022-3077^28^2974L.413[aid=213307]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29301L.419[aid=26186]
http://www.ingentaconnect.com/content/external-references?article=/1355-6177^28^295L.502[aid=4834221]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29346L.267[aid=212557]
http://www.ingentaconnect.com/content/external-references?article=/0010-0277^28^2947L.149[aid=295326]
http://www.ingentaconnect.com/content/external-references?article=/0022-3077^28^2974L.413[aid=213307]
http://www.ingentaconnect.com/content/external-references?article=/0929-7049^28^296:1L.64[aid=4834222]
http://www.ingentaconnect.com/content/external-references?article=/1355-6177^28^295L.502[aid=4834221]
http://www.ingentaconnect.com/content/external-references?article=/0010-0277^28^2947L.149[aid=295326]
http://www.ingentaconnect.com/content/external-references?article=/0929-7049^28^296:1L.64[aid=4834222]
http://www.ingentaconnect.com/content/external-references?article=/1355-6177^28^295L.502[aid=4834221]

Cornelissen, P, Bradley, L., Fowler, S., &
Stein, J. (1991). What children see affects
how they read. Developmental Medicine
and Child Neurology, 33, 755-762.

Cornelissen, P., Richardson, A., Mason, A.,
Fowler, S., & Stein, J. (1995). Contrast sen-
sitivity and coherent motion detection
measured at photopic luminance levels
in dyslexic controls. Vision Research, 35,
1483-1494.

Critchley, M. (1970). The dyslexic child.
Springfield, IL: Thomas.

Demb, J. B., Boynton, G. M., & Heeger, D.
(1998). Functional magnetic resonance
imaging of early visual pathways in
dyslexia. The Journal of Neuroscience, 18,
6939-6951.

Eden, G. E, Stein, J. F., Wood, H., & Wood,
F. (1994). Differences in eye movements
and reading problems in dyslexic and
normal children. Vision Research, 34,
1345-1358.

Eden, G. F, Stein, J. F., Wood, M., & Wood,
F. (1995a). Temporal and spatial process-
ing in reading disabled and normal chil-
dren. Cortex, 31, 451-468.

Eden, G. E, Stein, J. F., Wood, H., & Wood,
F. (1995b). Verbal and visual problems in
reading disability. Journal of Learning Dis-
abilities, 28, 272-290.

Eden, G. F.,, VanMeter, J. W,, et al. (1996).
Abnormal processing of visual motion in
dyslexia revealed by functional brain
imaging. Nature, 382, 66-69.

Eden, G. F.,, & Zeffiro, T. A. (1998). Neural
systems affected in developmental
dyslexia revealed by functional neuro-
imaging. Neuron, 21, 279-282.

Eidelberg, D., & Galaburda, A. (1984). Infe-
rior parietal lobule: Divergent architec-
tonic asymmetries in the human brain.
Archives of Neurology, 41, 843-852.

Felton, R. H., & Wood, E. B. (1992). A read-
ing level match study in nonword read-
ing skills in poor readers with varying IQ.
Journal of Learning Disabilities, 25, 318-
326.

Flowers, D. L., & Wood, F. B. (1991). Re-
gional cerebral blood flow correlates of
language processes in reading disability.
Archives of Neurology, 48, 637—643.

Friedman, P. J. (1991). Clock drawing in
acute stroke. Age and Ageing, 20, 140-145.

Galaburda, A. M. (1992). Neurology of de-
velopmental dyslexia. Current Opinion in
Neurology and Neurosurgery, 5, 71-76.

Galaburda, A. M., & Kemper, T. L. (1978).
Cytoarchitectonic abnormalities in devel-
opmental dyslexia: A case study. Annals of
Neurology, 6, 94-100.

VOLUME 36, NUMBER 3, MAY/JUNE 2003

Galaburda, A. M., Sherman, G., Rosen, G.,
Aboitiz, F., & Geschwind, N. (1985). De-
velopmental dyslexia: Four consecutive
cases with cortical anomalies. Annals of
Neurology, 18, 222-233.

Goodglass, H., & Kalpan, E. (1972). Assess-
ment of aphasia and related disorders.
Philadelphia: Lea & Febiger.

Hari, R., & Kiesila, P. (1996). Deficit of tem-
poral auditory processing in dyslexic
adults. Neuroscience Letters, 205, 138-140.

Hari, R., Renvall, H.,, & Tanskanen, T.
(2000). Left minineglect in dyslexic adults.
Brain, 124, 1373-1380.

Heilman, E. M., Watson, R. T., & Valenstein,
E. (1993). Neglect and related disorders.
In K. M. Heilman & E. Valenstein, Clini-
cal neuropsychology (279-322). New York:
Oxford University Press.

Heilman, K. M., & Valenstein, E. (1979).
Mechanisms underlying hemispatial ne-
glect. Annals of Neurology, 5, 166-170.

Heilman, K. M., & Van den Abell, T. (1979).
Right hemisphere dominance for mediat-
ing cerebral activation. Neuropsychologia,
17, 315-321.

Henderson, V. W.,, Mack, W., & Williams, B.
(1989). Spatial disorientation in Alz-
heimer’s disease. Archives of Neurology,
46, 391-39%4.

Herjanic, B. (1983). The Washington Univer-
sity diagnostic interview for children and
adolescents. St. Louis, MO: Washington
University Medical Centre.

Herrmann, N., Kidron, D., Shulman, K.,
Kaplan, E., Binns, M., Leach, L., et al.
(1998). Clock tests in depression,
Alzheimer’s disease, and elderly con-
trols. International Journal of Psychiatry in
Medicine, 28, 437-447.

Herrmann, N., Kidron, D., Shulman, K.,
Kaplan, E., Binns, M., Soni, J., et al. (1999).
The use of clock tests in schizophrenia.
General Hospital Psychiatry, 21, 70-73.

Hicks, R., & Kinsbourne, M. (1976). Human
handedness: A partial cross-fostering
study. Science, 192, 908-910.

Husain, M., Shapiro, K., Martin, J., & Ken-
nard, C. (1997). Abnormal temporal dy-
namics of visual attention in spatial ne-
glect patients. Nature, 385, 154-156.

Kinsbourne, M. (1970). A model for the
mechanisms of unilateral neglect of space.
Transactions of the American Neurological
Association, 95, 143.

Leonard, C. M., Voeller, K. K., Lombardino,
L., Morris, M., Hynd, G., Alexander, A,
et al. (1993). Anomalous cerebral struc-
ture in dyslexia revealed with MRI. Ar-
chives of Neurology, 50, 461-569.

227

Liberman, L. Y., Shankweiler, D., Liberman,
A., Fowler, C., & Fischer, F. (1977). Pho-
netic segmentation and recoding in the
beginning reader. In A. S. Reber & D. L.
Scarborough (Eds.), Toward a psychology of
reading (pp. 207-225). Hillsdale, NJ: Erl-
baum.

Livingstone, M. S., Rosen, G. D., Drislane,
F., & Galaburda, A. (1991). Physiological
and anatomical evidence for a magnocel-
lular deficit in developmental dyslexia.
Proceedings of the National Academy of Sci-
ences of the United States of America, 88,
7943-7947.

Lovegrove, W. (1993). Weakness in tran-
sient visual system: A causal factor in
dyslexia? Annals of the New York Academy
of Sciences, 682, 57-69.

Lovegrove, W. J., Martin, F, & Slaghvis, W.
(1986). A theoretical and experimental
case for visual deficit in specific reading
difficulty. Cognitive Neuropsychology, 3,
225-267.

McGlone, J. (1980). Sex differences in
human brain asymmetry: A critical re-
view. Behavioural and Brain Science, 3,
215-263.

Mesulam, M.-M. (1981). A cortical network
for directed attention and unilateral ne-
glect. Annals of Neurology, 10, 309-325.

Mountcastle, V. B., Anderson, R. A., & Mot-
ter, B. (1981). The influence of attentive
fixation upon the excitability of light sen-
sitive neurons of the posterior parietal
cortex. The Journal of Neuroscience, 1,
1218-1245.

Mountcastle, V. B., Lynch, J. C., Geor-
gopoulos, A., Sakata, H., & Acuna, C.
(1975). Posterior parietal association cor-
tex of the monkey: Command function
from operations within extrapersonal
space. Journal of Neurophysiology, 38, 871-
908.

Nicolson, R. I., Fawcett, A. J., & Dean, P.
(1995). Time estimation deficits in devel-
opmental dyslexia: Evidence of cerebellar
involvement. Proceedings of the Royal Soci-
ety of London, 259, 43-47.

Oldfield, R. C. (1971). The assessment and
analysis of handedness: The Edinburgh
Inventory. Neuropsychologia, 9, 97-113.

Olson, R., Wise, B., et al. (1989). Specific
deficits in component reading and lan-
guage skills: Genetic and environmental
influences. Journal of Learning Disabilities,
22, 339-348.

Posner, M. 1., Walker, ]J. A., Friedrich, F., &
Rafal, R. (1984). Effects of parietal injury
on covert orienting of attention. The Jour-
nal of Neuroscience, 4, 1863—-1874.


http://www.ingentaconnect.com/content/external-references?article=/0012-1622^28^2933L.755[aid=4834223]
http://www.ingentaconnect.com/content/external-references?article=/0042-6989^28^2935L.1483[aid=310585]
http://www.ingentaconnect.com/content/external-references?article=/0270-6474^28^2918L.6939[aid=852970]
http://www.ingentaconnect.com/content/external-references?article=/0042-6989^28^2934L.1345[aid=307343]
http://www.ingentaconnect.com/content/external-references?article=/0010-9452^28^2931L.451[aid=895476]
http://www.ingentaconnect.com/content/external-references?article=/0022-2194^28^2928L.272[aid=895477]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29382L.66[aid=310600]
http://www.ingentaconnect.com/content/external-references?article=/0896-6273^28^2921L.279[aid=4834224]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2941L.843[aid=1510152]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2948L.637[aid=4834226]
http://www.ingentaconnect.com/content/external-references?article=/0002-0729^28^2920L.140[aid=4834227]
http://www.ingentaconnect.com/content/external-references?article=/0951-7383^28^295L.71[aid=4834228]
http://www.ingentaconnect.com/content/external-references?article=/0364-5134^28^296L.94[aid=213384]
http://www.ingentaconnect.com/content/external-references?article=/0364-5134^28^2918L.222[aid=213386]
http://www.ingentaconnect.com/content/external-references?article=/0304-3940^28^29205L.138[aid=213388]
http://www.ingentaconnect.com/content/external-references?article=/0006-8950^28^29124L.1373[aid=2255693]
http://www.ingentaconnect.com/content/external-references?article=/0364-5134^28^295L.166[aid=219263]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2917L.315[aid=318203]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2946L.391[aid=188418]
http://www.ingentaconnect.com/content/external-references?article=/0091-2174^28^2928L.437[aid=4834229]
http://www.ingentaconnect.com/content/external-references?article=/0163-8343^28^2921L.70[aid=4834230]
http://www.ingentaconnect.com/content/external-references?article=/0036-8075^28^29192L.908[aid=314596]
http://www.ingentaconnect.com/content/external-references?article=/0028-0836^28^29385L.154[aid=846860]
http://www.ingentaconnect.com/content/external-references?article=/0065-9479^28^2995L.143[aid=4834231]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2950L.461[aid=299337]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2988L.7943[aid=213399]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.57[aid=4834232]
http://www.ingentaconnect.com/content/external-references?article=/0364-5134^28^2910L.309[aid=212210]
http://www.ingentaconnect.com/content/external-references?article=/0270-6474^28^291L.1218[aid=847419]
http://www.ingentaconnect.com/content/external-references?article=/1364-5021^28^29259L.43[aid=1922634]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^299L.97[aid=211691]
http://www.ingentaconnect.com/content/external-references?article=/0022-2194^28^2922L.339[aid=41536]
http://www.ingentaconnect.com/content/external-references?article=/0270-6474^28^294L.1863[aid=213142]
http://www.ingentaconnect.com/content/external-references?article=/0012-1622^28^2933L.755[aid=4834223]
http://www.ingentaconnect.com/content/external-references?article=/0042-6989^28^2935L.1483[aid=310585]
http://www.ingentaconnect.com/content/external-references?article=/0270-6474^28^2918L.6939[aid=852970]
http://www.ingentaconnect.com/content/external-references?article=/0042-6989^28^2934L.1345[aid=307343]
http://www.ingentaconnect.com/content/external-references?article=/0022-2194^28^2928L.272[aid=895477]
http://www.ingentaconnect.com/content/external-references?article=/0951-7383^28^295L.71[aid=4834228]
http://www.ingentaconnect.com/content/external-references?article=/0364-5134^28^296L.94[aid=213384]
http://www.ingentaconnect.com/content/external-references?article=/0364-5134^28^2918L.222[aid=213386]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2917L.315[aid=318203]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2946L.391[aid=188418]
http://www.ingentaconnect.com/content/external-references?article=/0091-2174^28^2928L.437[aid=4834229]
http://www.ingentaconnect.com/content/external-references?article=/0065-9479^28^2995L.143[aid=4834231]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2950L.461[aid=299337]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2988L.7943[aid=213399]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.57[aid=4834232]
http://www.ingentaconnect.com/content/external-references?article=/0270-6474^28^291L.1218[aid=847419]
http://www.ingentaconnect.com/content/external-references?article=/1364-5021^28^29259L.43[aid=1922634]
http://www.ingentaconnect.com/content/external-references?article=/0022-2194^28^2922L.339[aid=41536]
http://www.ingentaconnect.com/content/external-references?article=/0270-6474^28^294L.1863[aid=213142]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2988L.7943[aid=213399]

228

Previc, E. (1990). Functional specialization
in the lower and upper visual fields in
humans: Its exological origins and neuro-
physiological implications. Behavioral and
Brain Sciences, 13, 519-575.

Riddell, P. M., Fowler, M. S., & Stein, J.
(1990). Spatial discrimination in children
with poor vergence control. Perceptual
Motor Skills, 70, 707-718.

Riddoch, G. (1935). Visual disorientation in
homonymous half-fields. Brain, 58, 376
382.

Rosenberger, P. (1974). Discriminative as-
pects of visual hemi-inattention. Neurol-
ogy, 24, 17-23.

Rouleau, I., & Salmon, D. P. (1992). Quanti-
tative and qualitative analyses of clock
drawings in Alzheimer’s and Hunting-
ton’s disease. Brain and Cognition, 18, 70—
87.

Rouleau, I., Salmon, D., & Butters, N. (1996).
Longitudinalanalysis of clock drawing in
Alzheimer’s disease patients. Brain and
Cognition, 31, 17-34.

Rumsey, J. M., Andreason, P., Zametkin, A.,
Aquino, T., King, A., Hamburger, S., et al.
(1992). Failure to activate the left tem-
poroparietal cortex in dyslexia. Archives
of Neurology, 49, 527-534.

Rumsey, J. M., Berman, K. F, et al. (1987).
Regional cerebral blood flow in severe
developmental dyslexia. Archives of Dys-
lexia, 44, 1144-1150.

Rumsey, ]. M., & Eden, G. F. (1997). Func-
tional neuroimaging of developmental
dyslexia: Regional cerebral blood flow in
dyslexic men. In B. Shapiro, P. J. Accardo,
& A.]. Capute (Eds.), Specific reading dis-
ability: A view of the spectrum (pp. 35-62).
Timonium, MD: York Press.

Rumsey, . M., Zametkin, A. J., Andreason,
P., Hanahan, A., Hamburger, S., Aquino,
T., etal. (1994). Normal activation of fron-
totemporal language cortex in dyslexia,
as mesured with oxygen 15 PET. Archives
of Neurology, 51, 27-38.

Shulman, K. (2000). Clock-drawing: Is it the
ideal cognitive screening test? Interna-

JOURNAL OF LEARNING DISABILITIES

tional Journal of Geriatric Psychiatry, 15,
548-561.

Stanovich, K. E. (1988). Explaining the dif-
ferences between the dyslexic and the
garden-variety poor reader: The phono-
logical-core variable-difference model.
Journal of Learning Disabilities, 21, 590-
612.

Stanovich, K. E. (1994). Annotation: Does
dyslexia exist? Journal of Child Psychology
and Psychiatry, 35, 579-595.

Stein, J. F. (1989). Visuospatial perception
and reading problems. Irish Journal of Psy-
chology, 10, 521-533.

Stein, J. F. (1993). Dyslexia—Impaired tem-
poral information processing? Annals of
the New York Academy of Sciences, 682,
83-86.

Stein, J., & Walsh, V. (1997). To see but not
to read: The magnocellular theory of dys-
lexia. Trends in Neurosciences, 20, 147-152.

Talcott, J. B., Witton, C., McLean, M.,
Hansen, P, Rees, A., Green, G., et al
(2000). Dynamic sensory sensitivity and
children’s word decoding skills. Proceed-
ings of the National Academy of Sciences of
the United States of America, 97, 2952—-2957.

Tallal, P.,, Miller, S., & Fitch, R. (1993). Neu-
robiological basis of speech: A case for the
preeminence of temporal processing. Arn-
nals of the New York Academy of Sciences,
682, 27-47.

Torgesen, J. K., & Davis, C. (1996). Indi-
vidual difference variables that predict
response to training in phonological
awareness. Journal of Experimental Child
Psychology, 63, 1-21.

Ungerleider, L. G., & Mishkin, M. (1982).
Two cortical visual systems. In D. J. Ingle,
M. A. Goodale, & R. J. W. Mansfield,
Analysis of visual behavior (pp. 549-586).
Cambridge, MA: MIT Press.

Vallar, G. (1998). Spatial hemineglect in hu-
mans. Neuropsychologia, 35, 1503-1508.
Vallar, G., Lobel, E., et al. (1999). A fronto-
parietal system for computing the ego-
centric spatial frame of reference in hu-
mans. Experimental Brain Research, 124,

281-286.

Van Essen, D., & Maunsel], J. H. R. (1983).
Hierarchical organization and functional
streams in the visual cortex. Trends in
Neurosciences, 9, 370-375.

Vellutino, E. R. (1977). Alternative concep-
tualization of dyslexia: Evidence in sup-
port of verbal deficit hypothesis. Harvard
Educational Review, 47, 334-354.

Vellutino, E. R., Steger, J. A., & Kandel, G.
(1972). Reading disability: An investiga-
tion of the perceptual deficit hypothesis.
Cortex, 8, 106-118.

Voeller, K. K., & Heilman, K. M. (1986). At-
tention deficit disorder in children: A ne-
glect syndrome? Neurology, 38, 806-808.

Wagner, R. K., & Torgesen, J. K. (1987). The
nature of phonological processing and its
causal role in the acquisition of reading
skills. Psychological Bulletin, 101, 192-212.

Watson, R. T., Heilman, K. M., Cauthen, ]J.,
& King, F. (1973). Neglect after cingulec-
tomy. Neurology, 23, 1003-1007.

Wechsler, D. (1974). Manual for the Wechsler
Intelligence Scale for Children—Revised.
New York: Psychological Corp.

Weinstein, E. A., & Friedland, R. P. (1977).
Hemi-inattention and hemispheric specializa-
tion. New York: Raven Press.

Williams, M. C., & Lecluyse, K. (1990). The
perceptual consequences of a temporal
processing deficit in reading disabled
children. Journal of the American Optomet-
ric Association, 61, 111-121.

Williams, M. C., Molinet, K., & Lecluyse, K.
(1989). Visual masking as a measure of
temporal processing in normal and dis-
abled readers. Clinical Vision Sciences, 4,
137-144.

Willows, D. M. (1991). Visual processes in
learning disabilities. In Learning about
learning disabilities (pp. 163-192). Aca-
demic Press.

Wolff, P. H. (1993). Impaired temporal reso-
lution in developmental dyslexia. Annals
of the New York Academy of Sciences, 682,
87-103.

Woodcock, R. W., & Johnson, M. B. (1977).
Woodcock-Johnson psychoeducational bat-
tery. Hingham, MA: Teaching Resources.


http://www.ingentaconnect.com/content/external-references?article=/0885-6230^28^2915L.548[aid=4834239]
http://www.ingentaconnect.com/content/external-references?article=/0031-5125^28^2970L.707[aid=4834234]
http://www.ingentaconnect.com/content/external-references?article=/0028-3878^28^2924L.17[aid=4834236]
http://www.ingentaconnect.com/content/external-references?article=/0278-2626^28^2918L.70[aid=188420]
http://www.ingentaconnect.com/content/external-references?article=/0278-2626^28^2931L.17[aid=4834237]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2949L.527[aid=213703]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2951L.27[aid=4834238]
http://www.ingentaconnect.com/content/external-references?article=/0885-6230^28^2915L.548[aid=4834239]
http://www.ingentaconnect.com/content/external-references?article=/0022-2194^28^2921L.590[aid=231569]
http://www.ingentaconnect.com/content/external-references?article=/0021-9630^28^2935L.579[aid=359175]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.83[aid=4834240]
http://www.ingentaconnect.com/content/external-references?article=/0166-2236^28^2920L.147[aid=299354]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2997L.2952[aid=1510039]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.27[aid=213412]
http://www.ingentaconnect.com/content/external-references?article=/0022-0965^28^2963L.1[aid=41457]
http://www.ingentaconnect.com/content/external-references?article=/0028-3932^28^2935L.1503[aid=4834241]
http://www.ingentaconnect.com/content/external-references?article=/0014-4819^28^29124L.281[aid=1959821]
http://www.ingentaconnect.com/content/external-references?article=/0010-9452^28^298L.106[aid=2191768]
http://www.ingentaconnect.com/content/external-references?article=/0028-3878^28^2938L.806[aid=2859544]
http://www.ingentaconnect.com/content/external-references?article=/0033-2909^28^29101L.192[aid=41462]
http://www.ingentaconnect.com/content/external-references?article=/0028-3878^28^2923L.1003[aid=847275]
http://www.ingentaconnect.com/content/external-references?article=/0003-0244^28^2961L.111[aid=852986]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.87[aid=3137354]
http://www.ingentaconnect.com/content/external-references?article=/0031-5125^28^2970L.707[aid=4834234]
http://www.ingentaconnect.com/content/external-references?article=/0028-3878^28^2924L.17[aid=4834236]
http://www.ingentaconnect.com/content/external-references?article=/0278-2626^28^2918L.70[aid=188420]
http://www.ingentaconnect.com/content/external-references?article=/0278-2626^28^2931L.17[aid=4834237]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2949L.527[aid=213703]
http://www.ingentaconnect.com/content/external-references?article=/0003-9942^28^2951L.27[aid=4834238]
http://www.ingentaconnect.com/content/external-references?article=/0885-6230^28^2915L.548[aid=4834239]
http://www.ingentaconnect.com/content/external-references?article=/0022-2194^28^2921L.590[aid=231569]
http://www.ingentaconnect.com/content/external-references?article=/0021-9630^28^2935L.579[aid=359175]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.83[aid=4834240]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2997L.2952[aid=1510039]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.27[aid=213412]
http://www.ingentaconnect.com/content/external-references?article=/0022-0965^28^2963L.1[aid=41457]
http://www.ingentaconnect.com/content/external-references?article=/0014-4819^28^29124L.281[aid=1959821]
http://www.ingentaconnect.com/content/external-references?article=/0003-0244^28^2961L.111[aid=852986]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.87[aid=3137354]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.83[aid=4834240]
http://www.ingentaconnect.com/content/external-references?article=/0027-8424^28^2997L.2952[aid=1510039]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.27[aid=213412]
http://www.ingentaconnect.com/content/external-references?article=/0077-8923^28^29682L.87[aid=3137354]
https://www.researchgate.net/publication/8204001

