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This study describes a developmental reading disability and identifies a deficit of visual perception
as the underlying cause. A.H., a university student with apparently normal reading comprehension,
was severely impaired in reading aloud isolated words (e.g.,dear3 “pear”) and sequences of
unrelated words (e.g.,pouch cedar culture jacket3 “cedar pouch jacket culture”). Eight experiments
involving several visual presentation conditions convincingly linked her impaired reading perfor-
mance to a developmental deficit in perceiving the location and orientation of visual stimuli. Four
additional experiments demonstrated that A.H. achieves good comprehension for meaningful material
by exploiting knowledge-based constraints (e.g., syntactic constraints) to “repair” the errors intro-
duced by her visual system. These results have implications for research on developmental dyslexia,
normal reading, and normal vision.© 2000 Academic Press
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ability; vision; visual localization.
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have seen a growing interest among cogni
scientists in the study of cognitive defici
For the most part, this interest has centere
deficits resulting from brain damage in adu
whose cognitive functioning was normal pr
to some neurological insult. Developmen
deficits, in which a cognitive function fails
develop normally, have less often been ex
ined from a cognitive science perspecti
despite the fact that these deficits— espec
the developmental dyslexias—are of con
erable societal concern and have long b
major foci of attention in other research co
munities (e.g., neurology, clinical and edu
tional psychology). One aim of this article
to suggest that developmental cognitive d
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entists, both because of the insights th
deficits may offer into normal cognition a
because of the contributions cognitive the
and methods may make to the understan
of the deficits, and ultimately to improv
diagnosis and treatment.

We report a single-subject study of a you
woman, A.H., who presented with a parad
ical pattern of reading performance: Her
ademic achievement, standardized test sc
and self-report suggested that her read
ability was above average, yet on certain s
ple reading tasks her performance was
verely impaired. We first present a brief c
history and describe A.H.’s impaired perf
mance on two reading tasks. We then sh
that A.H. has a profound but selective dev
opmental deficit in visual perception a
present evidence that this perceptual de
underlies her impaired performance on
reading tasks. Next, we describe several s
ies exploring how A.H. can show seemin
normal reading comprehension despite
perceptual deficit, and finally we consider
implications of our results for the study
developmental cognitive deficits as well
for research on normal cognition.
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158 MCCLOSKEY AND RAPP
A.H. is a right-handed woman with norm
visual acuity and visual fields. She has no
tory of neurological injury or disease, and
abnormalities were apparent on neurolog
exam, electroencephalogram, or structural m
netic resonance imaging. Throughout her
mentary and secondary schooling A.H. was
sumed to have some form of learning disabi
because she experienced substantial diffic
with spelling, math, and foreign languag
However, her academic performance was
erwise good, and she was not placed in cla
for learning-disabled students. After gradua
from high school, she entered an academic
selective university as a regular undergrad
student, and she completed a bachelor’s de
in history in the usual four years. She th
entered law school and graduated on sche
after three years.

A.H. was studied in our lab for a period
nearly four years, during which time she w
18 –21 years old and an undergraduate
versity student. In an interview at the beg
ning of the study A.H. described herself a
very bad speller, and she also reported v
ous difficulties with numbers and mathem
ics (e.g., difficulty memorizing multiplicatio
tables, difficulty learning her new address
phone number when she entered college
contrast, she described herself as a g
reader, asserting that she had no probl
learning to read and had consistently b
placed in the most advanced reading group
elementary school. A.H. also stated that
read a great deal and had no difficulty co
pleting her reading assignments in sch
A.H.’s grades and standardized test sc
from elementary school through college s
ilarly suggest above-average reading abi
For example, she scored in the 94th perce
on the Verbal section of the SAT (Scholas
Aptitude Test), a challenging test of voca
lary and reading comprehension.

Nevertheless, both A.H.’s academic reco
and her comments in the initial interview co
tain occasional hints of potential reading di
culty. For example, on a tenth-grade stand
-
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vocabulary subtest scores places A.H. at the
of the scale on a Synonyms in Context sub
but at the lower end of the scale on Synony
in Isolation. Interestingly, A.H. mentioned du
ing the interview that she occasionally failed
recognize familiar words when she encounte
them out of context. She also stated that e
for material that was not especially challengi
she sometimes had to read sentences or
graphs more than once before they made m
sense. These points take on some significan
light of the results we report.

EXPERIMENTAL STUDIES

We tested A.H.’s reading performance in
variety of tasks with stimuli ranging from ind
vidual letters to paragraphs. All tasks were n
speeded; that is, A.H. was under no pressu
respond quickly. Except where otherwise in
cated, the stimulus on each trial remained
view until A.H. completed her response.
some tasks the stimuli were presented on pa
printed in Times Roman, Century Schoolbo
or Courier fonts ranging in size from 12 to
points. (These variations had no discernible
fect on A.H.’s performance.) In other tasks
stimuli were presented on a computer mon
in a sans serif font, as white characters on a
background. Unless otherwise indicated, stim
were presented in lower case characters
were centered on the page or computer mon
A.H. viewed the computer displays in a ligh
room from a distance of approximately 40 c
At this distance each character subtended
proximately 0.5° of visual angle horizonta
and between 0.5° and 1° vertically.

For some of the tasks presented to A
normal control subjects were also tested. Th
subjects were undergraduate students at the
versity attended by A.H., and they we
matched to her in age and educational leve

IMPAIRED READING PERFORMANCE

In a preliminary exploration of A.H.’s rea
ing we asked her to read aloud individual wo
and sequences of unrelated words.



Reading Aloud Individual Words
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159DEVELOPMENTAL READING DEFICIT
Stimuli were the names of 144 concrete
jects selected from the Snodgrass and Van
wart (1980) pictures (e.g.,sun, envelope, crow
refrigerator).1 A.H. was 100% correct (14
144) in naming the pictures orally, demonst
ing that she was familiar with the stimul
words and was able to produce them in spo
form.

The words, which varied in length from 3
12 letters, were presented on paper one at a
in random order, and A.H. read each w
aloud. The stimulus list was presented th
times, once in each of three testing sessi
Four control subjects each read the words a
once; these subjects collectively made 1 erro
576 trials (0.2%).

A.H., however, erred on 53 of 432 tria
(12%) across the three presentations of the
The 53 errors were distributed over 39 of
144 stimulus words: 28 words were misre
once, 8 were misread twice, and three elic
errors on all three presentations. On some t
A.H. hesitated noticeably before producing
response. However, most responses, both
rect and erroneous, were made without he
tion, and A.H. usually seemed unaware of
errors.

Table 1 presents examples of A.H.’s erro
ous responses. As the examples illustr
A.H.’s errors were not restricted to low-fr
quency words such asanchor;she also misrea
short, high-frequency words such asdog, pen
andhand.All of the erroneous response wo
were visually similar to the corresponding st
ulus words.

Impaired performance in reading wo
aloud could conceivably arise from a defi
affecting any of the cognitive processes
quired by the task. For example, errors co
occur in constructing visual or orthograp
representations of a stimulus word, match

1 We use italics to indicate visual stimulus words (e
ell); it should be understood that the words presente
.H. were not italicized. We use quotation marks for spo

esponses and a horizontal arrow for the relationship
ween stimulus and response. For example,bell 3 “dell”
ndicates that the visual stimulus wordbell was read alou
s “dell.”
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the stimulus representation to a stored lexi
orthographic representation of a familiar wo
retrieving semantic information about the wo
or accessing the phonological representa
needed to generate a spoken response.

In an effort to narrow the range of possib
ties, we asked A.H. to define words as she
them aloud. The question of interest w
whether definitions for words read incorrec
would correspond to the stimulus or instead
the erroneous response. For example, if A
read dog as “bog,” would she define the form
or the latter? A definition corresponding to
stimulusdog would suggest that A.H. match
the stimulus word to the correct lexical rep
sentation, and accessed the appropriate se
tic information, but erred in some subsequ
process (e.g., retrieving the phonological fo
of the word). In contrast, a definition approp
ate to the response wordbogwould indicate tha
processing had gone awry prior to accessing
word’s meaning, perhaps in constructing a
sual or orthographic representation of the vis
stimulus, or in matching the stimulus repres
tation to the stored representation of a fam
word.

Stimuli were the 144-word list used in t
previous word-reading task and a list of
common nouns varying in length from 3 to
letters. In one presentation of each list A.H. r
the word aloud and then gave a brief definiti
In a second presentation of the 92-word
A.H. first gave the definition and then read
word aloud.

The results demonstrated clearly that A.H

o

-

Examples of A.H.’s Errors in Reading Words Aloud

Stimulus Response

dog bog
pen den
lamp lamb
snail nails
chain cabin
hand band
nose noise
church cherish
apple appeal



th
sts
ials
hed

pl
ni-
i-

ing
ns
n o
at
us
ec

ou
in
a

cre
ith
ed
-
mly
ce
ith
eac

ad
t
l-

s-
he
60

ntly
g er-

nd
er of

of
ect
ted
hat
.’s

n in
the
ure
hat
nd
at

nce
id-
hen
m-

a-
ious
s-
&

ings

hed
h : S
g sh
r

TABLE 2

160 MCCLOSKEY AND RAPP
word-reading errors arose prior to accessing
meaning of the word. Collapsing across li
A.H. made reading errors on 75 of the 328 tr
(23%), and in all cases her definition matc
her erroneous reading response. For exam
she readbreadas “beard,” and gave the defi
tion “man’s facial hair.” (See Table 2 for add
tional examples.) Twenty-one of the read
errors with corresponding incorrect definitio
occurred in the define-then-read presentatio
the 92-word list, ruling out the possibility th
errors in defining words occurred only beca
A.H. was confused by hearing her incorr
reading response.2

Reading Aloud Word Sequences

In this task A.H. read aloud sequences of f
unrelated words (e.g.,peacock comet napk
dolphin) presented in a horizontal row on
computer monitor. Twenty sequences were
ated from 80 5- to 7-letter nouns. Words w
salient visually similar neighbors were avoid
in order to minimize A.H.’s difficulty with in
dividual words. Words were assigned rando
to sequences and to positions within sequen
Two blocks of 20 trials were presented, w
each word sequence appearing once in
block.

On two-thirds of the trials (27/40) A.H. re
the words out of sequence (e.g.,peacock come
napkin dolphin3 “peacock napkin comet do

2 As one would expect, A.H.’s definitions also matc
er reading responses for words she read accurately
ave an adequate definition for 251 of the 253 words
ead correctly (99%).

Examples of A.H.’s Errors

Stimulus Reading response

dog bog
bone done
pig dig
star tars
rib rip
sun nuns
skirt skit
dust dusk
e
,

e,

f

e
t

r

-

,

s.

h

phin”). All but one of the errors involved tran
position of adjacent words. In addition to t
ordering errors, A.H. misread 13 of the 1
individual words (e.g.,recipe3 “receipt”). On
most trials A.H. read the word sequence flue
and seemed unaware that she was makin
rors.

The results from the individual-word a
word-sequence reading tasks raise a numb
questions. For example: What is the nature
the underlying deficit? Does this deficit aff
A.H.’s reading of material other than isola
words and arbitrary word sequences? If so, w
are the implications for understanding A.H
seemingly excellent reading comprehensio
her academic pursuits and daily life? In
following sections we first consider the nat
of the deficit, describing results showing t
A.H. is impaired in perceiving the location a
orientation of visual stimuli, and arguing th
this deficit underlies her impaired performa
on various reading tasks, including the indiv
ual-word and word-sequence tasks. We t
explore A.H.’s apparently normal reading co
prehension in light of these arguments.

IMPAIRED VISUAL PERCEPTION OF
LOCATION AND ORIENTATION

A.H.’s deficit in visual location and orient
tion perception has been described in prev
publications (McCloskey et al., 1995; McClo
key & Rapp, 2000; see also McCloskey
Palmer, 1996); here we summarize the find
relevant to the present study.
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Reading and Defining Words

Definition

rky swamp
en an activity is completed
ake a hole in the earth

en someone puts tar on something
ear
tholic women who have given certain vows

y short play, usually without props or costumes
e of day just after the sun sets
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Impaired Performance in Localizing
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161DEVELOPMENTAL READING DEFICIT
Visual Stimuli

A.H. showed severely impaired performa
on several tasks requiring localization of vis
stimuli. In one task she closed her eyes whi
small wooden block was placed on a table
front of her. She then opened her eyes
reached for the block with a ballistic movem
(i.e., without changing direction in midmov
ment). When the target was directly in front
her, A.H. reached accurately. However, for
gets on her left or right she reached to the wr
side of the table (e.g., right for a target on
left) on two-thirds of the trials (63/96).

Results from other experiments revealed
pairment in up/down as well as left/right loc
ization. In one experiment an X was presen
on a computer monitor at a position left, rig
up, or down from the center of the screen,
A.H. indicated the location of the X by movin
a mouse (e.g., move left for a stimulus at the
location). Whereas control subjects perform
the task virtually without error, A.H. erred o
over half of the left and right stimuli (75/14
and on over one-third of the up and down st
uli (51/144). All of her errors were left/right o
up/down confusions (e.g., moving down fo
stimulus at the up location).

A.H.’s visual localization deficit was als
apparent in tasks requiring localization of m
tiple visual stimuli relative to one another.
one experiment sequences of 3–5 plastic sh
(e.g.,circle triangle rectangle) were placed in

orizontal row in front of A.H. While the stim
lus sequence remained in view, A.H. rep
uced it using her own set of shape tokens
ver half of the trials (16/30) she arranged

okens in the wrong order; for example, s
opied the sequencesquare rectangle triang
ircle as square rectangle circle triangle.

Impaired Performance in Visual
Orientation Judgments

A.H. also showed impairment in judging t
rientation of visual stimuli. In one task
rrowhead (. or ,) was presented at the cen
f a computer screen, and A.H. moved a mo

eft or right to indicate the direction the arro
l
a

d

-
g

-

d

d

t
d
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es

-
n
r

e

ead was pointing. Although the task was n
peeded, and the stimulus remained in v
ntil she responded, she erred on 40% of

rials (38/96).
In several tasks A.H. copied visual stim
hile the stimuli remained in view. These ta

evealed frequent orientation errors, in the fo
f left–right or up–down reflections. For exa
le, Figure 1A shows a stimulus from the B

on Visual Retention Test (Sivan, 1992), a
igure 1B shows A.H.’s direct copy. A.H. ma
n up–down reflection in copying one of

wo large forms, and a left–right reflection
he other. Figure 2, which shows A.H.’s dir
opy of a picture from the Snodgrass a
anderwart (1980) set, illustrates that orien

ion errors occurred not only for arbitra
hapes but also for meaningful visual stimu
Given that an object’s orientation is det
ined by the locations of its parts relative
ne another and to some frame(s) of refere

t seems likely that A.H.’s visual orientatio
rrors stem from the same underlying defici
er errors in localizing visual stimuli (and e
ence discussed below supports this assu

ion). Accordingly, we refer to the deficit as

FIG. 1. (A) Stimulus from the Benton Visual Retenti
Test (Sivan, 1992). FromBenton Visual Retention Te
(Form D, Design 6), by A.B. Sivan, 1992, San Antonio, T
The Psychological Corporation.Benton Visual Retentio
Test,Fifth Edition. Copyright © 1992 by The Psychologi
Corporation, a Harcourt Assessment Company. Reprod
by permission. All rights reserved. “Benton Visual Ret
tion Test” is a registered trademark. (B) A.H.’s direct co
made while the stimulus remained in view.
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162 MCCLOSKEY AND RAPP
visual localization deficit, with the understan
ing that this term encompasses A.H.’s diffic
ties with orientation as well as location perc
tion.

Longstanding Impairment

Samples of A.H.’s elementary through s
ondary schoolwork indicate that the localizat
deficit was present throughout her school ye
For instance, striking mislocalizations and
sorientations of people and objects were evi
in sketches of paintings A.H. made during h
school visits to art museums. The schoolw
errors suggest that A.H.’s impairment may
congenital, especially given the absence of
vious postnatal neurological insult.

Selective Visual Impairment

A.H.’s impairment is a selective deficit
visual perception. In a variety of tasks w
nonvisual stimuli her location and orientat
judgments were highly accurate. For exam
with eyes closed she was uniformly accu
(186/186) in pointing to the source of a sou
on her left or right and in drawing an arrow
match the orientation of a wooden arrow she
by placing her palm over it (32/32). (In contra
she was wrong half of the time when the arr
was presented visually.) These findings dem
strate that A.H.’s impairment is not a gene
spatial deficit affecting location and orientat

FIG. 2. (A) Picture from the Snodgrass and Vanderw
(1980) set. (B) A.H.’s direct copy, made while the stimu
remained in view.
-

-
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tor deficit affecting the ability to carry out i
tended movements when making response

Other findings argue against the possibility
a visual–motor disconnection in which (ac
rate) visual location and orientation represe
tions fail to make contact with (perhaps oth
wise intact) mechanisms for execut
movements. In particular, A.H. was impaired
indicating the location or orientation of visu
stimuli even in tasks not requiring spatially
rected movements. For example, she was w
over one-third of the time (24/64) in sayi
“left” or “right” to indicate the location of an X
on a computer monitor. (These errors did
reflect any difficulty with the wordsleft and
right, because verbal left–right responses w
uniformly correct in tasks involving auditory
tactile stimuli.) Finally, A.H. showed impai
ment in tasks with visual stimuli even when
eyes remained fixated during stimulus prese
tion, indicating that her errors could not
attributed to an eye movement disorder.
example, her error rate was 56% (45/80)
localizing an X to the left or right side of
computer monitor while fixating on a cent
point. Taken together, the findings from
various visual and nonvisual tasks point cle
to a selective deficit of visual perception.

Effects of Visual Variables

Further evidence that A.H.’s impairment i
visual deficit comes from results showing t
her accuracy in perceiving the location and
entation of visual stimuli was dramatically
fected by several visual variables. Two
these—exposure duration and flicker—are
particular relevance to the present study.

Several tasks revealed a counterintuitive
fect of exposure duration: A.H.’s accuracy w
much higher for brief than for long stimul
presentations. For example, in pressing a le
right response button to indicate the location
a dot displayed on a computer monitor, her e
rate increased steadily with exposure durat
from less than 5% at the briefest exposure
ms) to nearly 50% at the longest exposure (1
ms).

The same phenomenon was observed w
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163DEVELOPMENTAL READING DEFICIT
orientation of an arrowhead. When the arro
head was presented for 50 ms, she mad
errors in 48 trials; however, for a 1000-ms
posure her error rate was 46% (22/48).

A.H.’s visual location and orientation perce
tion was also profoundly affected by flick
She was much more accurate for flicker
stimuli than for stimuli of constant brightne
In one experiment A.H. moved a mouse
indicate the location of an X presented for 10
ms on the left or right side of a compu
monitor. In the Steady condition the brightn
of the stimulus was constant throughout
display interval, whereas in the Flicker con
tion the stimulus was turned on and off at 50
intervals (i.e., 50 ms on, 50 ms off), causing i
flicker visibly. Whereas A.H. erred on half
the trials in the Steady condition (32/64), s
made no errors in the Flicker condition.

Flicker also had a dramatic effect on A.H
direct copying (i.e., copying while the stimul
remained in view) of stimulus figures from t
Benton Visual Retention Test (Sivan, 199
Under normal lighting conditions, A.H. ma
localization and/or orientation errors on 21
30 trials (see Fig. 1 for an example). Howev
when the only illumination in the testing roo
came from a strobe light flashing at a rate o
Hz (thereby producing a strong flicker), A.
made no errors, copying the stimulus corre
on 20 of 20 trials.

In addition to exposure duration and flick
several other variables also affected A.H.’s
curacy in perceiving the location and orien
tion of visual stimuli. For example, her perfo
mance was much better for moving than
stationary stimuli (McCloskey et al., 1995). T
effects of the visual variables provide furth
evidence that A.H.’s deficit is visual. Also, t
finding that these variables have the same
fects on location and orientation perception s
ports the assumption that A.H.’s location a
orientation errors are manifestations of the s
underlying deficit.

McCloskey et al. (1995) interpreted the
fects of visual variables by proposing that vis
processing of spatial location and orientatio
carried out in each of two visual subsystem
-
o

.

,

-

f-
-

e

l

a

rapidly changing (e.g., moving, brief, flicke
ing) visual stimuli, and a sustained subsys
most sensitive to static longer-duration stim
In A.H., McCloskey et al. argued, the transi
subsystem is intact, whereas the sustained
system is impaired, often producing incorr
representations of stimulus location and/or
entation. On this account A.H.’s perception
location and orientation is usually accur
when stimulus conditions favor the (intact) tr
sient subsystem, as with brief, moving, or fli
ering stimuli. However, when the (impaire
sustained subsystem is strongly activated—
the case of steady, long-duration, station
stimuli—localization and orientation errors o
cur.3

The hypothesized distinction between tr
sient and sustained visual subsystems d
upon previous proposals concerning the fu
tional architecture of the visual system (e
Breitmeyer & Ganz, 1976; Goodale & Milne
1992; Lennie, Trevarthen, Van Essen,
Wässle, 1990; Livingstone, 1990; Livingsto
& Hubel, 1988; Merigan & Maunsell, 199
Mishkin, Ungerleider, & Macko, 1983; Unge
leider & Mishkin, 1982), but it differs from

3 McCloskey et al. (1995) argued that the impairmen
.H.’s sustained subsystem is not one in which vi
timulus information cannot be used to compute locatio
rientation, and a random choice is made at some lev
rocessing. Instead, A.H.’s errors apparently occur w

he sustained subsystem systematically computes an
ect location or orientation representation from the stimu
eversing left and right and/or up and down. This inter
ation was suggested by several findings. First, A.H.
ystematically below chance in some tasks, suggesting
ematic miscomputation rather than random choice. (
xample is the reaching task described earlier, in w
.H. reached to the wrong side of the table on two-third

he trials.) Also, A.H.’s localization errors consistently p
erved certain aspects of the stimulus location, indica
hat at least some stimulus information was used even
n incorrect location representation was generated. Fo
mple, when A.H. erred in the reaching task, she ne
lways reached to a location with the correct distance

he wrong direction relative to the midline (e.g., reaching
eft for an object on her far right). Also worth mentioning
hat A.H. does not report experiencing uncertainty abou
ocation or orientation of objects she is looking at. Rat
he says that she always perceives objects as having s
ocations and orientations.
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164 MCCLOSKEY AND RAPP
whereas some theorists have proposed a dis
tion between “what” and “where” subsyste
(e.g., Mishkin et al., 1983; Ungerleider & Mis
kin, 1982), McCloskey et al. (1995) assum
that both visual subsystems make “where” c
putations.

Regardless of the merit of the McCloskey
al. (1995) interpretation, the important cons
eration for present purposes is that the effec
visual variables can be used as tools for pro
potential links between A.H.’s visual localiz
tion deficit and her reading.

READING AND THE VISUAL
LOCALIZATION DEFICIT

What are the implications of A.H.’s visu
localization deficit for understanding her re
ing abilities and disabilities? Conceivably,
visual deficit could affect reading in seve
ways, at least under ordinary reading con
tions. First, A.H.’s visual system might som
times misrepresent the orientations of lett
leading to confusions among letters differ
only in orientation (e.g.,b andd). The individ-
ual-word reading task provides suggestive
dence on this point: A.H. made a number
errors that could have resulted from letter
entation confusions (e.g.,bone 3 “done”;
ib3 “rip”; pig3 “dig”; see also the first thre
xamples in Table 1).
Second, A.H.’s visual system might err

epresenting the relative locations—that is,
rdering—of letters within a word, and in fa
er word-reading errors include several
ould have resulted wholly or in part from l
er-sequence confusions (e.g.,snail3 “nails”;
pple3 “appeal”).4 Third, the visual localiza

tion deficit could lead to errors in represent
the ordering of words in a sequence, as s
gested by A.H.’s frequent word sequence c
fusions in reading aloud strings of unrela
words.

Although the data from the word and wo

4 Many of A.H.’s word-reading errors were neither let
rientation confusions nor letter-sequence confusions
ffer a possible interpretation for these additional erro
later section.
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data do not constitute strong evidence
A.H.’s visual localization deficit was the cau
of her impaired performance on the tasks.
example, we cannot rule out the possibility t
errors such asrib 3 “rip” occurred for reason
other than misperception of letter orientati
To explore more systematically the relations
between A.H.’s localization deficit and h
reading, we carried out a number of exp
ments in which she read aloud letters, wo
and word sequences. In light of the results
then examined her reading of coherent s
tences and paragraphs. Our report on the re
of this testing is organized as follows:

Naming Letters
Experiment 1 Upper vs lower case
Experiment 2 Brief vs long exposure d

ration
Experiment 3 Steady vs flickering displa

Reading Single Words
Experiment 4 Upper vs lower case
Experiment 5 Brief vs long exposure d

ration
Experiment 6 Steady vs flickering displa

Reading Word Sequences
Experiment 7 Brief vs long exposure d

ration
Experiment 8 Steady vs flickering displa

Reading Paragraphs
Experiment 9 Normal vs sequence-alte

paragraphs
Reading Sentences

Experiment 10 Acceptable vs unacce
able sentences

Experiment 11 Low constraint sentenc
Experiment 12 Steady vs flickering d

plays

Experiments 1–3: Letter Naming

If A.H.’s visual system sometimes misrep
sents the orientations of letters, then she sh
make letter orientation confusions not only
reading words but also in naming individu
letters. For a number of lower-case letters,
flecting the letter across a horizontal or vert
axis will yield a visual form corresponding to

e
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165DEVELOPMENTAL READING DEFICIT
eflection, an up–down reflection, or both, w
ransform one of the letters into another.
xample,b becomesd by left–right reflection,p
y up–down reflection, andq by left–right plus
p–down reflection. Also,n and u are poten

ially confusable through up–down reflectio
s arem andw. We predicted that A.H. wou
how impairment in naming these eightorien-
ation-critical letters (b, d, p, q, n, u, m, w), and
pecifically that her errors would take the fo
f letter orientation confusions (e.g.,b3 “d”;
3 “w”).
For the remaining letters (e.g.,e, k, o) mis-

epresenting the letter’s orientation would
ecessarily result in a naming error. Some
ntation-noncritical letters (e.g.,c, o) are sym
etrical, or nearly so, across horizontal an

ertical axes; for these letters, at least so
eflections would yield a visual representat
iffering little if at all from the correct repre
entation. Even when a left–right and/or u
own reflection would yield a visual repres

ation substantially different from an accur
epresentation (e.g.,ə), the letter would proba
ly still be identifiable, because regardless
rientation the shape would not be confusa
ith that of a different letter. Accordingly, w
redicted that A.H.’s naming performan
ould be better for orientation-noncritical l

ers than for orientation-critical letters.

xperiment 1: Naming Lower- and
Upper-Case Letters

In this experiment A.H. named letters p
ented in lower and upper case. Whereas e
ower-case letters are orientation-critical (b, d,
, q, n, u, m, w), only 3 upper-case letters f

nto this category.M andW could be confuse
ith one another through up/down reflect
rrors (even though these letters have slig
ifferent shapes in most fonts). The only ot

etter that might be considered orientation-c
cal in upper case isP, for which left–right
nd/or up–down reflections could lead to c

usion with lower-caseb, d, or q. We therefore
redicted that A.H.’s performance would
etter for upper-case than for lower-case let
r

t
-

r
e

f
e

ht

y
r
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tricted largely toM, W, and perhapsP.
Method. The 26 upper-case and 26 low

ase letters were presented in random orde
computer monitor in blocks of 52 tria

cross two testing sessions, 21 trial blocks w
resented. The lower case lettersb, d, p,andq
ere identical except for orientation, as werm
ndw, andn andu. Upper-caseM andW were
on-identical in shape, but an up–down refl

ion of either letter would yield a form reco
izable as the other letter.
Results and discussion.For lower-case le

ers, A.H. made naming errors on 42 of the
rials (7.7%). Her error rate was 23% (39/1
or the orientation-critical letters (b, d, p, q, n, u
, w) but less than 1% (3/378) for orientatio
oncritical letters,t(20) 5 7.37,p , .001. All
ut one of the errors on orientation-critical l

ers were orientation confusions. For exam
cross the 21 presentations ofd, A.H. responde
b” six times, “p” three times, and “q” twice
imilarly, she namedw as “m” on five trials an
as “w” twice. In the one remaining error f

n orientation-critical letter A.H. responded
ne presentation ofd by saying that she was n
ure. Across the 18 orientation-noncritical
ers, A.H. namedv as “u” once andz as “n”
wice.5

For upper-case letters, most of which
orientation-noncritical, A.H. made only 12 e
rors in 546 trials (2.2%). This error rate w
reliably lower than the 7.7% rate for lower ca
letters, t(20) 5 5.60, p , .001. Nine of the
twelve upper-case errors involved the three
entation-critical letters (M, W, and P). A.H.
namedM as “w” once,W as “m” twice, andP
as “b,” “d,” or “q” six times.6 The remaining

5 The naming ofz as “n,” which also occurred for uppe
aseZ, may be related to the fact that a 90° rotation
pper- or lower-casez yields a form very similar to uppe
aseN. However, A.H. almost never made 90° rotations
onverbal stimuli.

6 Our assumption that the errors forP resulted from
confusion of upper-caseP with lower-caseb, d,or q seem
plausible in the context of the present experiment, given
each block of trials included both upper- and lower-c
letters. However, if upper- and lower-case letters were
sented in separate trial blocks, so thatb, d, andq were no
possible stimuli in blocks containing upper-caseP, we
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Z named as “n.”
Considering just those letters that are or

tation-critical in lower but not upper case (i.
b, d, q, n, u), A.H. made 27 errors on th
lower-case forms but no errors on the upp
case forms. This result provides clear evide
that the errors in naming orientation-critical l
ters arose in processing the visual forms of
letters and not, for example, in retrieving
names of letters that had been identified a
rately.

Taken together, the results of this experim
argue strongly that A.H.’s deficit in perceivi
the left–right and up–down orientation of vis
stimuli affects her perception of letters. Fi
almost all of her errors occurred for orientati
critical letters. Second, the errors overwhe
ingly took the form of orientation confusio
(e.g.,d 3 “b”; M 3 “w”; p 3 “d”). Finally,
performance was dramatically worse for low
case forms than for upper-case forms of let
that are orientation-critical only in lower cas

Experiment 2: Exposure Duration

In this experiment A.H. named lower-ca
letters that were flashed for 50 ms (Brief Ex
sure condition) or remained in view until A.
made her response (Long Exposure conditi
We predicted that as in tasks with nonver
visual stimuli, A.H.’s performance would b
better for brief than for long exposures.

Method. Six blocks of 52 trials were pr
sented. Each block consisted of randomly in
mixed brief- and long-exposure trials, with ea
of the 26 lower-case letters appearing onc
the Brief Exposure condition and once in
Long Exposure condition. Stimuli and proc

might expect A.H. to nameP correctly even if it wer
perceived at an incorrect orientation. This prediction
confirmed in two blocked-presentation experiments inv
ing a total of 16 upper-case and 16 lower-case trial blo
For lower-case letters, and upper-caseM and W, blocked
presentation had no apparent effect on the rate of orien
confusions. However, whereas A.H. erred on 6 of 21
sentations of upper-caseP under mixed-presentation con
tions, she made no errors onP over 16 presentations in pu

pper-case blocks.
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e
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ment 1.
Results and discussion.As predicted, A.H.’s

performance was substantially improved
brief exposures. Her error rate was 13% (
156) in the Long Exposure condition but o
1% (2/156) in the Brief Exposure conditio
t(25) 5 2.51, p , .05. In the Long Exposu
condition, 19 of A.H.’s 20 errors were orien
tion confusions (e.g.,q 3 “b”; n 3 “u”); the
remaining error wast named as “j.” In the Brie
Exposure condition, A.H.’s only errors werep
named as “d” andh named as “b.”

Experiment 3: Flicker

In this experiment A.H. named lower-ca
letters presented either continuously (Ste
condition) or flickering (Flicker condition). W
predicted better performance in the Flicker c
dition than in the Steady condition.

Method. Two versions of the experime
were run. In the full-alphabet version, th
blocks of 52 trials were presented, with e
block including one Steady and one Flic
presentation of each of the 26 lower-case let
In the orientation-critical version only the
orientation-critical lower-case letters (b, d, p, q
n, u, m, w) were tested. Three blocks of 48 tri
were presented, with each block contain
three Steady and three Flicker presentation
each letter. In both versions the steady
flickering letters were presented for 1000
The flickering displays—in this experiment a
in the other flicker experiments we repor
were created by turning the stimulus on and
at 50 ms intervals throughout the display in
val.

Results and discussion.In both the full-alpha
bet and the orientation-critical versions, A.H
performance was dramatically better for fli
ering than for steady letters. In the full-alpha
version she erred on 19% of the trials (15/78
the Steady condition but made no errors in
Flicker condition,t(25) 5 3.11,p , .01. In the
orientation-critical version her error rate w
38% (27/72) in the Steady condition, but o
1% (1/72) in the Flicker condition,t(8) 5 4.48,
p , .01. In both versions of the experiment

-
.

n
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orientation-critical letters.
In conjunction with the effects of case a

exposure duration, these findings argue stro
that A.H.’s letter-recognition errors stem fro
the same underlying deficit as her errors
perceiving the location and orientation of n
verbal visual stimuli.

Experiments 4–6: Reading Aloud
Individual Words

These experiments explored the effects
letter case, exposure duration, and flicker
A.H.’s reading of individual words.

Experiment 4: Reading Aloud Upper- and
Lower-Case Words

A.H. was presented with words for whi
letter orientation or letter sequence errors co
lead to confusion with another word. For exa
ple, the orientation-critical wordduckcould be
confused withbuckor puckif the orientation o
the d were misrepresented, and the seque
critical wordsawcould be confused withwasif
the ordering of letters were misrepresented

Words were presented in both upper
lower case. For most words we expected ca
have little or no effect on A.H.’s performanc
However, because some letters are orienta
critical only in lower case, some stimulus wo
were orientation-critical in lower but not upp
case. For example, lower-caseduck is orienta
tion-critical, but upper-caseDUCK is not.
Whereas thed in duckmight be confused wit
b or p, the D in DUCK should not be confuse
with any other letter even if its orientation
misperceived. Hence, we expected words
were orientation-critical only in lower case
elicit letter orientation errors with lower-ca
but not upper-case presentation, leading
higher error rates for the lower-case forms.

Method.The stimuli were 80 words rangin
in length from 3 to 12 letters. Forty of the wor
were orientation-critical in lower case. Of the
10 were also orientation-critical in upper c
(e.g., WAIL), and 30 were not (e.g.,DUCK).
Twenty words (e.g.,saw) were sequence-cri
cal (in both upper and lower case), and
remaining 20 words were fillers (e.g.,curve).
ly

f
n

d
-

e-

to
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sets of40—sets A and B—with the constra
that half of the words of each type were
signed to each set.

Words were presented in random order o
computer monitor, and they remained in vi
until A.H. responded. Four blocks of 80 tria
were presented over two testing sessions
Blocks 1 and 4 the set A words were in low
case and the set B words were in upper cas
Blocks 2 and 3 the assignment of word set
upper and lower case was reversed.

Results and discussion.For lower-case stim
uli A.H.’s error rate was 27% (43/160). Let
orientation errors (e.g.,bill 3 “pill”; dean3
“bean”; wink3 “mink”) occurred on 25 of th
80 orientation-critical trials (31%), and one
ror on a sequence-critical word (pets 3
“debts”) apparently involved an orientati
confusion. Letter sequence confusions (e
saw3 “was”; spot3 “pots”) were observed o
8 of the 40 sequence-critical trials (20%),
well as on one of the orientation-critical tria
(lips 3 “lisp”). A.H. also made 8 additiona
visually similar word errors on lower-case sti
uli (e.g., thorough3 “through”).

For upper-case stimuli A.H.’s error rate w
15% (24/160), reliably lower than the 27% r
for lower-case stimuli,t(79) 5 2.61, p , .05.
Letter orientation errors (e.g.,MADE 3
“wade”) occurred on 4 of the 20 orientatio
critical trials (20%), and letter sequence err
(e.g.,BOARD3 “broad”; SILVER3 “sliver”)
were observed for 7 of the 40 sequence-cri
trials (18%). A.H. also made 13 additional
rors (e.g., PETS 3 “pits”), one of which
(FRIEND3 “fired”) may have resulted in pa
from a letter sequence confusion.

For the words that were orientation-critica
lower but not upper case, A.H.’s error rate w
35% (21/60) with lower-case presentation,
only 8% (5/60) with upper-case presentat
t(29) 5 3.40, p , .01. Seventeen of the
lower-case errors (81%) were letter orienta
confusions. These findings argue strongly
at least some of A.H.’s word-reading err
arose in processing the visual forms of lett
and specifically that some of the errors resu



from misrepresentations of letter orientation.
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More generally, the results for the orientati
critical items, in conjunction with the findin
that A.H. made a substantial number of le
sequence errors (e.g.,saw3 “was”), suppor
the assumption that A.H.’s impairment in re
ing words aloud is due at least in part to
deficit in visual location and orientation perc
tion.

Experiment 5: Exposure Duration

In this experiment A.H. read aloud lowe
case words presented for either 90 ms (B
Exposure condition) or 1000 ms (Long Exp
sure condition).

Method.Stimulus lists were constructed fro
72 word pairs: 48 orientation-critical pairs (e
mall and wall) and 24 sequence-critical pa
e.g.,arid andraid). Individual words ranged i
ength from 3 to 7 letters.

Two blocks of randomly intermixed brie
nd long-exposure trials were presented. In
rst block one word from each pair was p
ented in the Brief Exposure condition, and
ther word was presented in the Long Expos
ondition; in the second block the assignmen
ords to exposure conditions was revers
rocedures were otherwise the same as in
eriment 4.
Results and discussion.A.H.’s word reading

howed the same effect of exposure dura
bserved with letters and nonverbal visual s
li: Her error rate was 24% (34/144) in the Lo
xposure condition but only 9% (13/144) in
rief Exposure condition,x2 (1, N 5 288) 5
1.21,p , .001.
In the Long Exposure condition A.H. ma

1 letter-orientation errors (e.g.,bell3 “dell”;
mind3 “wind”), 8 letter-sequence errors (e.

rm 3 “ram”; raid 3 “arid”), and 5 othe
visually similar word errors (e.g.,cub 3
“club”). In the Brief Exposure condition, 5
A.H.’s 13 errors were letter-orientation con
sions, and four were letter-sequence confus
On three of the remaining four error trials s
indicated that the stimulus presentation
been too brief for her to identify the word.
r

r

f

e

e
f
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n
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In this experiment A.H. read aloud individu
words presented either continuously (Ste
condition) or flickering (Flicker condition
Stimuli and procedures were the same a
Experiment 5, except that the Flicker condit
replaced the Brief Exposure condition. In b
conditions the stimulus words were presen
for 1000 ms.

Results and discussion.The effects of flicke
were even more dramatic than those of expo
duration: A.H.’s error rate was 23% in t
Steady condition (33/144) but only 1% (1/14
in the Flicker condition,x2(1, N 5 288) 5

4.15, p , .001. In the Steady condition s
ade 26 letter-orientation errors (e
ound3 “mound”), 2 letter-sequence erro

e.g., alter 3 “later), and 5 other errors. Th
ingle error in the Flicker condition was a lett
rientation confusion.
Taken together, the effects of case, expo

uration, and flicker provide strong eviden
hat A.H.’s word reading impairment ste
rom her visual localization deficit.

Experiments 7–8: Reading Aloud
Word Sequences

These experiments explored the effects
xposure duration and flicker on A.H.’s perf
ance in reading aloud sequences of unre
ords. We predicted that brief exposures
icker would reduce her tendency to prod
he words out of order.

xperiment 7: Exposure Duration

In this experiment A.H. read aloud two-wo
equences presented in Brief (90 ms) or L
1500 ms) Exposure conditions.

Method.The 72 stimulus sequences (e.g.,ant
at) were generated by taking all possible p
f 9 3-letter words (ant, egg, fox, hat, key, lo
im, set, van). (We used short words and sh
equences to ensure that the entire sequ
ould be perceived in a 90-ms exposure.)
Three blocks of 144 trials were presented

ach block the 72 word pairs occurred onc
he Brief Exposure condition and once in
ong Exposure condition. Pairs were presen
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trials intermixed. On each trial the stimu
words were arrayed horizontally, with two ch
acter spaces between words.

Results and discussion.In the Long Exposur
condition A.H. made word sequence errors (
fox ant3 ant fox) on 55 of the 216 trials (25%
In the Brief Exposure condition, however, s
made only 1 sequence error (0.5%),t(71) 5
9.87,p , .001.

In addition to the word sequence confusio
A.H. made 5 other errors. In 4 of these (2
each condition) A.H. replaced one of the wo
with another word from the 9-word pool (e.
key ant3 “log ant”). In the fifth error, occur
ing in the Brief Exposure condition, A.H. r
orted that she had not seen the stimulus
uence.

xperiment 8: Flicker

In this experiment A.H. read aloud five-wo
equences presented in Steady and Flicker
itions.
Method. Two hundred 4- to 7-letter nou
ere used to construct 40 five-word rand
equences (e.g.,earth paint puzzle chemic
uscle). An effort was made to avoid orient

ion- and sequence-critical words. Words w
ssigned randomly to sequences and to p

ions within sequences.
Two blocks of 40 trials were presented, w

licker and Steady trials randomly intermix
ithin blocks. In the first block 20 sequenc
ere presented in the Steady condition, and

emaining 20 were presented in the Flicker c
ition; in the second block the assignmen
equences to conditions was reversed. On
rial the stimulus sequence remained in v
ntil A.H. completed her response.
Results and discussion.In the Steady cond

ion, A.H. made word-sequence errors (e.g.,fig-
re soccer circle knife cactus3 “figure circle
nife soccer cactus”) on 33 of the 40 tri
84%). In the Flicker condition, however, s
ade only 1 word-sequence error (3%),x2(1,

N 5 80) 5 52.4,p , .001.
Experiments 7 and 8 demonstrate that A.H
ord-sequence reading shows the same ef
f exposure duration and flicker observed
.,

,

e-

n-

i-

e
-
f
ch

ts

erbal stimuli. These results argue strongly
er word sequence errors, like her letter-nam
nd word-reading errors, arise from her vis

ocalization deficit.

READING COMPREHENSION AND THE
VISUAL LOCALIZATION DEFICIT

The evidence we have presented arg
trongly that A.H.’s visual localization defic
ffects her reading, at least for individual wo
nd sequences of unrelated words. This
ence raises a question we introduced earli

he article: How can A.H. achieve apparen
ormal reading comprehension in her daily
nd academic endeavors?

Knowledge-Based Constraints in Reading

In comprehending words, sentences, or t
ormal readers rely not only on the visual

ormation extracted from the stimulus itself b
lso on knowledge of the regularities presen
any levels in written language (e.g., Fo
982; Morris, 1994; Morris & Folk, 1998
’Seagdha, 1989, 1997; Potter, Moryad
brams, & Noel, 1993; Potter, Stiefbold,
oryadas, 1998; Rayner, Pacht, & Duffy, 19
harkey & Sharkey, 1992; Tabossi, 1988; W
Stanovich, 1986; Williams, 1988; Wright
arrett, 1984). Consider the following seque
f words from a hypothetical sentence:the
orse’s hoo_.Knowledge of English orthogr
hy suggests that the missing letter is very

ikely to be a vowel, although it could be any
number of consonants. Syntactic knowle

ndicates that the incomplete word may b
oun, adjective, or adverb; lexical-orthograp
nowledge suggests more specifically that
ord may behoot, hoof,or hoop; and, genera
orld knowledge suggests thathoof is the mos

ikely candidate. These and other sorts
nowledge may facilitate comprehension
mposing (typically probabilistic) constraints
he interpretation of information from the sti
lus itself. We will refer to these constraints
nowledge-based constraints.
Several points of clarification may be in ord

ere. First, we do not intend to suggest that
se of knowledge-based constraints—eithe
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170 MCCLOSKEY AND RAPP
problem-solving process, or even that
knowledge exploited is necessarily available
awareness. Second, although we draw a dis
tion between knowledge-based constraints
stimulus information, applying knowledg
based constraints in interpreting some stim
element (e.g., a word or phrase) often invol
the use of information about other element
the stimulus (e.g., neighboring words
phrases). Third, we use the termknowledge
based constraintsrather than the seeming
more straightforwardcontextual constraintsbe-
cause some constraints that could conceiv
be brought to bear are not contextual in
usual sense of the term (e.g., constraints b
on knowledge of simple letter or word freque
cies).

In the normal reader, application of know
edge-based constraints may occasionally lea
misrepresentation of stimulus elements that
improbable in context, as when one fails
detect misspellings or syntactic anomalies
proofreading. However, stimulus information
usually weighted heavily enough that accu
internal representations are generated eve
low-probability stimuli (e.g.,the horse’s hoop).

For A.H., we suggest, the situation is som
what different. Because of her visual locali
tion deficit, the stimulus representations ge
ated by her visual system are unreliable:
orientations of letters, the ordering of lette
and the ordering of words are frequently m
represented (and presumably have been
the time of her first exposure to written la
guage). The situation A.H. faces in reading m
therefore be similar to that of a hypotheti
normal individual who, from his or her fir
encounter with written language, was expo
only to error-ridden material such as the follo
ing:

Stupents exhibiting disruptive pehavior
may evlauated learning fro disaqiliites.

Under these circumstances A.H.’s read
processes may have developed in such a w
to place less-than-normal weight on vis
stimulus information and greater-than-norm
c-
d

s
s
f
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ed

to
e

e
or
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-
e
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specifically, we propose that A.H.’s read
mechanisms in essence assume that the ma
being processed is well-formed and meanin
(even when the representations provided by
visual system indicate otherwise), and furt
that these mechanisms skillfully exploit co
straints at multiple levels (e.g., orthograph
syntactic, semantic) to arrive at a coherent
terpretation that is as consistent as possible
the stimulus information. On this account
visual stimulus representations are treated
informative but potentially unreliable clues.

When strong knowledge-based constra
can be brought to bear—as is typically the c
with meaningful sentences and text—A.H
reading processes may usually be able to
cover from the errors introduced by her vis
system. (Consider, for example, that the
torted sentence in the above example ma
“decoded” without too much effort, yieldin
Students exhibiting disruptive behavior may
evaluated for learning disabilities.) However
when the knowledge-based constraints
weaker—as for words presented out of con
or word sequences lacking syntactic structur
semantic coherence—A.H.’s reading proce
may be unable to overcome her visual syste
errors.

We are not in a position to offer a spec
proposal about how A.H.’s reading proces
combine stimulus information and know
edge-based constraints in arriving at an in
pretation. Nevertheless, the knowledge-ba
constraints hypothesis offers at least a gen
account of both A.H.’s apparently norm
reading comprehension under high-constr
conditions and her severely impaired per
mance when the constraints are few and w
The hypothesis also makes some interes
predictions, which we tested in several exp
iments. However, before reporting these
periments we briefly discuss A.H.’s errors
reading individual words, suggesting that
knowledge-based constraints hypothesis
explain some aspects of the error pattern
do not follow obviously from A.H.’s visua
localization deficit.



A.H.’s Word-Reading Errors

ich
er

on
38
ere

nc
d

o
ns
.,
g.,

)
ove

nce
tha
b

ep-
lu

rd
rro
for
ing
ere
e

, o
ord
ys
no

ce
ulu

esi
og

tte
rd
th
o-
no
ac
ni
in

he

representation generated by the visual system
nce
one-
ght
if-

ing
ay
er-
an

nfu-

I the
v -
u n
p ith
t ry
f on
s
m

ra-
ion
on-
nti-
the
ctic
cent

we
h rrors.
F um-
a itten
l irely
n with
b le to
d enta-
t ntro-
d r-se-
q n of
t ver,
i ntrib-
u tial
e case
o ret-
i

171DEVELOPMENTAL READING DEFICIT
Collapsing over the various tasks in wh
A.H. read individual lower-case words und
ordinary conditions (i.e., long exposures of n
flickering stimuli), she made a total of 2
errors. Ninety-five of these errors (40%) w
pure letter-orientation confusions (e.g.,dear3
“bear”), and 22 (9%) were pure letter-seque
confusions (e.g.,mar3 “ram”). One hundre
eight of the errors (45%) were other types
visually similar word errors: letter deletio
(e.g., finger3 “finer”), letter insertions (e.g
nose3 “noise”), and letter substitutions (e.
ship3 “snip”). The remaining 32 errors (13%
appeared to involve two or more of the ab
error types (e.g.,sled3 “sleep”; shoulder3
“shudder”).

The letter-orientation and letter-seque
confusions may be interpreted by assuming
an orientation or sequence error introduced
A.H.’s visual system resulted in a stimulus r
resentation corresponding not to the stimu
word (e.g.,bone) but instead to a different wo
(e.g.,done). However, some aspects of the e
pattern cannot be interpreted so straight
wardly. Most notable among these is the find
that all of A.H.’s erroneous responses w
words. Clearly, we cannot assume that the
rors introduced by her visual system always
even usually, transformed the stimulus w
into another word; presumably, the visual-s
tem errors often resulted in a representation
corresponding exactly to any word (e.g.,finegr
for the stimulusfinger, slepfor sled, rbotherfor
brother). Why, then, did A.H. never produ
nonword responses, or report that a stim
was a nonpronounceable letter string?

The knowledge-based constraint hypoth
suggests a possible answer: A.H.’s word rec
nition process implicitly assumes that any le
string encountered in reading is a familiar wo
and selects as a match for the stimulus word
most strongly activated entry in the orth
graphic lexicon, even when this entry does
fully match the stimulus representation. By
cepting imperfect matches, the word recog
tion process would probably often succeed
correctly identifying a stimulus word even if t
-

e
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contained letter-orientation or letter-seque
errors. However, in some instances the err
ous representation of a stimulus word mi
most closely match the lexical entry for a d
ferent word, leading to an error.

This interpretation accounts for the find
that all of A.H.’s errors were words, and m
also explain why approximately half of the
rors were visually similar word errors other th
letter-orientation and letter-sequence co
sions (e.g.,finger3 “finer”; sled3 “sleep”).
f, for example, a letter sequence error in
isual processing offinger resulted in the stim
lus representationfinegr, the word recognitio
rocess might match this representation w

he lexical entry forfiner rather than the ent
or finger; similarly, the stimulus representati
lep might activate the lexical entry forsleep
ore strongly than the entry forsled.7

Tests of the Knowledge-Based
Constraint Hypothesis

Experiment 9: Reading Paragraphs

In this experiment A.H. read aloud brief pa
graphs adapted from various works of fict
and nonfiction. Paragraphs in the Normal c
dition were syntactically correct and sema
cally coherent. However, for paragraphs in
Sequence-Altered condition several synta
errors were introduced by transposing adja
words, as in the following example:

7 It is certainly possible that factors other than those
ave discussed also contributed to the word-reading e
or example, given that A.H.’s visual deficit was pres
bly present from the time she was first exposed to wr

anguage, her orthographic lexicon may not be ent
ormal (although her good word-reading performance
rief or flickering stimuli suggests that she has been ab
evelop at least reasonably accurate lexical repres

ions). Also, her visual system may have sometimes i
uced errors other than letter-orientation and lette
uence errors (e.g., errors involving misrepresentatio

he relative locations of features within a letter). Howe
n the absence of clear evidence that such factors co
ted to her performance, we will focus on the poten
ffects of letter-orientation, letter-sequence, and (in the
f multiword stimuli) word-sequence errors when interp

ng A.H.’s reading impairments.
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172 MCCLOSKEY AND RAPP
first block from subway the station. For as many
mornings as he remember could Arthur had alway
and stopped given the horse three sugar cubes. T
horse had learned to him recognize and always pawe
at the curb and stretched out his eagerly neck a
Arthur’s approach. It was the nicest in thing Arthur’s
day.

A.H.’s task was to read each paragraph as it
written.

Our principal prediction was that A.H. wou
frequently restore the transposed words t
syntactically acceptable order when reading
Sequence-Altered paragraphs (e.g.,he remem
ber could3 “he could remember”). The bas
for this prediction is straightforward: Unle
A.H.’s reading processes can somehow dis
guish a word sequence error actually prese
a text from a word sequence error introduced
her visual system, the former as well as
latter should frequently be repaired.

Method.Stimuli were 10 Normal and 10 S
quence-Altered paragraphs, each printed o
separate page. The two sets of paragraphs
matched in number of words and number
sentences. Individual paragraphs ranged
length from 61–94 words and included 4
sentences. In each of the 10 Sequence-Alt
paragraphs 6 pairs of adjacent words were tr
posed to create syntactically unacceptable w
sequences. In all 60 transpositions the
transposed words were in the same sente
and in 58 of the transpositions the two wo
appeared on the same line in the printed p
graph.

The 10 Normal paragraphs were prese
first, followed by the 10 Sequence-Altered pa
graphs. (This presentation order was adopte
exclude the possibility that reading of Norm
paragraphs would be influenced by recogni
that some paragraphs had errors.) A.H.
instructed to read each paragraph aloud as it
written; no mention was made of errors in
texts. Five control subjects were also tested

Results and discussion.Considering first th
Normal paragraphs, control subjects read th
paragraphs at a mean rate of 219 words
(wpm), with rates for individual subjects ran
ing from 196 to 232 wpm. Across the 10 pa
s
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11.8 reading errors, including word omissio
word insertions, and misreadings of individ
words. The vast majority of these errors did
significantly alter the meaning of the text. T
number of errors for individual subjects rang
from 1 to 23.

A.H.’s reading speed for the Normal pa
graphs—227 wpm—fell within the contr
range. However, she made 47 reading er
four times the control subjects’ mean, and o
twice the control-subject maximum. A.H.’s e
rors included 9 word omissions (e.g.,he had
played with them and had come to know3 “he
had played with them and come to know”)
word insertions (e.g.,as if3 “just as if”), and
11 misreadings of individual words (e.g.,sleep
ing3 “sleepy”). These types of errors occur
at roughly three times the control-subject r
However, the most striking difference betwe
A.H.’s errors and those of the controls involv
word sequence confusions. A.H. made 18 er
of this type, most involving words whose ord
was not tightly constrained by context (e
speed and determination3 “determination an
speed”; fine, yellowed marble3 “yellowed,
fine marble”;large and dark and cool3 “dark,
cool, and large”). Control subjects, in contra
averaged 1.8 word sequence errors, and no
these subjects made more than 4. A.H.’s er
like those of the control subjects, in most ca
did not substantially alter the meaning of
text. Therefore, her comprehension may w
have been good despite her higher-than-no
error rate.

Nevertheless, it seems clear that A.H.’s a
ity to read material verbatim is not normal, ev
for connected text. This finding meshes w
with the knowledge-based constraint hypo
sis. In the case of coherent paragraphs the a
able constraints may usually be sufficient
allow a reasonably accurate interpretation—
particular, an interpretation that preserves
meaning—to be generated from distorted vis
representations. However, a fully accurate
batim reconstruction may not always be po
ble (as in the case of underdetermined w
orders likelarge and dark and cool).

Turning now to the Sequence-Altered pa
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an average speed of 175 wpm, 44 wpm slo
than their mean rate of 219 wpm for the Norm
paragraphs,t(4) 5 14.83, p , .001. Readin
rates for individual subjects ranged from 160
191 wpm. A.H. also slowed her reading on
altered paragraphs, but not as much as the
trol subjects: Her reading rate for Sequen
Altered paragraphs was 205 wpm, only 22 w
slower than her rate for the Normal paragrap

Control subjects read the critical pairs
transposed words (e.g.,him recognizein The
horse had learned to him recognize) with a
mean accuracy of 72%; that is, on average
read 43.2 of the 60 pairs as written, in
anomalous order. Accuracy for individual su
jects ranged from 57 to 88%. For 24% of
critical pairs, the control subjects restored
transposed words to their “proper” order (e
people were who frightened3 “people who
were frightened”); we will refer to such erro
assequence repair errors.On the remaining 4%
of the pairs the controls made some other
of error.

Individual control subjects’ rates of rep
errors ranged from 8% (5/60) to 37% (22/60)
31 of the 71 total sequence repair errors,
subject realized the error immediately, and
read the sequence accurately. The mean ra
uncorrected sequence repair errors was
(8.2/60), with individual subjects’ rates rang
from 0 to 25%.

These results indicate that the control s
jects exploited knowledge-based constraint
reading the paragraphs, sometimes to the p
of failing to read the material verbatim. A
though the subjects eventually detected 86%
the word transpositions, they initially read o
fourth of the transposed pairs in an order t
while highly probable, was not the actual or
in the text, and for 14% of the transposed pa
the controls produced the words in the m
probable order without realizing that the act
order was different.

A.H.’s performance on the critical word pa
is presented in Table 3, along with the cont
subject means. Remarkably, A.H. read only
the 60 transposed word pairs (5%) accura
r
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For 51 of the 60 pairs (85%) she made a
quence repair error, and for the remainin
pairs (10%) she made some other type of e
In 42 of the 51 sequence repair errors A
simply restored the transposed words to t
“proper” order (e.g.,favorite their foods3
“their favorite foods”); in the other 9 repa
errors she revised the text more extensively.
example, she readThis is why so children man
who live in towns are naughty(with transpose
wordschildrenandmany) as “That is why chil
dren who live in many towns are so naugh
Whereas the control subjects noticed and
rected nearly half of their sequence repair
rors, A.H. made no such corrections.

A.H. was remarkably fluent as she repa
the word transpositions; for only 8 of the
sequence repair errors was there any notice
hesitation or stumbling over words. When as
at the end of the experiment whether she
noticed anything unusual about any of the p
graphs, A.H. said that she had not. (In contr
all 5 control subjects were very much aware
the word transpositions.)

The results of this experiment strongly s
port the hypothesis that A.H.’s reading p
cesses, operating under the implicit assump
that the material being read is well-formed a
coherent, apply knowledge-based constrain
repair errors introduced by her visual syst
The results further suggest that the reading
cesses have little or no ability to distingu
errors actually present in a text from err
produced by the visual system, and there
repair the former as well as the latter.

Performance of A.H. and Control Subjects on Critica
Word Transpositions in Experiment 9

Subjects

Response distribution on critical word
transpositions

Accurate Sequence repair error Other e

.H. 5% 85% 10%
ontrols 72% 24% 4%



Experiment 10: Sentence Acceptability
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174 MCCLOSKEY AND RAPP
Judgments

In Experiment 9 A.H. was not informed th
the stimulus paragraphs contained errors. H
ever, in Experiment 10 sentences were
sented with the explicit instruction that so
contained clear grammatical errors. A.H. w
told to read each sentence aloud exactly a
was written, and then to indicate whether
sentence was grammatically acceptable
A.H.’s reading processes operate without
awareness or control to correct errors of
sorts introduced by her visual system, we wo
expect her to have difficulty detecting such
rors even when explicitly instructed to do so

Three types of sentences were presentedAc-
ceptablesentences were syntactically acce
able and semantically coherent (e.g.,The boy
were swimming across the lake). Unacceptable
Sequencesentences were syntactically un
ceptable due to transposition of two adjac
words or morphemes in an otherwise accept
sentence (e.g.,My parents are doing they a
can to help me). Unacceptable-Othersentence
were syntactically unacceptable for other r
sons (e.g.,My brother learned to dress hers
by the age of three).

We expected A.H. to perform well on t
Acceptable sentences, because errors i
duced by her visual system should usually
repaired by her reading processes. For the
acceptable-Sequence sentences we exp
A.H.’s reading processes to repair many of
word sequence errors without her awarenes
control, leading her to judge many of the s
tences grammatically acceptable. For the U
ceptable-Other sentences our expectations
less clear; because the errors in these sent
were not of the sorts frequently introduced
A.H.’s visual system, we were uncertain to w
extent her reading processes would effect
pairs.

Method. The stimuli were 20 syntactical
and semantically acceptable sentences an
syntactically unacceptable sentences rangin
length from 6 to 13 words. The 16 Unacce
able-Sequence sentences were created by
posing two adjacent words (14 sentences
-
-

it

If
r

-

-

-
t
le

-

o-
e
-

ted

or
-
-
re
es

t
-

37
in

ns-
r

grammatical sentence (e.g.,The dog was whe
gone we arrived at home; I was surprised by
father’s boynessish). The 21 Unacceptabl
Other sentences were generated by introdu
other types of syntactic errors, such as vi
tions of number or gender agreement, or in
propriate use of prepositions (e.g.,We ran into
several friend at the pool this weekend; I fou
the book and gave it at him).

Sentences were presented one at a tim
paper. A.H. first read the sentence aloud,
then indicated whether it was acceptable.
structions stressed that the sentences were
read exactly as they were written, and that
errors were not subtle flaws such as usingwho
instead ofwhom. Five control subjects we
also tested.

Results and discussion.For the Acceptabl
and Unacceptable-Other sentences the co
subjects were 99% correct both in reading
judging acceptability. For each of these s
tence types, one of the control subjects ma
single error. On the Unacceptable-Seque
sentences, control-subject performance ran
from 94% to 100% correct, with a mean of 96
Two of the control subjects made no errors
the Unacceptable-Sequence sentences; the
3 controls each made one error in which t
repaired the ungrammatical word order in re
ing a sentence, and then judged the sent
acceptable.

A.H.’s performance on the Acceptable s
tences was comparable to that of the con
subjects. She made only one minor reading
ror (It’s a beautiful day, isn’t it?3 “It’s a
beautiful daytoday isn’t it?”), and she judge
all of the sentences acceptable.

For the Ungrammatical-Sequence senten
however, A.H. made correct reading respon
and acceptability judgments for only 3 of the
sentences (19%). For the remaining 13 ite
(81%) she repaired the ungrammatical word
morpheme order when reading the sente
aloud (e.g.,My parents are doing they all can
help me3 “My parents are doing all they ca
to help me”) and then judged the sentence
ceptable. In most instances A.H.’s reading
fluent, and she appeared unaware that she
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These results provide additional evidence
A.H.’s reading processes operate to re
anomalies in stimulus representations, and
the repairs occur outside of A.H.’s awarene

On the Unacceptable-Other sentences A.
performance was better, although far below
perfect performance of the control subjects.
13 of the 21 items in this condition (62%) s
read the sentence accurately and judged it
acceptable. For the other 8 sentences (38%
repaired the syntactic error in her reading
sponse (e.g.,My brother learned to dress he
self by the age of three3 “My brother learned
to dress himself by the age of three”) and jud
the sentence acceptable.

The difference in rate of repair errors b
tween Unacceptable-Sequence sentences (
and Unacceptable-Other sentences (38%)
gests that A.H.’s reading processes may in s
sense be tuned to the types of errors her v
system frequently introduces. In particular,
reading processes may be highly skilled at
pairing word sequence errors, with the re
that she rarely became aware of these e
when reading the Unacceptable-Sequence
tences. In contrast, the reading mechanisms
be much less adept at repairing infreque
encountered errors such as those in the U
ceptable-Other sentences, with the consequ
that these errors were more likely to come to
attention.

In the next experiment we used senten
without errors to test another prediction of
knowledge-based constraint hypothesis.

Experiment 11: Reading and Comprehendin
Sentences

According to the knowledge-based constr
hypothesis, A.H.’s reading comprehension
good for meaningful material because her re
ing processes can usually exploit constrain
multiple levels (e.g., orthographic, syntactic,
mantic) to repair errors introduced by her vis
system. This account predicts that A.H. sho
show impaired comprehension when the av
able constraints are insufficient for identifyi
or repairing visual-system errors that alter
meaning of the stimulus material.
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moved from Pittsburgh to Philadelphia.Syntac
tic and semantic constraints would probably
sufficient for repairing word sequence err
involving some parts of the sentence (e.g.,The
moved Smiths from. . .). However, in the ab
sence of additional context the available c
straints would be inadequate for identifying
repairing at least some sequence errors inv
ing the wordsPittsburghandPhiladelphia.For

xample, if these words were transposed
.H.’s visual system (yieldingfrom Philadel-

phia to Pittsburgh) knowledge-based co
straints would presumably provide no grou
for determining that an error had occurred,
the sentence would be misinterpreted. For o
possible sequence errors (e.g.,from Philadel-
phia Pittsburgh to) the available constrain
might be consistent with more than one re
(e.g., from Pittsburgh to Philadelphiaor from
Philadelphia to Pittsburgh), again creating th
possibility of a comprehension error.

Method. Thirty-eight sentences were co
structed such that (a) the ordering of two crit
words could not be predicted from knowled
based constraints, and (b) the actual order o
words was crucial for determining the mean
of the sentence. The critical words were se
rated by one word in 34 sentences, by a bo
morpheme in 3 sentences (e.g.,My husband’
mother is in town for the game), and by a
comma in 1 sentence (According to Ed, Bill is
coming at 4:00 p.m.). For each sentence, a qu
tion was constructed to probe comprehensio
the critical word sequence (e.g.,Where is thei
new home?for The Smiths moved from Pit

urgh to Philadelphia).
The sentences were presented one at a

n a computer monitor in random order. Af
.H. read the sentence aloud, it was replace

he monitor by a comprehension question,
.H. gave a spoken response to the ques
ive control subjects were also tested.
Results and discussion.The control subjec
ade no errors in reading critical word
uences. A.H., however, transposed the cri
ords in 9 of the 38 sentences (24%).
xample, she readThe Smiths moved from Pit
urgh to Philadelphiaas “The Smiths move
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band’s mother is in town for the gameas “My
mother’s husband is in town for the game.”

On the comprehension questions the con
ranged in accuracy from 87% to 100%, wit
mean of 95%. A.H., however, was correct
only 68% of the questions (26/38). For 25 of
29 trials in which she read the critical words
the correct order (86%), she answered the c
prehension question correctly. However, fo
of the 9 sentences in which she transposed
critical words her answer to the question w
consistent with the erroneous reading respo
and therefore incorrect. For example, after re
ing At the party Mary gave John a birthd
present as “At the party John gave Mary
birthday present” she responded “Mary” to
question,Whose birthday was it?These result
confirm the prediction that A.H.’s comprehe
sion would be impaired when knowledge-ba
constraints were too weak to remedy errors
visual system was likely to introduce.

In addition to transpositions of critical word
A.H. made 10 other errors in reading the s
tences. Most of these were misreadings of i
vidual words (e.g.,Bert 3 “Bret”), although
two were word sequence confusions involv
noncritical words (e.g.,The toy car3 “The car
toy”).

Experiment 12: Flicker

If the word-sequence errors observed in
periment 11 resulted from A.H.’s visual loc
ization deficit, then flickering presentation
sentences should reduce the error rate. To
this prediction we presented sentences simil
those from Experiment 11 in Steady and Flic
conditions.

Method.The stimuli were 120 sentences
which the ordering of two or more critic
words was not predictable from knowled
based constraints (e.g.,Lucy said Betty was a
extraordinary person). Two blocks of 120 trial
were presented, with Steady and Flicker tr
randomly intermixed within blocks. In the fir
block half of the sentences were presented in
Steady condition, and the other half were p
sented in the Flicker condition; in the seco
ls
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e
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st
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was reversed.
Results and discussion.Flicker dramatically

affected A.H.’s reading performance. The r
of critical word transpositions was 28% (3
120) in the Steady condition but only 2%
120) in the Flicker condition,x2(1, N 5 240)5

2.1, p , .001. This result provides stro
evidence that the word sequence errors
served in the absence of flicker stemmed f
A.H.’s visual localization deficit, and hence th
the deficit is implicated in her reading of me
ingful material.

GENERAL DISCUSSION

We have analyzed in some detail the read
abilities and disabilities of a university stude
A.H. Although A.H.’s academic achieveme
and self-report suggested normal reading c
prehension, she was profoundly impaired
reading aloud isolated words (e.g.,box 3
“pox”) and sequences of unrelated words (e
shore lemon picnic fabric3 “lemon shore pic
nic fabric”).

Our previous studies with A.H. revealed
remarkable developmental deficit in perceiv
the location and orientation of visual stim
(McCloskey et al., 1995; McCloskey & Rap
2000). On the basis of these studies we hyp
esized that when reading, A.H. frequently m
perceives the orientation and ordering of let
and the ordering of words. These percep
errors, we suggested, were responsible for
impaired performance in the word and wo
sequence reading tasks.

To test this interpretation we carried out ei
experiments in which A.H. read aloud lette
words, and word sequences. Experiments
demonstrated that A.H. was impaired in nam
isolated letters and that the vast majority of
errors took the form of letter orientation con
sions (e.g.,p3 “b”; m3 “w”). Experiment 1
also showed that when accurate perceptio
letter orientation was critical for identifying th
lower-case form (e.g.,d) but not the upper-ca
form (e.g.,D) of a letter, A.H.’s performanc
was much worse for the lower-case form.
periments 2 and 3 showed further that two
sual variables—exposure duration and flicke
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in tasks with nonverbal visual stimuli. In pa
ticular, A.H.’s letter-naming performance w
dramatically better for brief than for long exp
sures, and for flickering than for continuo
displays. Experiments 4–6 demonstrated s
lar effects of case, exposure duration,
flicker on A.H.’s reading of isolated words, a
Experiments 7–8 demonstrated that brief ex
sure or flicker virtually eliminated A.H.’s wor
ordering errors in the word-sequence read
task. These results provide compelling evide
that A.H.’s deficit in perceiving the location a
orientation of visual stimuli is the underlyin
cause of her impaired performance on the r
ing tasks.

We then considered whether this conclus
could be reconciled with A.H.’s seemingly n
mal reading comprehension in her acade
pursuits and daily life. We proposed that A.H
reading processes rely heavily on knowledg
regularities at multiple levels in written la
guage to constrain interpretation of the po
tially inaccurate stimulus representations ge
ated by her visual system. When the availa
constraints are strong, as in reading conne
text, A.H.’s reading processes may usually
able to “repair” the visual-system errors, res
ing in good comprehension. However, when
constraints are weak, as with isolated word
sequences of unrelated words, recovery f
visual errors may often not be possible. The
of knowledge-based constraints is not, we
gued, a conscious problem-solving process
rather proceeds without A.H.’s awareness
control.

The knowledge-based constraints hypoth
was tested in Experiments 9–12. Experimen
and 10 demonstrated that when A.H. read p
graphs or sentences containing errors of
sorts frequently introduced by her visual s
tem, she spontaneously repaired the errors
from subway the station3 “from the subway
station”). Further, she was usually unaware
the errors and rarely could detect and re
them even when explicitly instructed to do
These experiments provided evidence that A
relies heavily on knowledge-based constra
in reading. Experiment 11 demonstrated
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fact necessary for her to achieve adequate c
prehension of meaningful material: A.H.’s re
ing comprehension was found to be impa
for meaningful sentences in which the order
of two critical words could not be determin
from the available constraints (e.g.,Mary and
Johnin At the party Mary gave John a birthd
present). Finally, Experiment 12 showed th
A.H.’s reading errors on sentences of this
were virtually eliminated with flickering se
tence displays, indicating that these errors,
her errors with letters, words, and word
quences, arose from her visual localization
icit.

Implications for the Study of Development
Cognitive Deficits

The present study provides a strong dem
stration that the theoretical and methodolog
tools of cognitive science can shed light
underlying cognitive dysfunctions in develo
mental cognitive impairments. The experime
we have reported allowed us not only to ch
acterize A.H.’s reading performance in so
detail but also, and more importantly, to li
this performance convincingly to a specific d
icit of visual perception.

What are the implications of our results
understanding developmental dyslexia? We
tainly do not suggest that impaired visual loc
ization is the underlying deficit in all or ev
many cases of developmental reading disab
However, the results from A.H. do demonstr
that a developmental reading deficit can a
from causes other than those posited by m
current theories of developmental dyslexia:
most widely accepted theory (e.g., Bradley
Bryant, 1978, 1983, 1985; Liberman, 19
Shankweiler & Liberman, 1972) assumes
developmental dyslexia is caused by a pho
logical deficit, and the principal alternative a
count (e.g., Galaburda & Livingstone, 19
Lovegrove, 1993) attributes dyslexia to a d
function of the transient visual subsyst
(which appears to be intact in A.H.).

Reading is a complex process requirin
multitude of perceptual and cognitive mec
nisms, and reading impairments could pres
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178 MCCLOSKEY AND RAPP
mechanisms. Indeed, the literature on deve
mental reading disorders suggests conside
variation in the underlying cognitive dysfun
tions (e.g., Ellis, 1985; Martin, 1995). Giv
these points, the search for a single caus
developmental dyslexia, which characteri
most research in the area, is unlikely to pr
fruitful. Furthermore, the probable heteroge
ity of the dyslexia category undercuts the ra
nale for the group-study approach adopte
most developmental dyslexia research. This
proach, in which results are averaged o
groups of subjects classified as dyslexic, r
on the assumption that the groups (and ind
the population from which they were sampl
are homogeneous at the level of underly
dysfunction.

An alternative approach involves single-c
analyses of underlying deficits in many indiv
uals with developmental reading disabiliti
This approach, exemplified by the present st
(see also Broom & Doctor, 1995; Castles
Coltheart, 1993; Rayner, Murphy, Henders
& Pollatsek, 1989; Snowling & Hume, 198
Temple & Marshall, 1983), should provide
basis for characterizing the extent and natur
variation among dyslexics in underlying de
cits, and it may also contribute to resolving
apparent contradictions among many of the
ported results that are based on group avera

Achieving an understanding of the pot
tially diverse underlying dysfunctions is of ce
tral importance in developing effective diagn
sis and treatment methods for developme
dyslexia (or any other form of developmen
cognitive impairment). For example, during
elementary school years A.H. endured sev
efforts to remediate her severe spelling imp
ment (which apparently stems, like her read
impairments, from her visual localization de
cit). The remediation programs consisted
marily of exercises such as copying words
peatedly or looking up words in a dictiona
Given that these exercises required accu
perception of written words, it is unsurprisi
that A.H. derived no apparent benefit. Had
tempts been made to address her difficultie
reading letters or isolated words, these attem
-
le
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tainly, no one would have suggested that A
read under a strobe light.

Implications for Research on
Normal Cognition

Our results also have implications for iss
in the study of normal cognition. The effects
flicker and exposure duration on A.H.’s read
provide new evidence concerning the dist
tion between sustained and transient visual
systems we drew on the basis of previous fi
ings from A.H. (McCloskey et al., 1995). Fir
the present results suggest that reading me
nisms have access to information from both
sustained and the transient subsystems. A
impaired performance with long-duration, co
tinuous presentations of letters, words,
word sequences implies that reading proce
receive input from the (impaired) sustained s
system, whereas her dramatically better pe
mance with brief or flickering displays indica
that the reading processes also receive info
tion from the (intact) transient subsystem.

The present findings also speak to the fu
tions served by the sustained and transient
systems. McCloskey et al. (1995) argued fr
A.H.’s performance with nonverbal visual sti
uli that both subsystems compute the locatio
visual stimuli. The results from the word-s
quence reading task provide additional sup
for this conclusion. A.H.’s high rate of wo
sequence errors with long-duration continu
displays implicates the sustained subsyste
computing the relative locations of words in
string; her virtually error-free performance w
brief or flickering displays implies that the tra
sient subsystem also computes relative loca

The results from the letter-naming and wo
reading tasks go beyond previous findings
suggest that both sustained and transient p
ways contribute not only to localization but a
to recognition of visual stimuli. The logic he
is the same as for the word-sequence res
A.H.’s frequent misidentification of letters (
isolation or in words) with long, continuo
stimulus exposures suggests that the susta
subsystem is implicated in letter recogniti
and her vastly improved performance with b
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subsystem also plays a role in the recogni
process.

These conclusions raise questions about
rent conceptions of visual pathways and t
functions. Two widely adopted (although by
means universally accepted) assumptions
relevant for our purposes. The first (e.g., U
gerleider & Mishkin, 1982) is that the dors
visual pathway mediates spatial proces
(“where”) whereas the ventral pathway und
lies visual object recognition (“what”). The se
ond assumption (e.g., Livingstone & Hub
1988; Livingstone, 1990) is that the dor
stream receives input primarily from an ear
visual pathway (the magnocellular, or M, pa
way) that is specialized for low-acuity proce
ing of transient stimuli, whereas the ven
stream’s input comes primarily from a pathw
(the parvocellular, or P, pathway) tuned
high-acuity processing of more sustained s
uli.

At least in combination, these assumpti
are difficult to reconcile with A.H.’s perfo
mance. The present findings, and those from
previous studies of A.H., suggest that both tr
sient and sustained stimuli can drive proces
in both “what” tasks (e.g., letter and word ide
tification) and “where” tasks (e.g., localizing
object on a table or words within a sequen
Further, A.H. shows poor performance w
sustained stimuli and good performance w
transient stimuli in both “what” and “where
tasks, a pattern that is difficult to interpret
terms of pathology affecting a system organi
into M/dorsal/“where” and P/ventral/“wha
pathways.

These findings might be accommodated
assuming that both M and P pathways prov
input to both dorsal/“what” and ventral/“wher
streams, or by recasting the functional dist
tion between the two cortical streams. W
respect to the latter option, one might posit
the dorsal and ventral streams are more re
dant in their functions than current hypothe
suppose. Another possibility is that the dor
and ventral-stream functions, although disti
are such that cognitive processes typically
sumed to require only one or the other proc
n
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object recognition requires considerable sp
processing (e.g., in representing the spatia
rangement of features in an object). One m
therefore consider the possibility that the do
and ventral streams interact in recognizing
jects, such that the former carries out at le
some of the required spatial analysis, whe
the latter supports other aspects of the pro
(perhaps including aspects that are in s
sense spatial). Detailed discussion of th
points is beyond the scope of this article;
intent here is merely to suggest directions
could be pursued in future theoretical and
pirical work.

Finally, the results from our paragraph- a
sentence-reading experiments (including
control subjects’ performance on the seque
altered paragraphs) add to the available
dence that knowledge-based constraints pl
significant role in reading. A.H.’s performan
in these experiments, as well as her good r
ing comprehension in daily life, suggest t
these constraints are often quite powerfu
meaningful material. Just how powerful t
constraints can be, even for sentences in is
tion, is illustrated by a task in which A.H. re
sentences, some of which included letter or
tation, letter sequence, and word sequenc
rors, as in the following examples:

The young boy took the quppy long on af
uoon walks, often stopping to fetch paly.

The stock market is storngly affected dy d
cebtions the the of pulbic.

The agency uses comquter models an
simluations prebict the effects of human itn
action the with bay.

The computer lab is otfeu durign bnsy
week lats of calsess any in given esmseter8

A.H. was told that some sentences conta

8 Prior to introduction of errors, these sentences rea
ollows: The young boy took the puppy on long aftern
alks, often stopping to play fetch; The stock marke
trongly affected by the perceptions of the public;
gency uses computer models and simulations to predi
ffects of human interaction with the bay;andThe compute

ab is often busy during the last week of classes in any g
emester.
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180 MCCLOSKEY AND RAPP
tences as they were supposed to be; that is
was instructed to correct the errors while re
ing. She was also asked to indicate after rea
each sentence whether it contained any er
Her performance was remarkable. Although
stumbled occasionally, she read most of
sentences (including the examples above)
smoothly, repairing the errors without hes
tion. Further, for 60% of the sentences w
errors (18/30), again including the examp
given above, she reported that the sentence
entirely correct.

Although impressive, A.H.’s ability to repa
errors can with practice be approximated
normal individuals. Our own experience, a
informal experimentation with colleagues, in
cates that sentences with multiple errors
quite difficult at first but become much eas
after some practice. (Normal individuals co
tinue, however, to be aware that the sente
are full of errors.) These observations sug
that rather minimal stimulus information m
often suffice in the reading of meaningful m
terial, and that the use of knowledge-based
straints to minimize stimulus processing may
a significant component of reading skill.
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