
An established core deficit of developmental dyslexia 
is difficulty in manipulating phonemes within words (see 
Snowling, 2000); however, Wolf and Bowers (1999) pro-
posed an additional core fluency deficit that is independent 
of phonological impairment. Rapid automatized naming 
(RAN; Denckla & Rudel, 1976) tasks are a well-known 
independent predictor of reading fluency (see, e.g., Lervåg 
& Hulme, in press; Manis, Doi, & Bhadha, 2000; Young 
& Bowers, 1995). RAN involves visually presented arrays 
of high-frequency items (letters, digits, colors, or objects) 
that are repeated multiple times in a randomized order, 
typically five items, each repeated 10 times across five 
rows. The participant names all the stimuli, from left to 
right across the page, as quickly as possible.

RAN performance consistently discriminates dyslexic 
from nondyslexic readers (see, e.g., Denckla & Rudel, 
1976; see Wolf & Bowers, 1999, for a review). In ortho-
graphically shallow languages, it also contributes more 
variance than phonological decoding to reading ability 
(Wimmer, Mayringer, & Landerl, 2000). Naming rates 
for alphanumeric stimuli in particular remain strong pre-
dictors of reading ability (Wolf & Obregón, 1992) that 
persist into adulthood (Shaywitz & Shaywitz, 2005). As 
a measure of reading fluency, therefore, RAN has strong 
potential to explain differences in reading ability, and at 
least 104 studies published since 1990 have used RAN as 
a measure of reading skill.1 Despite this body of research, 
the underlying component processes that determine RAN’s 
relationship with reading ability remain poorly specified 
(Georgiou, Parrila, & Kirby, 2006).

The present article reports a study that isolated com-
ponent processes of RAN to elucidate which aspects of 

the task discriminate between dyslexic and nondyslexic 
readers’ naming speeds. By extension, we examined the 
low-level (graphemic and phonological) processing that 
is involved in reading fluency.

Components of RAN
Performance on RAN is often assumed to reflect “re-

trieval of phonological codes from a long-term store” 
(Wagner, Torgesen, Laughon, Simmons, & Rashotte, 
1993, p. 84), and impaired RAN performance is often as-
sumed to reflect phonological deficits (Clarke, Hulme, & 
Snowling, 2005). A number of studies have also shown sig-
nificant shared variance between RAN and phonological-
 awareness constructs (e.g., Savage et al., 2005; Torgesen, 
Wagner, Rashotte, Burgess, & Hecht, 1997). Savage et al., 
for example, found that RAN, phonological  awareness, 
and motor balance loaded onto one component.

Other evidence, however, suggests that RAN makes a 
unique contribution to reading fluency when phonological 
skill is factored out (see, e.g., Powell, Stainthorp, Stuart, 
Garwood, & Quinlan, 2007). Research has also suggested 
that multi-item processing is key to understanding RAN’s 
relationship with reading fluency. Studies have demon-
strated a stronger relationship between reading fluency 
and continuous (multiple, matrix presentation of items) 
versions of RAN than that between reading fluency and 
discrete (individual letter presentation) versions (Bowers 
& Swanson, 1991; Walsh, Price, & Gillingham, 1988). 
The difference between continuous and discrete versions 
is a matter of complexity: Continuous versions implicate 
not only access to the graphemic and phonological proper-
ties of stimuli, but also other processes, such as saccadic 
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In contrast, dyslexic readers do not show preview bene-
fits for lexical items (Chace, Rayner, & Well, 2005; Jones, 
Kelly, & Corley, 2007). Chace et al. suggested that dyslexic 
readers’ increased processing difficulty in foveal regions 
precludes allocation of attention to parafoveal regions. 
Jones et al. (2008) showed, however, that dyslexic readers 
are sensitive to parafoveal information in RAN, and that 
parafoveal information is in fact a potential source of con-
fusion. These findings suggest a potential dissociation in 
RAN performance—and by extension, reading fluency—
whereby multi-item processing facilitates nondyslexic 
naming times but impairs dyslexic naming times.

The present study examined the extent to which multi-
item processing versus discrete processing in RAN dis-
criminates between nondyslexic and dyslexic readers’ 
naming times. We took the novel step of directly compar-
ing reaction times (RTs) across three RAN variations that 
represented different levels of complexity: (1) a discrete-
static format, in which individual letters were presented 
serially in a single location (see, e.g., Bowers & Swanson, 
1991—it required only graphemic and phonological ac-
cess and, hence, was treated as the baseline condition); 
(2) a continuous-matrix version (the original and most 
complex form of RAN); and (3) a novel discrete-matrix 
version, in which individual letters were presented serially 
but in positions analogous to the continuous-matrix ver-
sion (involving saccadic eye movements but no parafoveal 
preview). The novel discrete-matrix condition measured 
saccadic efficiency independently of how well parafoveal 
information was processed (see Table 1). We chose adult 
groups because adult dyslexics display less variability in 
naming times (Wolf & Bowers, 1999), and there is less 
probability that dyslexia will be confounded with other 
developmental disabilities, such as attention deficit hy-
peractivity disorder (Taroyan, Nicolson, & Fawcett, 2007). 
We used the RAN letters task because of its enduring rela-
tionship with reading ability (Wolf & Obregón, 1992).

For nondyslexic readers, we predicted that presentation 
of multiple items would facilitate naming times, since it 
would allow simultaneous processing of more than one 
item. We thus predicted that nondyslexic readers would 
be significantly faster in the continuous-matrix condition 
than in the (baseline) discrete-static condition. More im-
portantly, group differences between the nondyslexic and 
dyslexic groups would be informative about the nature of 
the RAN deficit in dyslexia: If it involves a fundamental 
impairment in grapheme and/or phonological retrieval, 
then dyslexic readers should be significantly slower than 
nondyslexic readers in the discrete-static condition. More-
over, if the deficit additionally involves impaired oculomo-

eye movements and sequencing of multiple items, which 
in itself requires inhibition of previous (already named) 
stimuli and efficient processing of upcoming items. In 
contrast, naming discrete items measures only graphemic 
and phonological access of individual items, because it 
removes oculomotor and sequencing requirements from 
the task. There is some evidence that both discrete and 
continuous lists discriminate dyslexic from nondyslexic 
readers (Castel, Pech-Georgel, George, & Ziegler, 2008). 
The stronger relationship of continuous lists to reading 
fluency suggests, however, that continuous lists may be 
particularly difficult for dyslexic readers.

In the present study, we examined the importance of 
additional oculomotor and sequencing task requirements 
to RAN performance across nondyslexic and dyslexic 
groups. Both aspects might be relevant to disparities in 
group performance. First, there is some evidence that oc-
ulomotor control may be impaired in dyslexia (Biscaldi, 
Gezeck, & Stuhr, 1998), although this finding is not ro-
bust (Hutzler, Kronbichler, Jacobs, & Wimmer, 2006).

Second, recent evidence suggests that dyslexic read-
ers find it more difficult than do nondyslexic readers to 
sequence multiple items, in terms of both inhibiting pre-
viously activated information and processing upcoming 
items (Jones, Obregón, Kelly, & Branigan, 2008). Stud-
ies investigating the effect of multi-item presentation on 
nondyslexic readers’ task performance have found that 
flanking items (typically, graphemes or arbitrary symbols) 
interfere with discrimination of a target item (e.g., Bouma, 
1971). “Crowding effects” are particularly strong in dys-
lexic readers, who show higher error rates for flanked 
targets than do nondyslexic readers (see, e.g., Pernet, Val-
dois, Celsis, & Démonet, 2006). The deficit in dyslexic 
groups has been attributed to impaired “perceptual noise 
exclusion” (Sperling, Lu, Manis, & Seidenberg, 2005), 
but recent evidence suggests that multi-item processing 
impairs the connection between a visual stimulus and its 
phonological counterpart (Hawelka & Wimmer, 2005, 
2008; Jones et al., 2008).

For nondyslexic readers, the effect of multi-item pre-
sentation on identification of a target varies as a function 
of the items themselves and the task requirements. Crowd-
ing effects are reduced, for example, when the target and 
distractor items are dissimilar (e.g., Kooi, Toet, Tripathy, 
& Levi, 1994), and it is likely that top-down influences 
contribute to the extent of a crowding effect (Levi, 2008). 
When naming sequences of pictures, nondyslexic partici-
pants activate extrafoveal phonological features of upcom-
ing items (in position n 1) in the array, which facilitates 
processing times (Morgan & Meyer, 2005). Studies of 
text reading have also shown that for nondyslexic readers, 
the availability of upcoming words in the parafovea (an 
area up to 2º of visual angle from the fovea) can increase 
the speed with which text is read. Parafoveal processing 
of upcoming words largely determines decisions about 
where to make the next fixation and whether the next word 
requires longer processing time (Sereno & Rayner, 2000); 
hence, nondyslexic readers show preview benefits during 
text reading.

Table 1 
Processes Involved in the Variant RAN Formats

 
Process

  Continuous-
Matrix

 Discrete-
Matrix

 Discrete-
Static

Grapheme/phonological access
Oculomotor control
Sequencing

Note—Each bullet signifies a specific processing requirement.
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randomized presentations of the 5 letters. Participants were given 
a practice session, comprising two RAN trials in each condition. 
The experiment was blocked by condition and was counterbalanced 
across participants. Each block comprised four trials. The session 
lasted approximately 20 min.

RESULTS

Although dyslexic readers scored within the normal 
range (reflecting their status as high-functioning, com-
pensated dyslexic readers), they obtained reliably lower 
standardized scores than did nondyslexics on the spell-
ing and word-reading sections of the WRAT-3 (Table 2),2 
and they made more errors on a nonword reading task 
(Manis, Seidenberg, Doi, McBride-Chang, & Petersen, 
1996).

We calculated the mean participant RT to complete 
each whole trial.3 Participants’ performance was analyzed 
using linear mixed effects (LME) analysis (Baayen, 2008; 
Bates, Maechler, & Dai, 2008) to take into account the 
heterogeneity of participants’ trial completion times (see 
Figure 2). LME models are similar to ANOVAs in that 
both indicate the effect of experimental manipulations on 
the dependent variable. LME analysis is particularly use-
ful for analyzing data from heterogeneous groups (such 
as individuals with dyslexia), in that it allows a separation 
of the effects of the experimental manipulations ( fixed 
effects) from differences in the baseline performance by 
participants and items (random effects) (see Jones et al., 
2008, for a more detailed account).

The LME analysis comprised a 2 (group: dyslexic, 
nondyslexic)  3 (RAN formats continuous-matrix, 
discrete-matrix, discrete-static) design. Random-effects 
variables comprised participant and item intercept vari-
ances. We treated the nondyslexic, discrete-static condi-
tion as the baseline (or intercept) condition against which 
the other fixed effects were compared. Note that these 
analyses are reported with t values for each coefficient 
and with estimated probabilities that are based on 10,000 
Markov chain Monte Carlo (MCMC) samples. MCMCs 
are recommended because of the difficulty in determin-
ing degrees of freedom corresponding to each t value for 
the model coefficients.

tor control of eye movements, then dyslexic readers should 
be slower in the discrete-matrix condition as compared 
with their own and nondyslexic readers’ performance in 
the discrete-static condition, and with nondyslexic read-
ers’ performance in the discrete-matrix condition. Finally, 
if impairments in multi-item processing also contribute to 
the RAN deficit, dyslexic readers should be slower in the 
continuous-matrix condition as compared with their own 
and nondyslexic readers’ performance in the discrete-static 
condition, and with nondyslexic readers’ performance in 
the continuous-matrix condition.

METHOD

Participants
One group of 21 (10 male, 11 female) dyslexic students (mean 

age  22.75), and one group of 21 (10 male, 11 female) non-
dyslexic students (mean age  20.75), all native English speakers, 
participated for payment. Participants in the dyslexic group were 
formally diagnosed with dyslexia by an educational psychologist, 
and they reported no other known linguistic or behavioral disorder. 
We determined a literacy profile for each participant, comprising a 
spelling and word-recognition test (Wide Range Achievement Test 
[ WRAT -3]; Wilkinson, 1993), and a nonword reading test that as-
sessed phonological decoding.

Materials and Design
The experiment comprised three variant presentation methods of 

the standard RAN test, using the letters a, s, d, p, and o (Figure 1) 
from the original RAN (Denckla & Rudel, 1976).

Continuous-matrix condition. All letters were simultaneously 
visible in a continuous 10  5 matrix (per trial), in accordance with 
the standard RAN procedure.

Discrete-matrix condition. Individual letters were presented 
serially in matrix format.

Discrete-static condition. Individual letters were presented seri-
ally in a single, centered position.

Procedure
Letters were presented in Arial 18-point font in black type on a 

white backgound and at a viewing distance of 1º on a 15-in. RM 
monitor. In the two discrete conditions, a voice-activated relay re-
moved the current letter and triggered presentation of the next let-
ter. The last stimulus of each trial (50th letter) had inverse colors 
to signify that a keyboard response was required to end the trial. 
In the continuous-matrix condition, horizontal distance between 
any two letters subtended an angle of 2º. Each trial comprised 50 

Figure 1. Example frames of a single trial in each condition.

Continuous-Matrix Discrete-Matrix Discrete-Static
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the continuous- matrix condition when compared with 
the additive contributions to the model of (1) their own 
performance in the discrete-static condition and (2) non-
dyslexic readers’ performance in the continuous-matrix 
and discrete-static conditions (t  3.21, p  .001); hence, 
dyslexic readers’ performance was particularly impaired 
when multiple items were presented simultaneously.

In sum, dyslexic readers were significantly slower 
than nondyslexic readers in discrete-static formats—the 
form of RAN that involves the least complex process-
ing requirements. They were also significantly impaired 
by multi-item presentation, whereas nondyslexic readers 
were not. Neither group demonstrated sensitivity to the 
additional oculomotor requirement that was posed by the 
discrete-matrix condition relative to the discrete-static 
condition.

DISCUSSION

In this study, we examined the underlying processes 
that determine task performance for nondyslexic and dys-
lexic groups by directly comparing different presentation 
formats for RAN tasks.

Dyslexic readers were consistently slower than non-
dyslexic readers across all presentation formats—even 
the discrete-static condition, which required no eye move-
ment or sequencing processes. Our study thus extends 
previous findings of discrete-naming difficulty in dys-
lexic children (Castel et al., 2008) to a high-functioning 
adult population. Critically, there were greater discrepan-
cies in performance in the continuous-matrix condition, 
where multiple items were presented simultaneously. 
Nondyslexic readers were not slower to name items in the 
continuous-matrix condition than in the discrete-static 

The analysis showed that in the nondyslexic group, the 
discrete-matrix condition was not significantly differ-
ent from the discrete-static (baseline) condition (t  .82, 
p  .43). The continuous-matrix condition was margin-
ally different from the discrete-static condition (t  1.71, 
p  .09); however, nondyslexic readers were marginally 
faster to name multi-item arrays than to name single-item 
static arrays.

The dyslexic group’s performance differed significantly 
from the nondyslexic group’s performance in the discrete-
static condition (t  6.73, p  .0001): Dyslexic readers 
were significantly slower than nondyslexic readers; how-
ever, their performance in the discrete-matrix condition 
did not differ significantly from the additive contributions 
to the model of (1) their own performance in the discrete-
static condition and (2) nondyslexic readers’ performance 
in the discrete-matrix and discrete-static conditions (t  
.54, p  .64). That is, dyslexic readers’ performance on 
the discrete-matrix did not differ from what had already 
been predicted on the basis of the fixed-effect compari-
sons that were described above. Crucially, however, dys-
lexic readers’ performance was significantly slower in 

Figure 2. Dyslexic and nondyslexic performance on each presentation format 
(means and standard deviations).

14,000

16,000

18,000

20,000

22,000

24,000

26,000

28,000

30,000

32,000

Discrete-Static Discrete-Matrix Continuous-Matrix

RAN Formats

M
ea

n
 R

T 
(m

se
c)

Dyslexic

Nondyslexic

Table 2 
Reading Group Standardized Scores on Measures  

of Spelling and Reading

Dyslexic Nondyslexic

 M  SD  M  SD  t  Cohen’s d

Spelling 103.8 10.0 116.3 7.2 4.67** 1.43
Word reading 105.5 12.6 119.6 5.6 4.68** 1.44
Nonword reading 9.3 6.4 2.7 2.5 4.14** 0.06

Note—Equal variances were not assumed for word reading. Standard-
ized scores were used for spelling and word reading. Nonword-reading 
scores  errors/44. **p  .001.
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the present study, dyslexics’ impaired discrete and contin-
uous RAN performance could reflect difficulty in select-
ing an item for production (see Jones et al., 2008; Ramus 
& Szenkovits, 2008). In continuous versions of RAN, 
competition from a number of other visually present items 
would compound this deficit. Alternatively, simultaneous 
activation of multiple visual and phonological representa-
tions could delay the speed with which a grapheme can be 
bound to its corresponding phonological representation 
(see Breznitz, 2006).

Conclusion
This study aimed to identify the component processes 

of RAN that discriminate between dyslexic and non-
dyslexic readers’ naming speeds. By extension, we sought 
to examine the low-level processes (graphemic, phono-
logical, oculomotor, and sequencing) that are involved 
in reading fluency. Previous research has suggested that 
continuous lists (multi-item presentation of letter grids) 
are stronger predictors of reading fluency and are better 
able to discriminate among reading groups than are dis-
crete (single-item presentation) lists (Bowers & Swanson, 
1991). Our findings clearly show why this is the case: The 
multi-item sequencing requirement of continuous RAN 
lists discriminates among reading groups because it ben-
efits nondyslexic readers to some extent and significantly 
impairs dyslexic readers. Further work is now required 
to investigate whether a similar dissociation underlies 
dyslexic and nondyslexic differences on reading-fluency 
rates for connected text.
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