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Developmental dyslexia is a specific problem in read-
ing, often accompanied by difficulties of acquiring pro-
ficiency in writing and spelling (Orton Dyslexia Society,
1994). The primary causes of dyslexic difficulties are still
unclear. The prevailing opinionsof possible causal factors
can be divided into three broad classes: centralist, percep-
tual, and multifactor hypotheses.

Centralist hypotheses assume that developmental dys-
lexia results directly from difficulties in language (Vel-
lutino,1978), especially in phonologicalprocessing (Brad-
ley & Bryant, 1978, 1983;Vellutino, 1978; see Snowling,
2000, for a review). Other possible impairments (e.g., per-
ceptual and motor) are assumed to be independentof these
true verbal dyslexicdifficulties (Mody, Studdert-Kennedy,
& Brady, 1997; Shaywitz et al., 1998).

Perceptual hypotheses assume that perceptual prob-
lems are sufficient to deteriorate orthographic (e.g., Love-
grove, 1993) and phonological(e.g., Tallal, 1980)process-
ing. Currently, the most investigated hypotheses assume
that processing of rapidly changing temporal sequences is
impaired in developmental dyslexia and that the impair-
ment itself is a sufficient cause of phonological or other
reading problems (Farmer & Klein, 1995; Galaburda &

Livingstone, 1993; Galaburda, Menard, & Rosen, 1994;
Livingstone, Rosen, Drislane, & Galaburda, 1991; Love-
grove, 1993; Stein & Walsh, 1997; Tallal, 1980; Tallal,
Merzenich, Miller, & Jenkins, 1998).

Multifactorhypotheses assume that perceptual deficits
exist in dyslexia and are markers of dysfunctional neural
systems. These systems trigger or relate to other mecha-
nisms (e.g., attention) that affect orthographic or phono-
logical processing in a more direct way. How indepen-
dent the intermediate system is thought to be of the
perceptual processing deficit varies. For example, the
first versions of the “magnocellular-deficit” theory as-
sumed that the transient (magnocellular, or M) and sus-
tained (parvocellular, or P) systems in vision interact so
that, because of an M-deficit, the transient system does
not erase the trace of a previous fixation, and, thus, the
preceding stimulation can partially fuse with the next
(Breitmeyer, 1980; Lovegrove, Martin, & Slaghuis, 1986;
Lovegrove, Garzia, & Nicholson, 1990; ). An M-deficit
could also give rise to a right parietal lobe dysfunction.
This would result in impaired attentional functions’ af-
fecting both orthographical and phonological processes
required in reading (Hari, Renvall, & Tanskanen, 2001;
Vidyasagar, 1999). There is direct anatomical and psy-
chophysiological evidence for an M-deficit in at least
some forms of dyslexia (Demb, Boynton, & Heeger,
1998; Galaburda et al., 1994; Livingstone et al., 1991).
This, together with a wealth of indirect evidence, has
been taken as justification to extend the M-deficit ex-
planation to reading difficulties generally, either directly

This study was financially supported by the Ministry of Education,
Finland, and the Academy of Finland (Project Nos. 157426,39253, and
174080).The authors thank S. Salminen for buildingand programming
the apparatus. Correspondence should be addressed to M. Laasonen,
Department of Psychology,P. O. Box 13 (Meritullinkatu1), 00014Uni-
versity of Helsinki, Finland (e-mail: marja.laasonen@helsinki.fi).

Temporal order and processing acuity of visual,
auditory, and tactile perception

in developmentally dyslexic young adults

MARJA LAASONEN, ELISABET SERVICE, and VEI JO VIRSU
University of Helsinki, Helsinki, Finland

We studied the temporal acuity of 16 developmentally dyslexic young adults in three perceptual
modalities. The control group consisted of 16 age- and IQ-matched normal readers.Two methods were
used. In the temporal order judgment (TOJ) method, the stimuli were spatially separate fingertip in-
dentations in the tactile system, tone bursts of different pitches in audition, and light flashes in vision.
Participants indicated which one of two stimuli appeared first. To test temporal processing acuity
(TPA), the same 8-msec nonspeech stimuli were presented as two parallel sequences of three stimulus
pulses. Participants indicated, without order judgments, whether the pulses of the two sequences were
simultaneous or nonsimultaneous. The dyslexic readers were somewhat inferior to the normal read-
ers in all six temporal acuity tasks on average.Thus, our results agreed with the existence of a pansen-
sory temporal processing deficit associated with dyslexia in a language with shallow orthography
(Finnish) and in well-educated adults. The dyslexic and normal readers’ temporal acuities overlapped
so much, however, that acuity deficits alone would not allow dyslexia diagnoses. It was irrelevant
whether or not the acuity task required order judgments. The groups did not differ in the nontemporal
aspects of our experiments. Correlations between temporal acuity and reading-relatedtasks suggested
that temporal acuity is associated with phonological awareness.
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or via an intermediate mechanism (for a review, see Stein
& Walsh, 1997).

The second and third types of explanationoften take for
granted that developmentaldyslexia is linked to, or caused
by, impaired processing of rapidly changing nonverbal
perceptual information. The evidence for causality be-
tween temporal processing and reading is far from un-
equivocal at the moment, however. The distributions of
dyslexic and normal readers’ temporal acuities, indepen-
dently of the modality investigated, overlap (e.g., Kins-
bourne,Rufo, Gamzu, Palmer, & Berliner, 1991;May, Wil-
liams, & Dunlap, 1988). A similar overlap has also been
reported for children with specific language impairment
(SLI ) and normal language development (Bishop, Car-
lyon, Deeks, & Bishop, 1999). Moreover, reported correla-
tions between temporal acuity and language processing
or reading are not perfect (Ahissar, Protopapas, Reid, &
Merzenich, 2000; Au & Lovegrove, 2001; Brannan &
Williams, 1988;Farmer & Klein, 1993; Kinsbourne et al.,
1991;Tallal, 1980). Therefore, poor temporal acuity alone
has not been shown to be sufficient for predictingdyslexia
in an individual.

The assumed temporal processing impairment in de-
velopmentaldyslexiamay appear in different tasks as well
as across modalities. These possible generalizationswere
investigated in the present study.

A frequently used method for studying temporal acuity
of rapidly presented sequential stimuli is the temporal
order judgment (TOJ) task. In this method, the ability to
perceive and retain the temporal order of at least two per-
ceptual events is investigated (Brannan & Williams, 1988;
Kinsbourne et al., 1991; May et al., 1988; Mody et al.,
1997; Reed, 1989; Tallal, 1980). We compared the TOJ
method with another method of temporal acuity assess-
ment, which has been recently applied to dyslexia research
(Laasonen, Tomma-Halme, Lahti-Nuuttila, Service, &
Virsu, 2000). This method, estimating what we call tem-
poral processing acuity (TPA), is based on the estimation
of simultaneity or nonsimultaneity of brief stimuli in two
parallel trains. It does not require the judgment of order.

A pansensory temporal processing deficit has been
proposed to be associated with both specific language
impairment (SLI; Poppen, Stark, Eisenson, Forrest, &
Wertheim, 1969; Tallal, Stark, Kallman, & Mellits,
1981) and developmental dyslexia (Galaburda & Liv-
ingstone, 1993; Laasonen et al., 2000; Livingstoneet al.,
1991; Lovegrove, 1993; Stein & Walsh, 1997). Further-
more, this impairment appears to be more general than
merely the impaired perception of order (Farmer &
Klein, 1995). Aphasic adults (Efron, 1963) and “apha-
soid” children (Lowe & Campbell,1965)have been shown
to have difficulties in the temporal ordering of auditory
stimuli. Tallal and Piercy (1973a, 1973b) showed that
SLI children are impaired in assessing the temporal order
structure of brief nonverbal auditory stimuli, both when
asked to make same/different discriminations and when
asked to make explicit order replications. Tallal (1980)
and other investigators (e.g., Reed, 1989) have also found

the processing of rapid stimulus sequences to be im-
paired in developmentally dyslexic children. Group dif-
ferences in the auditory modality have also been ob-
served in both adolescents (Farmer & Klein, 1993) and
adults (Ahissar et al., 2000;Kinsbourne et al., 1991) with
developmental reading difficulties.

In the visual modality, results with SLI children (Tallal
& Piercy, 1973b; Tallal et al., 1981) suggest that at least
younger children, 5–6 years old, have difficulties in as-
sessing the order structureof nonverbalvisual stimuli. The
differences observed by Tallal and Piercy (1973b)were not
significant, however. Again, developmentally dyslexic
readers have been shown to have difficulties similar to
those of participants with SLI, both as children (Brannan
& Williams, 1988; May et al., 1988) and as young adults
(Kinsbourne et al., 1991). However, other studies have
failed to show statistically significant differences between
dyslexic and normal readers in visual temporal acuity
(Laasonen et al., 2000; Reed, 1989).

Tactile temporal acuity has been studied less, but im-
paired processingof the temporal order of brief stimuli has
been observed in childrenwith SLI (Tallal, Miller,& Fitch,
1993; Tallal, Stark, & Mellits, 1985). In our study of 8- to
12-year-old children (Laasonen et al., 2000), we found de-
velopmentally dyslexic children to be inferior to normal
children in the estimation of simultaneity or nonsimul-
taneity of tactile stimulus trains.

At present, one open question is whether impaired tem-
poral processing is similarly related to developmental
dyslexia across orthographical systems and ages. Tem-
poral acuity impairment, in both the auditory system and
the visual system, has been found to correlate with vari-
ous tasks of phonological processing, or reading and
spelling accuracy and speed. This has been observed in
English-speaking children and adults (Ahissar et al.,
2000; Brannan & Williams, 1988; Farmer & Klein, 1993;
Kinsbourne et al., 1991; Tallal, 1980). In languages in
which letters and sounds have highly consistent corre-
spondences, impairment of temporal processing and its
possible pansensory generalization in reading problems
requires more study. The orthography in Finnish is shal-
low both ways, which means that every phoneme in the
language has one corresponding letter (in one case, a
combinationof two letters), and every letter has only one
pronunciation. In this type of orthography, the problem
of becoming aware of the phonemic units of language is
substantially easier than in languages such as English, in
which letter–sound relationships are ambiguous as a
rule. Because of this, learning to read and spell is relatively
easy. In these languages, developmental dyslexia mani-
fests itself in slower learning and in slower, as well as
more error-prone, ultimate reading performance (Wim-
mer, Landerl, & Frith, 1999). However, even people with
dyslexia become phonologically aware and learn to read
and spell pseudowords, in most cases.

One hypothesis in the dyslexia literature (Tallal, 1980)
has claimed that a temporal processing deficit causes
phoneme representations to remain vague in dyslexic
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readers, which in turn affects reading performance. If
this is true, reading in a transparent orthography can be
thought of as rehabilitative activity in itself. The letters
should anchor possibly vague phoneme representations
to the appropriate phonemic categories. We studied well-
educated adult-age people with developmental dyslexia,
who should have had a fair amount of experienceof read-
ing. It could be thought that the effects of a possible tem-
poral processing deficit on phoneme representations in
them would have been reduced, or even abolished,by their
reading experience. On this account, we would therefore
not expect a strong correlationbetween their performance
in temporal processing tasks and phonological tasks. Our
battery of reading-related tasks used to screen the dys-
lexic participants included a phonologicalawareness task
known to be sensitive to differences in reading ability still
in adolescent age in Finnish (phonological synthesis) as
well as a simple phonological discrimination task and
two tests of phonological short-term memory (digit span
forward and nonword span). This enabled us to inspect
the relationship between temporal processing ability and
phonological processing in our results.

Lately, several studies of temporal processing in dys-
lexia in Finnish have been reported. In a previous study in
our laboratory, we found that developmentally dyslexic
childrenwere somewhat impaired in temporal acuity tasks
in all sensory modalities investigated, relative to their age-
matched controls (Laasonen et al., 2000). Other Finnish
studies (Hari & Kiesilä, 1996;Hari et al., 2001;Hari, Valta,
& Uutela, 1999; Helenius, Uutela, & Hari, 1999; Kujala
et al., 2000) have found impaired processing of rapid au-
ditory and visual sequences in adult dyslexics, but these
studies did not include multiple modality comparisons.

In the present study, we investigatedtemporal acuity and
its generalization over perceptual modalities and assess-
ment methods in adult Finnish dyslexics. If temporal pro-
cessing deficits are related to developmental dyslexia, the
deficits should also be found in well-educated dyslexics
whose learning problems have been limited to reading dif-
ficulties. Therefore, the participants were well-educated
adults, and their average intelligencewas normal or above.
We used two assessment methods in tactile, auditory, and
visual perceptual systems. One method required TOJs, and
the other method required comparison of simultaneous or
nonsimultaneous pulses in stimulus trains (temporal pro-
cessing acuity, TPA). Both methods were used to find
thresholds for correct judgments when pulse interval was
varied. The participants were also tested on a battery of
reading-related tasks. We found that, as a group, the dys-
lexic readers suffered from a generalized impairment of
temporal acuity, with emphasis on auditory and tactile dif-
ficulties. However, the extensive overlap between the
groups prevented reliable individualpredictionof dyslexia
individually from temporal acuity measures. The impair-
ment was not confined to order perception; it appeared
with both methods. Temporal acuity impairment, found by
either method, was found to be related to a measure of
phonological awareness. Dyslexic readers were not infe-

rior to normal readers in the nontemporal aspects of our
psychophysical tasks.

METHOD

Participants
Sixteen participants with developmental dyslexia (20–36 years

old; 12 females, 4 males) and 16 control participants (20–36 years
old; 9 females, 7 males), all volunteers, participated in this study.
The participants were recruited through advertisements at the Uni-
versity of Helsinki and in a newsletter of a local dyslexia associa-
tion. In the dyslexia group, there were 9 university students; in the
control group, there were 10 university students. The demographic
characteristics of the participants and their performance in WAIS–R
are presented in Table 1. The groups did not differ statistically sig-
nif icantly in age [t(30) 5 0.99, p , .34], duration of education
[t(24.69) 5 1.45, p , .16], or sex [c2(1, N 5 32) 5 1.25, p , .27].
No participant had a history of neurological disorders. All the par-
ticipants performed at least at the level of average ability (IQ . 86),
and the groups did not differ statistically signif icantly in their
WAIS–R (Wechsler, 1992) verbal IQ [t(30) 5 1.43, p , .17, power
5 0.29], performance IQ [t(30) 5 1.99, p , .06, power 5 0.48], or
full IQ [t(30) 5 1.91, p , .07, power 5 0.45]. Dyslexic readers per-
formed significantly worse in two single subtests only [digit span,
t(30) 5 3.11, p , .005; picture arrangement, t(30) 5 2.10, p ,
.05]. Verbal span differences have been found in a large number of
studies comparing dyslexic and normal readers (e.g., Shankweiler,
Liberman, Mark, Fowler, & Fischer, 1979; see also Snowling, 2000,
for a review).

To verify reading impairment, the participants had to report a his-
tory of dyslexic difficulties. Eleven participants had a formal diag-
nosis made by a clinical psychologist or a speech therapist. The re-
maining 5 participants reported a consistent history of difficulties
in reading and writing. To be included in the group of dyslexic read-
ers, a participant had to perform at least 1 standard deviation (SD)
below the controls’ mean in at least three reading-related tasks. Four-
teen participants had slow reading speed; 8 participants had im-
paired phonological processing. However, the reading-related tasks
listed below were all included in diagnosing participants, since there
are no standardized measures in Finnish for defining reading level in
adult readers. Furthermore, with the Finnish shallow orthography,
certain tasks, such as nonword reading, do not clearly differentiate
between dyslexic and normal readers (Harris & Hatano, 1999).

Neuropsychological Assessment
Wechsler Memory Scale –Revised (WMS–R): Associative

learning. To assess verbal memory functions, we administered the
associative learning test of the WMS–R (Wechsler, 1997). In this
task, the participant was read aloud eight pairs of words to memo-
rize. After reading the list, the experimenter read the first word in
each pair in turn, and the participant was asked to say aloud its pair.
Half of the pairs associated easily (e.g., eye–ear); half were harder
to memorize (e.g., pony–telephone ). The list was presented three
times by the experimenter and recalled each time by the participant.
The total number of correctly recalled words was recorded.

Reading-related tasks. Phonological discrimination was as-
sessed with a 12-pair list of three-syllable sequence pairs (e.g.,
/keteke/–/kedeke/ ). The participant heard one pair at a time from a
tape recorder and assessed whether the sequences were similar or
differed according to one phoneme. Number of correct answers was
recorded.

In phonological synthesis, the participant heard separate phonemes
from the tape recorder and was asked to name the word that was com-
posed of the individual phonemes (e.g., the participant heard the
Finnish phonemes /p/, /a /, /l/, /l/, and /o/ and named the word pallo
[ball] ). The number of correct answers was recorded.
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Naming speed was assessed using the rapid alternating stimulus
naming (RAS) task. The participants named as fast as possible a
50-item matrix of numbers, letters, and colors (Wolf, 1986). Time
in seconds was recorded. The task was administered twice, and the
results of the second trial were used in the analyses.

Reading speed was evaluated with a text, which the participant read
aloud as fast as possible for 1 min. Number of words read in 1 min
was recorded.

For lexical decision, we used a computerized task that assessed the
speed at which the participant made the decision of whether or not a
displayed string of four to six letters was a real Finnish word. The task
included 141 trials, which began with a cue: a cross was presented for
500 msec in the middle of a computer screen (Power Macintosh
7500, Apple 15-in. monitor). A priming word appeared immedi-
ately for 200 msec at the indicated location. It was either semanti-
cally related to the next word or not. The second word, presented
immediately until a response was given, was the target for lexical
decision. It was either covered or uncovered by a grating (mask oc-
currence probability 5 .5), but the task was always to make a deci-
sion, as quickly as possible, whether the second letter string was a
word or a nonword as a yes/no response. The participants responded
by pressing one key in a standard keyboard for “word” (the “M” key)
and another for “nonword” (the “C” key). Reaction times (RTs) for the
target words were recorded after the exclusion of incorrect answers
and deviant latencies (more than 2 SDs above or below the mean RT).

Word segmentation speed was assessed with a 78-item list that
consisted of strings of two to four conjoint words (Lindeman, 1998).
The participant had to mark as many word boundaries in each string
as possible in 3 min (e.g., vastatatarjota, correct segmentation would
be vastata |tarjota [in English, answeroffer , and correct segmenta-
tion would be answer |offer] ). The number of correct segmentations
was recorded.

Reading comprehension was evaluated using two texts, one fiction
and one factual. The participant read one text at a time and answered
multiple-choice questions assessing comprehension of details/ facts,
words/phrases, cause–result /order, main idea /meaning, and ability
to draw conclusions/make interpretations (Lindeman, 1998). No time
constraints were applied, and the participants could read the text as
many times as they wanted. The number of correct answers was
recorded.

Letter rotation was assessed with a computerized task. The partic-
ipant had to evaluate whether a displayed tilted letter (uppercase F, L,
or R) was correct or a mirror image. The task included 84 trials, in
which the target letter appeared in the middle of the screen and was
presented until a correct response was given. The participant was ad-
vised to press the space bar on the keyboard for answering “correct”
and the “B” key for answering “mirror.” The rotation angle of the let-
ters varied between 0º and 180º to the left and right (with 30º steps,
12–14 trials with each angle). RTs were calculated after exclusion of
incorrect answers and deviant latencies (more than 2 SDs above or
below the mean RT).

Nonword span was evaluated with lengthening sequences of
consonant–vowel– consonant–vowel (CVCV) nonwords. The partici-
pant heard the sequences from a tape recorder and repeated them back
(e.g., /potu–hine/, /sile–hine–tepa /). Five sequences were presented
at each length. The length of span (longest sequence of four-phoneme
nonwords repeated correctly on at least one attempt) was recorded.

Temporal Order Judgment (TOJ)
The experimental setup and stimulus presentation are shown in Fig-

ure 1A. TOJ was assessed in three modalities (tactile, auditory, and
visual). Stimulus pairs were indentations of the index and middle
fingertips in the tactile task, sounds of different pitches in the audi-
tory task, and light flashes from two sources in the visual task. In
each task, the participant was instructed to estimate which one of
the two stimulus pulses occurred first.

Temporal intervals were varied using a computer-controlled appa-
ratus built for this purpose; the driver pulse accuracy of the apparatus
was at microsecond level. The two stimulus pulses of TOJ (A and B)
were never simultaneous or overlapping, and each stimulus pulse was
clearly perceived and identified as a separate perceptual event. The
participant responded by pushing one button of a response device for
“A first” presentation and another one for “B first” presentation. The
probability of “A first” was .5. The next stimulus followed each re-
sponse after 0.3–0.5 sec without any explicit feedback on the correct-
ness of the response. Responses were not speeded in any manner, and
the participant was advised to try to respond as accurately as possible.
If the participant reported false responses, the task was commenced
again from the beginning. All the participants could master the tasks.
The order of the tasks for 8 participants in each group was tactile –
auditory–visual and was the reverse for the other 8 participants.

The adaptive transformed up-and-down threshold search method of
Wetherill and Levitt (1965) was used to estimate the stimulus onset
asynchrony (SOA, in milliseconds) required for probability .84 of cor-
rect choices in our yes/no judgments. When the interval between stim-
uli was long, the task was easy; when the SOA decreased, perfor-
mance eventually became random. If the participants were not sure of
the answer, they were instructed to guess the correct alternative. The
SOA of the stimuli at the beginning of each task was 500 msec. If the
participants correctly assessed the order of pulses, SOA decreased
0.05 log units after each response. Following the first incorrect an-
swer, SOA increased 0.05 log units. After this first reversal, the SOA
decreased only after a sequence of four successive correct choices and
otherwise increased after every incorrect answer by the amount men-
tioned above. The first two reversals were discarded, and the average
of 12 reversals after these provided an estimate of the 84% correct
threshold. The presentation of stimuli and collection of data were
computerized.

In the tactile TOJ task, the participant received two brief indenta-
tions, one to the tip of the left-hand middle finger and another one to
the tip of the left-hand index finger. The task was to judge which in-
dentation occurred first. The indentations of the skin were produced

Table 1
Demographic Variables of the Participants

Age Education WAIS–R

Group (Years) (Years) I Span V A C Sim PC PA BD OA DS VIQ PIQ FIQ

Dyslexic readers
M 26.94 14.78 11.75 9.50 11.38 11.75 12.31 12.13 11.38 11.38 12.13 12.19 11.31 107.25 109.38 109.06
SD 5.31 1.96 2.02 1.67 2.03 2.67 1.25 2.00 1.93 2.45 2.60 2.20 2.82 9.10 11.00 8.68

Normal readers
M 25.13 15.47 13.06 11.88 12.00 12.50 12.00 11.69 12.38 13.19 12.69 12.56 12.94 112.19 116.44 115.13
SD 5.07 2.72 1.88 2.55 1.83 2.73 2.34 3.03 2.50 2.43 2.21 2.80 2.49 10.40 9.03 9.26

Note—WAIS–R, Wechsler Adult Intelligence Scale–Revised; I, information; Span, digit span; A, arithmetic; C, comprehension; Sim, similari-
ties; PC, picture completion; PA, picture arrangement; BD, block design; OA, object assembly; DS, digit symbol; VIQ, verbal scale intelligence
quotient; PIQ, performance scale intelligence quotient; FIQ, full scale intelligence quotient.
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by the blunt tips of solenoid axes touching the skin. The driving pulse
of the solenoids was 8 msec at 20 V. The force of an indentation was
approximately 0.9 N (maximum mass lifted then was about 92 g), and
the maximum amplitude was 2 mm. The solenoids were embedded in
a soft padding, which attenuated their sound; the participant used
headphones, which attenuated the sound a further 30 dB, so that, at the
peak, the clicking solenoid noise at the participant’s ear canal entrance
was about 35 dB SPL.

In the auditory TOJ task, the participant assessed which one of the
two 8-msec tone bursts (“high” or “low”) was presented first. The
stimuli of this task were complicated because the same pulse stimuli
were used in the TPA experiments, in which various artifacts (e.g., dif-
ferent perceptual quality as an unwanted cue of simultaneous presen-
tations) had to be avoided. In order to minimize burst duration with-
out sacrificing stimulus pulse identifiability and intensity, tone bursts
were produced by gating function generator sine waves so that they
had zero-phase onsets and offsets without smoothing. The frequen-
cies of the sine waves were 750, 1625, or 3625 Hz. In spite of spectral
splatter, these frequencies produced clearly different and identifiable
pitches that did not combine to elements of traditional chords and did
not fuse to a single perception at the SOAs required by the experi-
ments. The two tone bursts presented for order judgments always had

different pitches. This resulted in three pitch combinations and six pre-
sentation possibilities altogether. All participants were able to perform
the experiment reliably, at least at long SOAs. Subjectively, the tone
bursts had approximately equal loudness. Their sound pressure levels
measured at the participant’s ears were about 70 dB SPL for continu-
ous tones. The participant was seated 90 cm from the loudspeaker
through which the tones were presented.

In the visual TOJ task, the participant estimated whether an upper
or lower 8-msec flash of light of central vision occurred first. The par-
ticipant was seated 90 cm from a matte black box (18.5 ´ 8 cm) in
which two green (565-nm) diffused light-emitting diodes (LEDs)
were implanted, one 5 mm above the other (Figure 1). The LEDs were
8 mm in diameter, subtending 0.5º of visual angle. The luminance of
flashes was about 4 cd/m2, and the luminance of the background was
1.5 cd/m2. The participant fixated a constantly lit green LED (3 mm
in diameter) between the flashed stimulus LEDs. In general, no ap-
parent movement was seen as the constantly lit fixation LED was in-
serted between the flashing stimulus LEDs.

Temporal Processing Acuity (TPA)
For determining the TPA, the phase-difference detection method

(Virsu, 1997), as illustrated in Figure 1B, was used. Two identical

Figure 1. Setup of experiments. A participant performing the tactile task is depicted as an ex-
ample in the figure. In the TOJ method, the participant judged which of two pulse stimuli, each
on a different channel, as on one of two fingertips, was presented first (Panel A). In the TPA
method, the participant judged whether or not the stimulus pulses of the two channels, presented
now as two parallel trains, were simultaneous (Panel B). The participants indicated their judg-
ments by pressing a button.
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trains of brief stimuli (A and B) consisted of three stimulus pulses at
constant time intervals. The trains were delivered in parallel (simulta-
neously or almost simultaneously) using the same two perceptual
channels as in TOJ. The stimulus pulses were the same as in the TOJ
method. The train frequency of A and B was always the same within
one trial, but it varied between trials as determined by the Wetherill
and Levitt (1965) algorithm used in TOJ. The phase identity or differ-
ence of Trains A and B, which was to be detected on different trials,
varied randomly with a probability of .5—that is, the pulses of A and
B were either simultaneous (Trains A and B in the same phase) or non-
simultaneous (180º phase shift between the trains). Which pulse train
was leading in the counterphase presentation (A or B) varied ran-
domly with a probability of .5.

The participants were instructed to judge, after each stimulus pre-
sentation, whether or not the pulses of the two channels were simul-
taneous. They indicated their judgments by pushing one button on a
response device for simultaneous pulses and another one for nonsi-
multaneous pulses. The task was easy at low frequencies at which the
temporal distances (SOAs) between pulses were long, and the re-
sponses became random at high frequencies when SOAs were short.
The threshold SOA (in milliseconds) was between these two cases.
Because the duration of all stimulus pulses was the same 8 msec, the
onset and offset times were also always the same. Thus, the interpulse
interval was always the same within a stimulus train.

The same procedure and adaptive method as for TOJ, with the same
parameter values, were used for estimating TPAs as 84% correct
thresholds. At the beginning of acuity estimation, one stimulus pulse
per second was delivered in each pulse triplet of each channel (e.g.,
each finger). That is, the SOA of stimulus pulses within each separate
triplet was 1,000 msec, but the SOA between the pulses of different
channels depended on whether or not the pulses were simultaneous.
When the stimulus pulses of the parallel triplets were simultaneous,
their SOA was zero. When the pulses were nonsimultaneous (trains
out of phase), the SOA difference between the pulses of the triplets
of different channels was 500 msec at the beginning. So, half a pe-
riod corresponded to the SOA that was measured in TOJ. Temporal
acuity is understood to increase when the threshold SOA of TOJ or
TPA decreases.

In the tactile TPA task, the participant judged whether or not the in-
dentations of the index finger and the middle finger occurred simul-
taneously when the three 8-msec indentations were delivered to the
fingertips of the left hand. One additional masking solenoid acted in
counterphase on each perceptual channel in the TPA determination.
Its purpose was to make the sound cues remaining after loudness at-
tenuation entirely noninformative regarding the phase of the tactile
stimulus presentation. It was not possible to mask the clicks with a
moderately loud noise. In the auditory TPA task, the participant judged
whether or not the three 8-msec tone bursts of the two parallel trains
were simultaneous. The tone bursts of each train had the same pitch,
and the two trains differed in the pitch of their tone bursts. This re-
sulted in the same six presentation alternatives as in TOJ. In the visual
TPA task, the participant estimated whether or not the three flashes of
light in each of the two LEDs were simultaneous.

The pulses were presented as trains for simultaneity or nonsimul-
taneity judgments and not as pulse pairs for order judgments. It was
not expected that our inexperienced participants would have been
able to estimate the simultaneity or nonsimultaneity of two pulses
without judging their temporal order, and, therefore, a three-pulse se-
quence was applied. Three pulses per channel fulfills the requirement
of periodicity for phase detection and yields a genuine successiveness
for stimuli, but it does not lead to unreasonable trial durations.

The possibility that the participants used the first or last pulses of
the two pulse trains as cues of simultaneity or nonsimultaneity judg-
ments was considered. This cue is obvious at low train frequencies
(long SOAs); therefore, we used mask pulses and approximately con-
stant stimulation durations in our earlier studies to exclude the use of
onset and offset cues (Laasonen et al., 2000; Virsu, 1997). The results

of these and control experiments, as well as the differences between
the results obtained with the TOJ and TPA methods, suggested that the
onset and offset cues of stimulus sequences cannot be utilized near
the threshold, although the onset and offset are obvious as phase cues
at low suprathreshold frequencies. We also have tried to remove all ir-
relevant cues based on fusion, stereo/mono distinction, stimulus length,
energy, modality, apparent movement, and so on as possible means for
responding correctly without the intended temporal phase detection.

The participants’ task was to judge or guess, after each stimulus
presentation, the physically correct response as well as possible also
when they were unsure of the correct answer. The participants were
not instructed to use a single criterion, either simultaneity or non-
simultaneity, which could have biased decision making, but were
instructed to monitor both at the same time in an unbiased way in
our yes/no setting. Since all single trials were recorded for later off-
line analyses, we were able to check afterward how unbiased the re-
sponses of each participant had actually been. For example, if a par-
ticipant preferred “simultaneous” responses at SOAs clearly shorter
than threshold, the participant would respond correctly to in-phase
stimulus trains but incorrectly to out-of-phase trains.

The response probability curves of all participants (480 plots alto-
gether) were classified visually. The inspection showed that, in spite
of the same instruction and order balancing, response biases varied
between tasks, but this variation was similar in the dyslexia and con-
trol groups. There was no response bias depending on which stimulus
train (A or B) was the first, when the trains were out of phase. The re-
sponses of a participant were classified as unbiased when there was at
least one clearly incorrect response to both in-phase and out-of-phase
pulse trains. In the tactile TPA task, of the participants in the dyslexia
and control groups, respectively, 7 and 10 were unbiased, 8 and 6 pre-
ferred nonsimultaneity, and 1 and 0 preferred simultaneity. In the au-
ditory TPA task, the corresponding numbers were 14 and 14, 1 and 1,
and 1 and 1. In the visual TPA task, the numbers were 5 and 9, 11 and
7, and 0 and 0.

Statistical Analyses
The distributional properties of the variables were studied. All vari-

ables, including their logarithmic and z-standard score transforma-
tions, were inspected regarding outliers and were tested for normality
and homogeneity of variances. Statistical analyses were carried out on
the original untransformed data, because the corrections employed in
some cases did not essentially change the results of the analyses. Over-
all group differences were tested with multivariate analyses of vari-
ance (MANOVA) and mixed analyses of variance (ANOVA). Since
we hypothesized a priori that the dyslexic readers would perform more
poorly than their controls (Farmer & Klein, 1995; Tallal, Galaburda,
et al., 1993; Tallal et al., 1998), group differences in individual tasks
were analyzed with one-tailed t tests (corrected for unequal variances
when required). Two-tailed t-test p values are reported in all other
cases. The significance level was .05. Discriminant analysis based on
the temporal acuity measures was computed for classifying the par-
ticipants. Pearson product-moment correlations were computed for
logarithmically transformed variables to achieve improved linearity
and homogeneity of variability. Variables were transformed so that
larger values indicate better performance (sign change when needed).
Principal component analyses were based on transformed variables.
Scree plots of eigenvalues (at least 1 in accepted factors) and assess-
ment of the percentage of total variation explained (over 60%) were
used to determine the optimal number of components to extract.

RESULTS

Group Differences in Reading-Related Tasks
The dyslexic and normal readers’ performance in

reading-related tasks is presented in Table 2. The dys-
lexic readers performed less well than did the controls in
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every task. The difference in reading- and spelling-related
task performance was statisticallysignificant when tested
with 2 3 13 MANOVA (Group 3 Task) [F(13,18)5 3.88,
p , .005]. In two-tailed group comparisons, the differ-
ence between the dyslexic and normal readers’ means
was statistically significant, the dyslexic readers’ per-
formance being significantly poorer in all other tasks,
except “letter rotation”RT [t(30) 5 1.29, p , .21], “read-
ing comprehension–fiction” score [t(18.76) 5 1.51, p ,
.15], and “associative learning” subtest score of WMS–R
[t(27.76) 5 1.50, p , .15]. Although the dyslexic and
normal readers differed in time-constrained tasks, we
could not find differences in their error rates [letter rota-
tion, t(30) 5 0.21, p , .84; lexical decision, t(30) 5 0.64,
p , .53; naming, t(15) 5 1.38, p , .19; word segmenta-
tion, t(15) 5 1.39, p , .19], except in reading speed
[t(19.39) 5 2.45, p < .03].

Group Differences in Temporal Acuity
and Threshold Variation

The 84% correct thresholds of TOJ and TPA in differ-
ent tasks and modalities are presented in Figure 2. In gen-
eral, the average temporal acuity of the dyslexic readers
was poorer than that of the normal readers. The results
were analyzed with a three-way mixed ANOVA, in which
reading group (dyslexia, control) was a between-subjects
factor and method (TOJ/TPA) and modality (tactile, audi-
tory, visual) were within-subjects factors of a 2 3 2 3 3
design. The temporal acuity of the dyslexiagroup differed
statistically significantly from that of the control group
[F(1,30) 5 6.05, p , .02, power 5 .66]. Also, the main

effects of method [F(1,30) 5 22.48, p , .0001, power 5
1] and modality [F(2,60) 5 53.30, p , .0001, power 5 1]
were significant. The dyslexic and normal readers’ aver-
age acuity differed depending on the method or modality,
as indicated by the statistically significant interactions
between group and method [F(1,30) 5 4.71, p , .04,
power 5 .55] and group and modality [F(2,60) 5 3.36,
p , .05, power 5 .61]. The interaction of group 3
method 3 modality was not significant [F(2,60) 5 2.43,
p , .10, power 5 .46].

The significance of interactions indicated that the ef-
fects of different methods and modalities should be stud-
ied separately. In TOJ (Figure 2A), a trend for a statisti-
cally significant interaction between group and modality
appeared [F(2,60) 5 3.10, p , .053, power 5 .57; p ,
.066, with Greenhouse–Geisser correction for correla-
tions]. The normal readers and the dyslexic readers re-
quired, on average, 29-msec and 34-msec SOA, respec-
tively, for judging the order of flashes in vision, but the
difference was not statistically significant [t(30) 5 1.24,
p , .12, power 5 .34]. In contrast, the other two group
differences in TOJ were significant (note asterisks in
Figure 2). The SOA thresholds for successfully judging
the order of tactile stimuli were 141 and 255 msec for
the normal readers and the dyslexic readers, respectively
[t(18.41)5 2.46, p , .02, power 5 .73]. The longestSOAs
were required in the auditory TOJ: 215 and 358 msec for
the normal readers and the dyslexic readers, respectively
[t(30) 5 2.00, p , .03, power 5 .60].

The dyslexic readers also required longer SOAs in the
phase difference detection tasks of TPA than did the nor-

Table 2
Dyslexic Readers’ (n = 16) and Normal Readers’ (n = 16)

Performance in Reading-Related Tasks

Task Group M Min Max SD

Phonological discrimination (correct answers)* Dyslexic 10.06 338 1,812 1.06
Control 10.69 339 1,811 0.60

Phonological synthesis (correct answers)* Dyslexic 8.50 335 1,810 1.51
Control 9.50 338 1,810 0.73

Letter rotation (reaction time in seconds) Dyslexic 1,209.63 768 1,899 331.97
Control 1,069.88 796 1,761 280.37

Lexical decision (reaction time in seconds)* Dyslexic 901.50 571 1,370 235.73
Control 637.25 543 1,795 72.09

Naming speed –RAS (time in seconds)* Dyslexic 29.81 318 1,855 8.63
Control 23.50 319 1,828 2.99

Word segmentation speed (correct answers)* Dyslexic 138.63 330 1,214 52.05
Control 200.06 118 1,214 31.80

Reading speed (words read/1 min)* Dyslexic 113.00 342 1,169 28.05
Control 152.31 118 1,196 23.09

Reading comprehension–fact (correct)* Dyslexic 9.50 3 5 1,812 1.86
Control 11.25 10 1,812 0.58

Reading comprehension–fiction (correct) Dyslexic 9.31 36 1,811 1.40
Control 9.88 39 1,811 0.50

Nonword span (span length)* Dyslexic 3.69 33 1,885 0.60
Control 4.63 3 4 1,886 0.62

WAIS–R digit span forward (span length)* Dyslexic 5.69 34 1,887 0.79
Control 6.88 36 1,888 0.89

WAIS–R digit span backward (span length)* Dyslexic 4.75 34 1,886 0.58
Control 5.63 34 1,888 1.02

WMS–R associative learning (correct) Dyslexic 17.06 39 1,824 5.34
Control 19.56 12 1,824 3.98

*p , .05, two-tailed t tests.
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mal readers (Figure 2B), but the group difference was sig-
nificant only in the auditory TPA task [t(30) 5 1.78, p ,
.04, power 5 .53]. The normal readers required 41 msec to
make the auditory assessment of simultaneity or nonsi-
multaneity of tone bursts. This means that the normal
readers were able to distinguishbetween in-phase and out-
of-phase brief pulse-like auditory events 12.2 times per
second [1000/(2 3 41) Hz] at a 84% correct level. For the
dyslexic readers, the corresponding auditory SOA was
51 msec–that is, the poor readers were able to segregate
9.8 auditory events per second. In the visual task, the TPA
of the control group was 45 msec (11.1 phase segrega-
tions/sec), whereas the corresponding value of the dys-
lexia group was 49 msec (10.2 phase segregations/sec)
[t(30) 5 1.25, p , .11, power 5 .35]. The TPA averages
in the tactile task were the worst: 179 and 226 msec for
the normal and the dyslexic readers, respectively (2.8
and 2.2 phase segregations/sec) [t(22.51) 5 1.52, p ,
.07, power 5 .44].

In the ANOVA of the TPA results, the interaction be-
tween group and modality was not significant [F(2,60) 5
1.98, p , .15, power 5 .38]. The interaction also was not
significant in the TOJ results of the three modalities;
therefore, there was no statisticallyreliable evidence in the
TOJ or TPA results separately that group differences in
some modalitieswere clearer than in others, although the
overall ANOVA indicated a significant group 3 modal-
ity interaction when all six tasks were included in the
analysis.

The temporal threshold of each participant and task in
Figure 2 consists of a mean of 12 reversals: 6 peaks in
which the diminishing temporal interval became so short
that the participant was not able to produce four consecu-
tive correct responses, and 6 throughs in which the in-
creasing interval became long enough for four consecutive
correct responses. If the participant produced incorrect re-
sponses due to attentional lapses or carelessness, for ex-
ample, the reversal points of different up/down runs would

Figure 2. Temporal thresholds of different modalities of TOJ and TPA meth-
ods for the dyslexic readers and the normal readers. The bars represent group
mean SOAs (N 5 16, in both groups), and error bars indicate 1 standard error
of the mean (SEM ). Average temporal acuity is better, the lower the score is. As-
terisks (*) refer to p , .05 of one-tailed t tests.
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vary. Such within-subjects variation can be quantified in-
dependently of the temporal threshold by computing the
coefficient of variation of the averages between each peak
and through, six averages altogether in the present tempo-
ral thresholds. Thus, the coefficient of variation (CV; stan-
dard deviationdividedby the mean) describes the accuracy
and consistency of the participant’s responses during the
threshold search. Here, the CV is indicated in percentages.
It can be interpreted as an index of how well a participant
masters the nontemporalaspects of our temporal acuity ex-
periments.

Figure 3A shows thresholdvariationfor the TOJ method,
and Figure 3B shows threshold variation for the TPA
method. The results providedno evidence that the dyslexic
readers performed worse, relative to the normal readers, in
the nontemporal aspects of these psychophysical experi-
ments: Their threshold variation was smaller than that of
the normal readers in three tasks and larger in three other

tasks. Neither did the groups differ significantly in the
thresholdvariation in any task.A three-way mixed ANOVA
resulted in a nonsignificant main effect of reading group
[F(1,30) 5 0.008,p , .93, power 5 .05] and no significant
interactions with group as a factor. However, the main ef-
fects of assessment method [F(1,30) 5 21.25, p , .0001,
power 5 1], and modality [F(2,60) 5 16.77, p , .0001,
power 5 1] were significant. On the other hand, threshold
variationdid not affect the temporal acuity differences be-
tween the groups in any one of the six tasks when the vari-
ation was used as an explanatory factor in simple regres-
sion analysis and t tests were computed for the residuals.

Individual Comparisons of Temporal Acuity
The distributionsof temporal acuities of individualpar-

ticipants in the two groups overlapped, although the dys-
lexic readers suffered from impaired temporal acuity on
the average. Figure 4 shows the extent of the overlap for

Figure 3. Average within-subjects variation of temporal thresholds of Fig-
ure 2 in different modalities of TOJ and TPA methods for the dyslexic readers
and the normal readers. Other data as in Figure 2.
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all six temporal acuity tasks and their combination index
(average over all the tasks); the frequency distributionsof
the dyslexic readers and the normal readers are presented
as box plots for variables standardizedas z scores over both
groups in each task. Like the mean (Figure 2), the median
temporal acuity of the dyslexic readers was poorer than
that of the normal readers in all comparisons.As an ad hoc
classification, discriminant analysis based on the six tem-
poral acuity measures was performed. For the 32 partici-
pants of the two groups, the analysis classified 11 partici-
pants incorrectly:4 controlsas dyslexics and 7 dyslexicsas
controls. The classificationwas not statisticallysuccessful
( p , .38, in Wilks’s Lambda). Thus, it would not have
been possible to accurately predict the group membership
of single individualson the basis of temporal acuity results
alone. There were normal readers with poorer than median
dyslexic temporal acuity, and there were dyslexic readers
with better than median normal temporal acuity. Especially
in visual tasks, in which group differences were not signif-
icant, the overlap was large.

We examined separately those dyslexic readers who had
clear temporal acuity impairments in TOJ and TPA tasks.
We extracted from the dyslexia group the participants
whose temporal thresholds deviated more than 1 SD from
the mean threshold calculated over both groups and all six
tasks. Two dyslexic readers fulfilling this criterion were
found. Both had difficulties in tasks of phonological pro-
cessing and nonword span, but only 1 of them fulfilled the
criterion (deviation at least 1 SD from the control group’s
mean) in reading speed. This participant had severe diffi-
culties in all other reading-related tasks. The other poor
reader was ambidextrous.Two other dyslexic readers were

extracted by considering poor temporal thresholds in the
TOJ task or the TPA task separately. The person with poor
overall TOJ acuity performed poorly in reading speed and
nonword span. The person with poor TPA thresholdswas
impaired in reading tasks, phonologicalsynthesis, and the
nonword span task.However, the 4 dyslexicreaders having
poor temporal acuity did not differ from other dyslexicpar-
ticipants in any distinct qualitativeway. For example, poor
nonword span also occurred in other dyslexics.

Confounding with Nontemporal Variables?
Group differences found between the dyslexic readers

and the normal readers in temporal acuity could have re-
sulted from the dyslexic readers’ poor or different over-
all performance in any nontemporal tasks. In addition to
showing that the response biases of the two groups were
similar (see the Method section) and that the threshold
responses varied similarly (see Figure 3), we investi-
gated the groups’ response reliability, threshold reliabil-
ity, response latency, and effects of intelligence.

Response reliability. For each participant in every task,
we found the SOA value that was the threshold doubled.
For example, if the threshold SOA was 100 msec, the cut-
off point was 200 msec. Then, we calculated the probabil-
ity of correct answers at SOAs longer (easier) than this
limit. This gave an index of correct answers at easy tem-
poral rates throughout the entire task. The probability at
which the dyslexia group responded correctly on easy tri-
als averaged over all tasks was .983, and the correspond-
ing probabilityof the control group was .976. Therefore,
it is likely that both the dyslexic readers and the normal
readers sustained nearly 100% response accuracy through-

Figure 4. Distribution of temporal acuity of the dyslexic readers and the normal readers
estimated from TOJ and TPA tasks and their combination index. The horizontal line in
each box represents the median of the group; the box, 25th to 75th percentiles; the whiskers,
10th and 90th percentiles; and points, values outside these. The acuity thresholds were log-
arithmically transformed and standardized as z scores over the two groups for compatibil-
ity. All variables were inverted, so that larger values indicate better performance.
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out the threshold searches in both groups as required by
the instructions.

Threshold reliability.We investigated further whether
we could rule out the possibility that the dyslexic readers’
poorer thresholds would have resulted from difficulties in
sustaining attention without lapses. We calculated Gutt-
man split-half reliabilities from the first 6 and last 6 rever-
sal points for each temporal threshold task, since the thresh-
old of each task in Figure 2 can be considered to be the
average of 12 reversals or 6 elementary thresholds, whose
CVs are given in Figure 3. In the tactile, auditory, and vi-
sual TOJ tasks, the split-half reliabilitieswere .54, .95, and
.52, respectively, for the control group and .87, .67, and
.95, respectively, for the dyslexia group. The correspond-
ing values in the TPA tasks were .92, .82, and .83 for the
control group and .82, .90, and .84 for the dyslexia group.
The reliabilities of different groups were not essentially
different and were sufficient to justify the correlation
analyses presented below.

Response latency. The responses of dyslexic readers
might have been slower than those of normal readers.
Therefore, we calculated,for each participant in every task,
the total time in seconds that was required for obtaining
each temporal acuity threshold. The group differences in
these time values were compared with analyses of covari-
ance in which reading group was a between-subjects fac-
tor and the temporal threshold and the number of responses
in threshold search were covariates.The time values of the
dyslexia and control groups did not differ statistically sig-
nificantly in any task. Different response latencyor speed–
accuracy tradeoff did not explain the dyslexic readers’ im-
paired temporal acuity thresholds.

Effect of memory. It is conceivable that memory load
covarieswith SOA. Participantswith bettermemory could
therefore have an advantage in one or more of the tasks.
To control for the memory capacity, we used WAIS–R digit
span backward, as forward span in itself is related to dys-
lexia, as an independent variable in regression analyses
with each temporal acuity task separately as a dependent
variable. The resulting residual (giving us a memory cor-
rected threshold value) was used in the same analyses as
the original temporal acuity variables. Taking into account
the contribution of span backward diminished the group
differences in auditory TPA [t(30) 5 1.05, p , .16], but
the differences in TOJ remained [tactile, t(30) 5 2.03,
p , .03; auditory, t(30) 5 1.85, p , .04]. Therefore, al-
though the group differences decreased, when the effects
of working memory were removed from the acuity re-
sults, we could still observe statistically significant differ-
ences in tactile and auditory processing.

Effect of intelligence. It has been suggested that, in
adults performing in the range of normal intelligence,
matching IQ in dyslexic and normal readers is not essen-
tial, because verbal abilities affect the IQ (Nagarajan
et al., 1999; Shaywitz et al., 1998). In fact, some people
would like to use temporal processing measures as in-
dices of intelligence (Vernon, 1987). We took the con-

servative approach and attempted to match the IQs of the
groups. Some minor nonsignif icant differences re-
mained, and, perhaps, these remaining differences might
have explained the temporal acuity differences between the
groups. Due to this possible criticism, we performed the
same analyses as in the original data with a subgroup from
which we had deleted the same number of normal readers
having the highest performance IQ (PIQ) and dyslexic
readers having the lowest PIQ, until we got a better PIQ
for the dyslexicgroup than for the control group. Five par-
ticipantswere removed from both groups in order to meet
this criterion. The IQs of the dyslexic readers and the nor-
mal readers (N 5 11), respectively,were as follows: PIQ,
114 and 112; verbal IQ (VIQ), 107 and 111; and full IQ
(FIQ), 111 and 112. Despite this curtailment, the results
did not change essentially. The temporal acuity of the dys-
lexic readers was still worse than that of the normal read-
ers in every TOJ and TPA task. The results presented in
Figure 2 are in fact quite representativeof the results of the
curtailed groups, but the difference between the results of
the groups was statistically significant only in the tactile
TOJ task after the loss of 10 participants.

Correlations Between Temporal Acuities
and Reading-Related Tasks

Correlations between temporal acuity and reading-
related tasks are presented in Table 3. In all cases, better
performance in a variable is represented by a more positive
score. Performance in the phonologicalsynthesis task (and
nonword span) was significantly related to temporal acu-
ity, particularly in the tactile and auditory modalities. The
actual reading or naming speeds, however,were not clearly
related to temporal acuity tasks. The tactile TPA was sig-
nificantly related to all WAIS–R IQs, and the auditoryTOJ
was significantly related to PIQ and FIQ. Additionally,
WAIS–R full IQ was related to the auditory TPA. The vi-
sual tasks were not significantlyrelated to the intelligence
measures. When the significance level was corrected in
order to take into accountmultiple comparisons (Larzelere
& Mulaik, 1977), none of the correlations reached statisti-
cal significance.

To achieve a more parsimonious description of the rela-
tionships in the data, we computed a principal components
analysis for the same variables (Table 4). Despite the small
number of participants, a robust structure emerged, inde-
pendentof rotationmethod. The results of the biquartimax
normalized rotation are presented here, simultaneously
maximizing the variances in the rows and columns. The
first component, reading, explained22% of the total vari-
ation. All the speeded reading tasks loaded on it (variance
explained in word segmentation speed, 76%; lexical de-
cision, 67%; reading speed, 65%; naming speed, 36%).
The second component, temporal acuity, explained16% of
total variation. All the temporal acuity tasks and phono-
logical synthesis loaded on this component.The third com-
ponent was interpreted to reflect memory. The fourth
component was hard to interpret and might have been su-
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perfluous, but we kept it since it fulfilled the formal condi-
tions.Readingcomprehension–fiction,naming speed,PIQ,
and auditory TOJ loaded on it.

DISCUSSION

Temporal acuity was assessed in Finnish developmen-
tally dyslexic adults and their age- and IQ-matched con-
trols. A majority of participants in both groups were uni-
versity students. A relatively high educational level was

desired in order to ensure that no participanthad any learn-
ing difficultiesother than poor reading. We used two meth-
ods: TOJ of two events and phase difference detection in
TPA.

Three different perceptual modalities (tactile, auditory,
and visual) were investigated. Their temporal threshold
acuitiesvaried widely, due to differences in stimulationand
processing demands. The TPA acuity thresholds of the
normal readers were 179 msec in tactile somatosensation,
41 msec in audition, and 45 msec in vision. The TOJ acu-

Table 4
Principal Component Solution Over the Dyslexic Readers (n = 16)

and the Normal Readers (n = 16)

Principal Component Loadings

Task Transformation I II III IV

Phonological discrimination 1 (correct) .53 .22 2.11 2.20
Phonological synthesis 1 (correct) .48 .54 .22 2.29
Letter rotation 2 (seconds) .59 .00 .02 .15
Lexical decision 2 (seconds) .82 2.14 .21 .16
Naming speed–RAS 2 (seconds) .60 2.24 .03 .61
Word segmentation speed 1 (correct) .87 .03 .19 .01
Reading speed 1 (words/min) .81 2.17 .24 .21
Reading compr–fact 1 (correct) .81 .26 .18 2.23
Reading compr–fiction 1 (correct) 2.09 .10 .00 .62
Nonword span 1 (correct) .46 .28 .55 2.07
WAIS–R span forward 1 (correct) .38 .13 .64 2.03
WAIS–R span backward 1 (correct) .15 .07 .80 2.02
WMS–R assoc learning 1 (correct) 2.03 2.01 .75 .30
WAIS–R verbal IQ 1 (quotient) .29 .28 .69 .09
WAIS–R performance IQ 1 (quotient) .22 .30 .31 .52
TOJ tactile 2 (logSOA) .16 .62 .26 .41
TOJ auditory 2 (logSOA) .18 .51 .10 .62
TOJ visual 2 (logSOA) 2.07 .64 2.02 .12
TPA tactile 2 (logSOA) 2.05 .81 .22 .04
TPA auditory 2 (logSOA) 2.01 .76 .34 .00
TPA visual 2 (logSOA) .14 .58 2.36 .09

Explained variance (%) 22 16 15 9

Table 3
Correlations Between Inverted, Logarithmically Transformed Temporal Acuity Tasks and Reading-Related

Tasks Over the Dyslexic Readers (n = 16) and the Normal Readers (n = 16)

Temporal Acuity Task

TOJ TPA

Reading-Related Task Transformation Tactile Auditory Visual Tactile Auditory Visual

Phonological discrimination 1 (correct) .17 .15 2.06 .10 .07 .02
Phonological synthesis 1 (correct) .35* .26 .11 .47* .50* .16
Letter rotation 2 (seconds) .20 .12 2.06 .14 .06 2.14
Lexical decision 2 (seconds) .14 .13 2.10 2.05 .10 2.04
Naming speed –RAS 2 (seconds) .17 .33 2.04 2.20 2.15 .04
Word segmentation speed 1 (correct) .15 .13 2.03 .05 .16 .08
Reading speed 1 (words/min) .24 .17 .00 2.16 2.04 .02
Reading compr–fact 1 (correct) .23 .22 .09 .15 .11 .24
Reading compr–fiction 1 (correct) .27 .34 .14 .12 .06 .05
Nonword span 1 (correct) .48* .27 .20 .23 .32 .00
WAIS–R span forward 1 (correct) .34 .21 .02 .16 .27 .05
WAIS–R span backward 1 (correct) .13 .05 .07 .25 .32 2.07
WMS–R assoc learning 1 (correct) .39* .28 2.03 .16 .18 2.29
WAIS–R verbal IQ 1 (quotient) .27 .34 .24 .37* .34 .06
WAIS–R performance IQ 1 (quotient) .35 .50* .12 .37* .30 .16
WAIS–R full IQ 1 (quotient) .33 .47* .19 .43* .38* .12

*p , .05, Pearson product-moment correlation.



406 LAASONEN, SERVICE, AND VIRSU

ity thresholds of the normal readers were 141 msec in tac-
tile somatosensation,215 msec in audition,and 29 msec in
vision.These valuescorrespond to ourown unpublishedre-
sults of more than 100 university students thus far (Virsu
& Oksanen, 2000). The threshold value of the auditory
TOJ was high (215 msec). Previousvalues of auditoryTOJ
have been less than 100 msec (Babkoff, 1975; Babkoff &
Sutton, 1963; Efron, 1963;Hirsh & Sherrick, 1961; Kins-
bourne et al., 1991; Sherwin & Efron, 1980; Swisher &
Hirsh, 1972), but no previous study has used three differ-
ent pitch combinations,resulting in six possible order pre-
sentations. Our auditory TOJ task was not purely tempo-
ral: It required ability to differentiate and label different
pitches. With our three pitches, when the middle pitch
(1625 Hz) was delivered first, it could have been labeled
as “high” or “low” only after the presentation of the sec-
ond tone. The task was also demanding on memory. The
participants who could keep the pitches of all three tones
in mind could have obtained better thresholds. However,
controlling for memory performance in WAIS–R digit
spans backward did not affect the group differences in
the auditory TOJ. In TPA, the participants obtained much
lower thresholds, since they did not have to label the
stimuli or retain their pitches but could concentrate on
temporal simultaneity or nonsimultaneity only.

Pansensory Temporal Impairment in Dyslexia
Dyslexiawas associatedwith a generalizedimpairment in

perceiving rapidly presented sequential nonspeech events,
affecting most clearly tactile and auditory acuity. Although
average temporal acuity differences varied somewhat be-
tween modalities and assessment methods, impairment be-
came apparent to some extent in every task. No statistically
reliable evidencewas obtainedagainsta pansensory impair-
ment in the dyslexicparticipants.The TPA acuity thresholds
of the dyslexic readers were 226 msec in tactile somatosen-
sation, 51 msec in audition,and 49 msec in vision.The TOJ
acuity thresholds of the dyslexic readers were 255 msec in
tactile somatosensation,358 msec in audition, and 34 msec
in vision. The temporal acuity impairment was also pan-
methodological in the sense that it appeared similarly in
order and simultaneity judgments.

Significant differences between poor and good readers
were found in audition and in the tactile sense, but the acu-
ity differences of the visual modality were not significant.
The power of statistical analyses in our visual tasks was not
satisfactory for no-difference conclusions, however. In
many earlier results concerned with SLI (e.g., Tallal et al.,
1981), poor reading (Farmer & Klein, 1993; Laasonen
et al., 2000; Reed, 1989), and average and above-average
readers (Au & Lovegrove, 2001), between-group differ-
ences in visual temporal acuity have not been significant,
unlike the auditory differences. On the other hand, since
visual temporal acuity differences between poor and good
readers are repeatedly and similarly observed, the visual
temporal acuity impairment of dyslexics could be true but
small. It is possible that an impairment within the visual
modality amelioratesat least partly during adolescentyears
(Farmer & Klein, 1995; Tallal et al., 1981). However, our

previous TPA results of 8- to 12-year-old dyslexic Finnish
children (Laasonen et al., 2000) and the present results of
the same three modalities indicated similar temporal
acuity impairment. Therefore, our results do not support
the idea that increasing age decreases the impairment in
general and in vision in particular. The developmentally
dyslexic readers may of course include sub-populations
only some of which experience difficulties in visual tem-
poral processing (Borsting et al., 1996; Ridder, Borsting,
Cooper, McNeel,& Huang, 1997;Slaghuis& Ryan,1999).

The differences between the poor readers and the nor-
mal readers in our tactile millisecond-level measures of
temporal acuity support suggestions that difficulties in
dyslexia are not limited to linguistic difficulties or to im-
pairments in perceptual systems most directly involved
in speech processing (audition)and reading (vision) (Stein
& Walsh, 1997; Summerfield & Michie, 1993; Tallal,
Galaburda, et al., 1993; Tallal et al., 1985). Also, func-
tions such as postural stability or muscle tone (e.g., Faw-
cett & Nicolson, 1999) and motor output (e.g., Moore,
Brown, Markee, Theberge, & Zvi, 1995; Wolff, Michel,
Ovrut, & Drake, 1990) appear to be affected in dyslexia.
Several earlier studies have also indicated the pansensory
nature of temporal acuity impairment of sequences in SLI
(Tallal & Piercy, 1973b; Tallal et al., 1981) and dyslexia
(Kinsbourne et al., 1991; Laasonen et al., 2000).

Several control procedures indicated that the temporal
acuity impairment was not due to defective performance in
the nontemporal aspects of our psychophysical experi-
ments or test performance in general. As possible sources
of the temporal difference between the dyslexic readers
and the normal readers, we inspected (1) response biases,
(2) threshold variation (Figure 3), (3) response reliability,
(4) threshold reliability, (5) response latency, (6) effect of
memory, and (7) intelligence. Differences were not ob-
served between groups in any of the tests that concerned
response strategies, accuracy, attentional control, or gen-
eral aspects of psychophysical or test performance. The
verbal IQ, and not only PIQ, was similar in the dyslexic
readers and the normal readers, although the need for IQ
matchingcan be questioned(Nagarajan et al., 1999;Shay-
witz et al., 1998). The verbal IQ of our dyslexia group
was relatively high and difference between performance
and verbal IQ small because verbal ability is a selection
criterion to higher education:all students entering univer-
sity in Finland have had instruction for at least 9 + 6 =
15 years in reading, writing, and speaking two foreign
languages (usually Swedish and English) in addition to
studies of Finnish. The response reliability check re-
vealed that both the dyslexicand normal readers performed
similarly regarding easy, long intervals so that the dif-
ferences between groups concerned only short, near-
threshold intervals between stimulus pulses. Furthermore,
we were able to show that, although the groups differed
genuinely in reading-related and temporal acuity tasks,
there were no consistent differences in other psychometric
performance or accuracy.

Good temporal acuity, independently of assessment
method and modality, was related to good phonological
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awareness, as was seen from the correlations and the de-
scriptive analysis of principal components. Auditory and
visual temporal acuity in order judgment tasks has been
previously linked to phonological processing and read-
ing and spelling accuracy and speed in English (Ahissar
et al., 2000;Au & Lovegrove,2001;Brannan & Williams,
1988; Farmer & Klein, 1993; Kinsbourne et al., 1991;
Tallal, 1980). Here, this relationshipwas extended to tac-
tile modality, order independence, and the shallow or-
thography of the Finnish language.Unfortunately, phono-
logical synthesis was the only task administered to probe
phonological awareness. It was selected because perfor-
mance in it improves in Finnish readers at least up to the
age of 15 years, at which age it can still differentiate ado-
lescents with reading difficulties(Service et al., 1999). Per-
formance in other tasks of phonological awareness (e.g.,
phonological analysis, nonword reading/spelling) is al-
ready at ceiling at the age 10 years.

The actual reading performance was not linked to tem-
poral acuity in the present study, however. Temporal acu-
ity could affect reading indirectly, perhaps via phonolog-
ical representations. All our measures of reading were
time constrained, which may have distorted correlations,
given that many earlier significant correlations with
reading have concerned measures of accuracy. In shallow
orthographies, the reading rate of dyslexicreaders has been
shown to be faster than that of dyslexic readers in deep
orthographies (Harris & Hatano, 1999; Paulesu et al.,
2001), although impaired phonological processing has
been shown to be at least one of the core deficits in de-
velopmental dyslexia, independently of the depth of or-
thography (Paulesu et al., 2001). The reading experience
of our highly educated adult participants also was quite
extensive and could have increased the reading speed. A
possible explanation for the fact that our correlations
were quite low in general is that our groups represented
a small, selected part of the adult population.

The acuity distributions of the dyslexic readers and the
normal readers overlapped to a large extent. The dyslexic
readers with poor temporal acuity could not be differenti-
ated qualitatively from the rest of the dyslexic group. Fur-
thermore, a discriminant analysis showed that the tempo-
ral acuity measures used did not successfully identify the
participantswith a history of developmentaldyslexia.Our
previous study with dyslexic children produced similar re-
sults (Laasonen et al., 2000). Like Bishop et al. (1999),
concerningauditory temporal acuity in language-impaired
children,we cannotconcludethat poor temporal acuity dif-
ferentiates between adult individualswith and without de-
velopmental dyslexia. Therefore, our results do not sug-
gest a general causal role for temporal acuity impairment
in dyslexia.

Neural Factors in Dyslexia
Our results agree with a neural mechanism in which a

pansensory perceptual temporal acuity impairment ex-
ists in developmental dyslexia. Of the broad classes of
neural explanations outlined in the introduction, the re-

sults do not support the centralist hypotheses which as-
sume that the core deficit of dyslexia is phonologicalin na-
ture. Particularly the positive correlation of phonological
synthesis with temporal acuity in general is an important
piece of evidence here. The results do not support per-
ceptual hypotheses either, because temporal acuity im-
pairment was not sufficient for diagnosing dyslexia. Of
course, it is possible that at some point in the early de-
velopment, temporal impairment has been causative, pre-
venting the normal development of reading ability. This
explanation has to postulate an intermediate factor, the
ameliorationof temporal acuity during development,how-
ever, because temporal impairment was not sufficient for
diagnosing adults. Therefore, our results seem to agree
with a multifactor hypothesis least problematically.

We would like to reject amelioration as an intermedi-
ate mechanism, because our results obtained with young,
well-educated adults were essentially similar to those ob-
tained with young school children in our earlier study
(Laasonen et al., 2000). We cannot exclude attention as
a possible intermediate factor as an explanation of dys-
lexia (Hari et al., 2001; Vidyasagar, 1999), although at-
tention cannot explain our acuity results that are insuffi-
cient to explain dyslexia. We would favor, however, the
underdeveloped or deteriorated connectivity of central
neurons in neural networks as a possible explanation of
our results and dyslexia. This multifactor explanation is
elaborated below.

Our results agree with a perceptual temporal deficit,
such as that assumed in a generalized form of a magno-
cellular deficit (M-deficit) explanation (Galaburda &
Livingstone,1993; Galaburda et al., 1994;Stein & Walsh,
1997). The M-deficit, apart from impairing perceptual
functions, may trigger or indicate a more extensive and
general central deficit. This impairment may cause dys-
lexia more directly than the perceptual temporal M-
deficit itself, which is insufficient to explain dyslexia. We
call our explanation of dyslexia the neural disorganiza-
tion hypothesis. It postulates that the signal-to-noise(S/N)
ratio of the response to rapidly changing sensory inputs is
defective in dyslexia, not because of increased latency or
decreased response strength but because the activation
evoked by rapid changes of input diffuses temporally.

It is assumed that the amount of neural energy con-
tained by two input signals can be the same, but the re-
sponse energy can spread more or less in time so that
when temporal dispersion is larger, the amplitude is
lower, and vice versa. Several impulses converge into the
same neuron of the brain from many different cells, and
the summation of their activities within a limited time
window evokes the impulses of the neuron. If a brief stim-
ulus pulse is given, or a sudden change of stimulationoc-
curs, the primary activation that travels several routes may
reach the target neuron with more or less temporal dis-
persion. If the temporal dispersion is large, as in disor-
ganized neural networks, the signal energy of the evoked
response is distributed widely in time with a low ampli-
tude and poor S/N ratio. The detrimental temporal effect
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concerns the onset and offset of every signal, but it is sig-
nificant for rapid stimulus onsets and/or offsets, brief
stimuli in which the response S/N ratio decreases more
than in long signals, and sequential stimuli that follow
each other at short intervals in time.

Our stimulus trains and pulseswere designedwith these
considerationsin mind. Particularly if the stimulus is peri-
odic as in our TPA experiments, it would be expected
that temporal dispersion of stimulus pulses is detrimen-
tal to temporal acuity, because the effects of response
dispersion affect both the onset and offset activities of
all other than the first and last pulses. We also correctly
expected that TOJ and TPA methods discriminate read-
ing groups equally because order and simultaneityshould
become confused similarly at acuity threshold.

The expected spread of onset and offset signal activ-
ity in time and consequent decreases in the S/ N ratio of
response to brief stimuli have been observed in the brain
activations of dyslexics. Evoked response techniques
such as event-related potentials (ERPs) and magnetoen-
cephalographic (MEG) responses should show temporal
spread and lower amplitude, and also longer latency be-
cause of slower summation at the onset of activations.
Nagarajan et al. (1999) recorded MEG responses from
the auditory cortex to two 20-msec sound bursts and var-
ied the interstimulus interval of the acoustic stimuli by
100, 200, and 500 msec. The MEG responses of poor
readers to the first pulse already were later and lower in
amplitude, and their effects on the responses of the sec-
ond pulse 100 and 200 msec (but not 500 msec) later in-
creased the temporal spread and dramatically decreased
S/N ratio of pulse responses. Also the coherence among
activations of different sensors was significantly weaker
in poor readers than in good readers, as would be ex-
pected from temporal spread of activations. McAnally
and Stein (1996) found in an evoked potential study that,
in the brainstem responses already, the auditory tempo-
ral coding was less precise in dyslexic than in normal
readers: The phase-locked discharges of dyslexics were
smaller than those of controls although they were equally
good at detecting a 1-kHz tone in masking noise. Seman-
tic MEG responses similarly indicate the decrease of S/N
ratio in poor readers. Salmelin, Service, Kiesilä, Uutela,
and Salonen (1996) recorded activations caused by iso-
lated words, and Helenius, Salmelin, Service, and Con-
nolly (1999) by sentence-ending words in different types
of sentences. The semantic responses of dyslexics to the
visually presented words were typically later, weaker, and
vaguer than those of fluent readers.

An interesting MEG finding of Helenius, Tarkiainen,
Cornelissen, Hansen, and Salmelin (1999) on Finnish
adult dyslexics parallels our inability to show signifi-
cantly impaired visual temporal acuity in dyslexic adults
in the present study or children in an earlier study (Laa-
sonen et al., 2000), and by others as reviewed for exam-
ple by Au and Lovegrove (2001). The result also illus-
trates how an intermediate mechanism can outweigh the
visual M-deficit when reading words is concerned.

Helenius, Tarkiainen, et al. (1999) recorded MEG re-
sponses to visual symbol strings and words consisting of
four letters degraded with different levels of Gaussian
noise. They found that early visual responses of postero-
medial extrastriate cortex up to some 100 msec were
quite similar in dyslexic and normal readers, increasing
with luminance contrast. Any differences due to a sig-
nificant M-deficit in dyslexic readers should have be-
come apparent in the early responses. There actually was
some difference in agreement with the M-deficits re-
ported in the cortical recording results of dyslexic readers
(Demb et al., 1998; Livingstoneet al., 1991), but no early
difference between the groups in MEG responses was
significant. Responses to letter strings peaked around
150 msec after word onset in the left inferior occipito-
temporal area, and these were very different in poor and
fluent readers. The S/N ratio of the responses of dyslex-
ics to stimuli having linguistic contents was strikingly
poor. As compared with the late neuronal response dif-
ference caused by stimuli with linguistic contents, the
early difference based on visual feature analysis and pos-
sible M-deficit in it was negligible.
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