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Abstract Participants’ eye movements were monitored
while they read sentences in which high- and low-
frequency target words were presented normally (i.e., the
normal condition) or with either reduced stimulus quality
(i.e., the faint condition) or alternating lower- and uppercase
letters (i.e., the case-alternated condition). Both the stimulus
quality and case alternation manipulations interacted with
word frequency for the gaze duration measure, such that the
magnitude of word frequency effects was increased relative
to the normal condition. However, stimulus quality (but not
case alternation) interacted with word frequency for the
early fixation time measures (i.e., first fixation, single fixa-
tion), whereas case alternation (but not stimulus quality)
interacted with word frequency for the later fixation time
measures (i.e., total time, go-past time). We interpret this
pattern of results as evidence that stimulus quality influ-
ences an earlier stage of lexical processing than does case
alternation, and we discuss the implications of our results
for models of eye movement control during reading.
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Over the past three decades, the study of eye movement
control during reading has been the focus of extensive
empirical and theoretical efforts (for reviews, see Rayner,
1998, 2009) that have resulted in the introduction of a
variety of sophisticated models, including Mr. Chips
(Legge, Klitz, & Tjan, 1997), E-Z Reader (Reichle,
Pollatsek, Fisher, & Rayner, 1998), EMMA (Salvucci,
2001), competition-interaction (Yang & McConkie, 2001),
SWIFT (Engbert, Longtin, & Kliegl, 2002), Glenmore
(Reilly & Radach, 2003), SERIF (McDonald, Carpenter, &

Shillcock, 2005), and SHARE (Feng, 2006). These models
incorporate various assumptions and generate unique pre-
dictions that have inspired empirical tests.

Of particular relevance to the present study, Reingold and
Rayner (2006) tested the central assumption of the influen-
tial E-Z Reader model (Reichle, 2011; Reichle et al., 1998;
Reichle, Pollatsek, & Rayner, 2012) that word identification
reflects two separate stages of lexical processing.
Specifically, the E-Z Reader model assumes that the initia-
tion of the programming of a saccade to the next word
(wordn + 1) occurs prior to the completion of lexical access
to the fixated word (wordn). Saccadic programming is pos-
tulated to be driven by the output of an early lexical-
processing stage (L1), which indicates that lexical access
to wordn is imminent. Lexical processing of wordn is then
completed during a subsequent stage of lexical processing
(L2), and the conclusion of this stage causes covert attention
to shift to wordn + 1. During the interval of time between this
attention shift and the launch of the wordn-to-wordn + 1

saccade, parafoveal processing of wordn + 1 is initiated.
The duration of this interval, referred to as the parafoveal
preview, is expected to determine the magnitude of any
processing benefit when wordn + 1 is later fixated (with
longer preview resulting in shorter fixations on wordn + 1).
Importantly, as was argued by Reingold (2003), the E-Z
Reader model predicts that experimental manipulations that
disrupt L1 but not L2 should influence the processing diffi-
culty of wordn without affecting the processing of wordn + 1,
whereas manipulations that impact L2 should impact
wordn + 1 fixation times. To test this prediction, Reingold
and Rayner contrasted a stimulus quality manipulation (i.e.,
reducing visual contrast; henceforth also referred to as the
faint condition) that was expected to produce a rapid influ-
ence on lexical processing (e.g., Besner & Roberts, 2003;
Borowsky & Besner, 1993; Braet & Humphreys, 2006a,
2006b, 2007; White & Staub, 2012) with a case alternation
manipulation (e.g., tAbLe) that was expected to produce a
later influence on lexical processing (e.g., Braet &
Humphreys, 2006a, 2006b, 2007; Herdman, Chernecki, &
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Norris, 1999; Mayall, Humphreys, & Olson, 1997; but see
Lien, Allen, & Crawford, 2012). Consistent with the E-Z
Reader model, the stimulus quality manipulation produced
longer fixation times on wordn, but largely did not affect the
processing of wordn + 1. In contrast, even though the case
alternation manipulation produced a smaller effect than did
stimulus quality on fixation times on wordn, the case alter-
nation manipulation produced a robust effect on fixation
times on wordn + 1. This pattern of results, which was later
replicated and extended (Wang & Inhoff, 2010; see also
Drieghe, 2008), is consistent with the critical assumption
of the E-Z Reader model concerning the two stages of
lexical processing.

Recently, White and Staub (2012) used ex-Gaussian
modeling of fixation duration distributions and provided
strong evidence that the stimulus quality manipulation pro-
duces a rapid influence on fixation durations. However, on
the basis of these findings, White and Staub suggested that it
is unclear whether the locus of this effect was an early
lexical-processing stage, as proposed by Reingold and
Rayner (2006), or an even earlier, prelexical visual-
processing stage. The main goal of the present study was
to disentangle these alternative interpretations. To accom-
plish this goal, we incorporated a word frequency manipu-
lation (i.e., high- vs. low-frequency target words) that had
not been included in the previous investigations (i.e.,
Reingold & Rayner, 2006; Wang & Inhoff, 2010; White &
Staub, 2012), in order to test for interactions between word
frequency and stimulus quality. According to the additive-
factors logic (Sternberg, 1969), two variables that interact
are interpreted as exerting their influences on a common
stage of processing, and two variables that instead produce
additive effects are interpreted as affecting different stages
of processing. Applying this logic to the present study, given
that word frequency effects (i.e., longer fixation times on
low- than on high-frequency words) are considered to be a
marker of lexical processing (e.g., Rayner, 1998; Reingold,
Reichle, Glaholt, & Sheridan, 2012), an interaction between
stimulus quality and word frequency would support
Reingold and Rayner’s assumption that stimulus quality
affects lexical processing. However, if the two variables
were to produce additive effects, then such a pattern would
support the interpretation that stimulus quality effects are
primarily prelexical.

Similar to the present study, single-word recognition
studies have also tested for interactions between stimulus
quality and word frequency. The results of these studies
varied depending on the type of task that was employed,
such that naming tasks produced interactions (e.g.,
O’Malley, Reynolds, & Besner, 2007; Yap & Balota,
2007), but lexical decision tasks typically did not (e.g.,
Becker & Killion, 1977; Stanners, Jastrzembski, &
Westbrook, 1975; Yap & Balota, 2007; but see Bangert,

Abrams, & Balota, 2012). However, whereas single-word
recognition studies employed reaction time measures, the
advantage of the present study is that eyetracking was used
to provide more fine-grained time course information.
Importantly, within the framework of the E-Z Reader model,
word frequency is hypothesized to influence both the L1 and
the L2 lexical stages. Specifically, reflecting an influence on
L1, word frequency effects are evident on the very first
fixation on a word (first-fixation duration), and due to a
further influence on L2, the magnitude of these effects is
larger when considering the cumulative duration of all first-
pass fixations before the eyes leave the word (gaze dura-
tion). Thus, given that stimulus quality is believed to exert a
rapid influence on fixation times, we were particularly in-
terested in testing for interactions between stimulus quality
and word frequency using early fixation time measures such
as first-fixation duration and single-fixation duration (i.e.,
the first-fixation duration for trials with only one first-pass
fixation).

Finally, although our main focus was on the stimulus
quality manipulation, the present study also incorporated a
case alternation manipulation. Like Reingold and Rayner
(2006), we selected the case alternation manipulation be-
cause it was expected to influence a later stage of lexical
processing, relative to the stimulus quality manipulation.
This hypothesis was based on neuropsychological dissocia-
tions showing that stimulus quality impacts an early stage of
processing in the occipital cortex, whereas case alternation
impacts a later stage of processing in the right parietal lobe
(Braet & Humphreys, 2006a, 2006b, 2007). Moreover, in
further support of a late-acting effect of case alternation on
word identification, Reingold, Yang, and Rayner (2010)
demonstrated that case alternation and word frequency pro-
duced additive effects on early fixation time measures, but
produced interactions for the gaze duration measure. In the
present study, we expected to replicate these findings from
Reingold et al. (2010), while simultaneously examining
whether stimulus quality produces interactions with word
frequency for the early fixation time measures. Overall, such
interactions would support Reingold and Rayner’s interpre-
tation that stimulus quality influences early lexical process-
ing. In contrast, the absence of such interactions would be
consistent with the notion that the impact of the stimulus
quality variable is limited to a prelexical visual-processing
stage, as proposed by White and Staub (2012).

Method

Participants

All 72 participants were undergraduate students at the
University of Toronto. The participants were all native
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English speakers and were given either one course credit or
$10 (Canadian)/h. All participants had normal or corrected-
to-normal vision.

Materials and design

The target words consisted of 108 low-frequency (LF)
nouns and 108 high-frequency (HF) nouns, which ranged
in length from 5 to 9 letters (M = 6.4). The mean word
frequencies were 2.9 occurrences per million for the low-
frequency targets and 106.1 occurrences per million for the
high-frequency targets, according to the SUBTLex corpus
of American English subtitles (Brysbaert & New, 2009). A
total of 108 pairs of high- and low-frequency words were
created (matched on word length), and two low-constraint
sentence frames were composed for each word pair, so that
either word could plausibly fit into the sentences. For ex-
ample, Sentences 1a and 1b below were created for the pair
of words table and banjo:

1a. John decided to sell the table/banjo in the garage sale.
1b. I was told that the table/banjo was made out of ex-

pensive wood.

Target word predictability in these sentence frames was
assessed by providing an additional group of 10 participants
with the beginning of each sentence frame and asking them
to write a word that could fit as the next word in the
sentence. The average predictability was extremely low,
amounting to 1.3 % for the high-frequency target words
and 0.1 % for the low-frequency target words.

In addition to the word frequency manipulation, typog-
raphy was manipulated such that the target words were
either presented normally (i.e., the normal condition), with
severely reduced contrast (i.e., the faint condition), or with
alternating lowercase and capital letters (i.e., the case-
alternated condition). For the case-alternated condition, the
first letter of the word was always lowercase (e.g., tAbLe).
For all three of the typography conditions, the sentence
frames surrounding the target words were presented using
normal text.

Thus, six experimental conditions resulted from crossing
frequency (high vs. low) and typography (normal vs. faint
vs. case alternated). Both of these variables were manipu-
lated within participants, such that each participant was
shown 36 trials in each of the six conditions. The case-
alternated and faint condition trials were presented in two
separate blocks. For one of these blocks, two thirds of the
trials were in the faint condition, and the remaining third
were in the normal condition. For the other block, two thirds
of the trials were in the case-alternated condition, and the
remaining third were in the normal condition. In total,
participants read ten practice trials (five per block), 216
experimental trials (108 per block), and 38 filler trials (19

per block). The practice trials were always shown at the
beginning of the block, and the experimental and filler trials
were presented in a random order. The order of the two
blocks was counterbalanced across participants, such that
half of the participants were shown the faint block first, and
the remaining half of the participants were shown the case-
alternated block first. Each participant read any given target
word or sentence frame only once, and the assignment of
target words to sentence frames and conditions was
counterbalanced across participants.

Apparatus and procedure

Eye movements were measured with an SR Research
EyeLink 1000 system with high spatial resolution and a
sampling rate of 1000 Hz. Viewing was binocular, but only
the right eye was monitored. A chin-and-forehead rest was
used to minimize head movements. Following calibration,
the gaze position error was less than 0.5º. The sentences
were displayed on a 21-in. ViewSonic monitor with a
refresh rate of 150 Hz and a screen resolution of 1,024 ×
768 pixels. All letters were presented in lowercase (except
when capitals were appropriate). For the normal and case-
alternated conditions, the text was presented in black
(4.7 cd/m2) on a white background (56 cd/m2). For the
faint condition, the text was presented in gray (33 cd/m2)
on a white background (56 cd/m2).1 Participants were
seated 60 cm from the monitor, and 2.4 characters equalled
approximately 1 deg of visual angle. All of the sentences
were displayed on a single line, and the target words were
located near the middle of the sentences.

Prior to the experiment, participants were told to focus
on reading the sentences for comprehension. In addition,
prior to the faint block, participants were informed that
they would occasionally encounter words shown in a light
gray color, and prior to the case-alternated block, they
were informed that they would occasionally encounter
words with alternating capital and lowercase letters.
After reading each sentence, participants pressed a button
to end the trial and proceed to the next sentence. To
ensure that participants were reading for comprehension,
about 15 % of the sentences were followed by multiple-
choice comprehension questions. The average accuracy
rate was 95.8 %.

1 The faint condition in the present study was designed to produce less
extreme degradation than in prior investigations (e.g., Reingold &
Rayner, 2006; Wang & Inhoff, 2010), in order to match the overall
levels of difficulty in the case-alternated and faint conditions. As is
shown in Table 1, the first-fixation and single-fixation durations were
approximately equal across the faint and case-alternated conditions,
which suggests that the differential pattern of word frequency effects
that emerged in these two conditions was not confounded with the
level of difficulty.
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Results

Trials were excluded from the analyses described below due
to skipping of the target word (5.5 % of all trials). For the
remaining trials, the following measures were used to ex-
amine processing times for the low- and high-frequency
target words, in the normal, faint, and case-alternated con-
ditions: (1) first-fixation duration (i.e., the duration of the
first forward fixation on the target, regardless of the number
of subsequent fixations on the target); (2) single-fixation
duration (i.e., the first-fixation value for the subset of trials
with only one first-pass fixation on the target); (3) gaze
duration (i.e., the sum of all of the consecutive first-pass
fixations on the target, prior to a saccade to another word);
(4) go-past time (i.e., the sum of all fixations from the first
fixation on the target up to and including the fixation prior to
the reader moving past the target to a later part of the
sentence); (5) total time (i.e., the sum of all fixations on
the target); (6) the probability of skipping (i.e., trials with no
first-pass fixation on the target, regardless of whether or not
the target was fixated later in the trial); and (7) the proba-
bility of a single first-pass fixation. For each of these de-
pendent measures, and for both of the typography
manipulations (i.e., stimulus quality, case alternation), sep-
arate 2 × 2 analyses of variance (ANOVAs) were carried out
on the data via both participants (F1) and items (F2), and
with frequency (HF vs. LF) and typography (normal vs.
faint or normal vs. case alternated) as independent variables.
Table 1 summarizes the means and standard errors for the
different measures, the significance of the frequency-by-
typography interactions, and the results from planned com-
parisons that were carried out on the data by both partici-
pants (t1) and items (t2), in order to compute the magnitude
and significance of the word frequency effects in the normal,
faint, and case-alternated conditions.

Relative to the normal condition, both of the typography
manipulations (i.e., faint, case alternated) produced longer
fixation times (all Fs > 50, all ps < .001), lower skipping
rates (all Fs > 14, all ps < .001), and a trend toward lower
probabilities of a single fixation that was significant for all
of the analyses (all Fs > 6, all ps < .05), except in the by-
participants analysis for the stimulus quality manipulation
[F(1, 71) = 3.06, p = .085]. In addition, all of the analyses
showed significant word frequency effects, such that longer
fixation times, lower skipping rates, and lower probabilities
of a single fixation emerged in the low-frequency relative to
the high-frequency condition (all Fs > 5, all ps < .05). Most
importantly, as can be seen from Table 1, the pattern of
frequency-by-typography interactions was markedly differ-
ent for the stimulus quality manipulation relative to the case
alternation manipulation. Specifically, for the early fixation
time measures (first fixations, single fixations), the faint
condition produced larger word frequency effects relative

to the normal condition, whereas the case-alternated condi-
tion produced word frequency effects that were equal in
magnitude to the normal condition. In contrast, the later
fixation time measures (go-past time, total time) showed
the opposite pattern of results, such that the faint condition
produced word frequency effects that were similar in mag-
nitude to the normal condition,2 whereas the case-alternated
condition produced larger word frequency effects relative to
the normal condition. For the gaze duration measure, both
the stimulus quality and case alternation manipulations pro-
duced larger word frequency effects relative to the normal
condition. For the remaining measures (i.e., probability of
skipping, probability of a single first-pass fixation), no
significant frequency-by-typography interactions were ap-
parent. Thus, we found a clear difference in the patterns of
word frequency effects across conditions, such that the
stimulus quality manipulation interacted with word frequen-
cy for the early fixation time measures, whereas the case
alternation manipulation interacted with word frequency for
the later fixation time measures. Overall, this pattern of
results supports the hypothesis that the stimulus quality
manipulation exerts its influence on an earlier stage of
lexical processing than does the case alternation manipula-
tion (Reingold & Rayner, 2006).

Discussion

In the present study, the stimulus quality and case alterna-
tion manipulations produced dramatically different patterns
of interactions with word frequency effects during reading.
Specifically, although both of the manipulations produced
interactions with word frequency for the gaze duration mea-
sure, the stimulus quality manipulation (but not case alter-
nation) produced interactions with word frequency for the
early fixation time measures (i.e., first fixation, single fixa-
tion), and the case alternation manipulation (but not stimu-
lus quality) produced interactions with word frequency for
the later fixation time measures (i.e., total time, go-past
time).

Importantly, the present findings support Reingold and
Rayner (2006)’s assumption that the stimulus quality vari-
able can influence lexical processing. This is because the
stimulus quality manipulation produced interactions with

2 Although the faint condition did not produce any significant interac-
tions for the later measures (i.e., total time, go-past time), the means in
Table 1 reveal some numerical differences in the sizes of the word
frequency effects in the faint relative to the normal condition. Given
that the later measures partially reflect first-pass fixations, it is not
surprising to find these numerical differences. Most importantly, the
size of these differences did not increase for the later measures relative
to the earlier measures, which stands in contrast to the case-alternated
condition, which produced strong increases in the magnitudes of the
interactions for the later relative to the earlier measures.
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the word frequency variable, which is a known marker of
lexical processing (e.g., Rayner, 1998; Reingold et al.,
2012), and Sternberg (1969)’s logic assumes that two vari-
ables that interact are influencing the same stage of process-
ing. Nevertheless, although our findings indicate that
stimulus quality affects early lexical processing, we do not
rule out the possibility that stimulus quality may also affect
an even earlier, prelexical stage, such as the visual-
processing stage (V) in the E-Z Reader model (Reichle et
al., 1998), as suggested by White and Staub (2012).

The present findings replicate single-word recognition
studies that have used naming tasks to demonstrate interac-
tions between stimulus quality and word frequency (e.g.,
O’Malley et al., 2007; Yap & Balota, 2007). Moreover,
Bangert et al. (2012) recently tested for interactions using
a lexical decision task that required continuous arm-
reaching responses, so that movement trajectories could be
tracked. In contrast to prior findings that lexical decision
tasks do not produce stimulus quality and word frequency
interactions (e.g., Becker & Killion, 1977; Stanners et al.,
1975; Yap & Balota, 2007), Bangert et al. demonstrated an
interactive effect during the early part of the movement
trajectory, such that the stimulus quality variable affected
the initial movement trajectories of high-frequency words to
a greater extent than those of low-frequency words.
Consequently, the single-word recognition literature pro-
vides convergent evidence for our conclusion that stimulus
quality impacts lexical processing.

Similar to Bangert et al. (2012)’s approach of examining
fine-grained time course information, in the present study
we employed a wide range of fixation time measures. The
overall pattern of results that emerged for these measures
was highly consistent with the E-Z Reader model’s assump-
tion that lexical processing takes place in two stages.
Specifically, the model assumes that the word frequency
variable separately influences both the L1 and L2 lexical
stages, such that word frequency effects on L1 are primarily
reflected by the first-fixation duration measure, and an ad-
ditional word frequency effect on L2 results in even stronger
word frequency effects on gaze duration. This assumption of
two separate word frequency influences is consistent with
recent studies that have employed ex-Gaussian fitting to
show that word frequency produces a shift in the distribu-
tion of fixation times, as well as an additional influence on
long fixation times (Reingold et al., 2012; Staub, White,
Drieghe, Hollway, & Rayner, 2010). With respect to the
present findings, the E-Z Reader model can accommodate
the case alternation and stimulus quality results by assuming
that the stimulus quality variable primarily influences
L1, whereas the case alternation variable primarily influ-
ences L2. More specifically, stimulus quality, but not case
alternation, interacted with word frequency for the early
measures (i.e., first-fixation and single-fixation durations)

that primarily reflect L1, and both manipulations produced
interactions for the gaze duration measure, which is
expected to reflect both L1 and L2 influences. Thus, taken
together with previous findings (e.g., Reingold & Rayner,
2006; Reingold et al., 2010; Wang & Inhoff, 2010), our
results add to the growing evidence that supports the E-Z
Reader model’s distinction between early and late lexical-
processing stages.

In addition to reinforcing the L1 and L2 distinction, the
present findings are consistent with the assumptions that
were added to recent versions of the E-Z Reader model to
explain how the L1 and L2 stages of lexical processing
interact with postlexical integration (Reichle, Warren, &
McConnell, 2009). According to the model, whenever
postlexical integration of word n fails to complete prior to
completion of the lexical processing of word n + 1 (i.e.,
slow-integration failure, as described in Fig. 2B of Reichle
et al., 2009), the probability of a regressive saccade moving
the eyes back to word n increases. Thus, in the present study,
the case-alternated condition might have influenced regres-
sive fixations on the target words by increasing the proba-
bility of slow-integration failure, either by slowing L2 (and
hence delaying the onset of integration) and/or by interfer-
ing with integration more directly. This account might ex-
plain why case alternation (but not stimulus quality)
modulated the magnitude of word frequency effects for the
later measures (i.e., total time, go-past time) that partially
reflect regressive fixations.

The differential patterns of results that emerged for the
case alternation and stimulus quality manipulations are also
consistent with neuropsychological dissociations between
these two variables. In particular, Braet and Humphreys
(2006a, 2006b, 2007) demonstrated a dramatic double
dissociation, such that transcranial magnetic stimulation
(TMS), applied selectively to the right parietal lobe, as well
as lesions in this part of the brain, disrupted the recognition
of case-alternated words but did not impact the effects of
contrast reduction, but the reverse pattern occurred as a
result of bilateral lesions and TMS applied to the occipital
cortex (i.e., a disruption to the recognition of reduced-
contrast words and no impact on the effects of case alterna-
tion). As was discussed by Reingold et al. (2010), such
dissociations imply that the stimulus quality manipulation
primarily disrupts an early lexical-processing stage, whereas
the impact of case alternation primarily involves higher-
level, attentional, lexical, or postlexical processes.

More generally, the present findings reinforce the idea
that word frequency effects during reading are modulated by
a wide range of manipulations of the visual appearance of
the text, including typography manipulations (Barnhart &
Goldinger, 2010; Kolers, 1968; D. G. Paterson & Tinker,
1947; Rayner, Reichle, Stroud, Williams, & Pollatsek, 2006;
Sheridan & Reingold, 2012a, 2012b; Slattery & Rayner,
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2010; Tinker & Paterson, 1955), visual content (e.g., K. B.
Paterson, McGowan, & Jordan, 2012), and the removal of
interword spaces (e.g., Rayner, Fischer, & Pollatsek, 1998;
Sheridan, Rayner, & Reingold, 2013). Future studies could
continue to examine the nature of interactions between
visual manipulations and lexical variables such as word
frequency. As has been demonstrated in the present study,
interactions between visual manipulations and lexical vari-
ables have the potential to reveal information about word
identification processes.

References

Bangert, A. S., Abrams, R. A., & Balota, D. A. (2012). Reaching for
words and nonwords: Interactive effects of word frequency and
stimulus quality on the characteristics of reaching movements.
Psychonomic Bulletin & Review, 19, 513–520. doi:10.3758/
s13423-012-0234-x

Barnhart, A. S., & Goldinger, S. D. (2010). Interpreting chicken-
scratch: Lexical access for handwritten words. Journal of Exper-
imental Psychology: Human Perception and Performance, 36,
906–923. doi:10.1037/a0019258

Becker, C. A., & Killion, T. H. (1977). Interaction of visual and
cognitive effects in word recognition. Journal of Experimental
Psychology: Human Perception and Performance, 3, 389–401.
doi:10.1037/0096-1523.3.3.389

Besner, D., & Roberts, M. A. (2003). Reading nonwords aloud: Re-
sults requiring change in the dual route cascaded model.
Psychonomic Bulletin & Review, 10, 398–404. doi:10.3758/
BF03196498

Borowsky, R., & Besner, D. (1993). Visual word recognition: A
multistage activation model. Journal of Experimental Psycholo-
gy: Learning, Memory, and Cognition, 19, 813–840. doi:10.1037/
0278-7393.19.4.813

Braet, W., & Humphreys, G. W. (2006a). Case mixing and the right
parietal cortex: Evidence from rTMS. Experimental Brain Re-
search, 168, 265–271. doi:10.1007/s00221-005-0085-z

Braet, W., & Humphreys, G. (2006b). The “special effect” of case
mixing on word identification: Neuropsychological and transcra-
nial magnetic stimulation studies dissociating case mixing from
contrast reduction. Journal of Cognitive Neuroscience, 18, 1666–
1675. doi:10.1162/jocn.2006.18.10.1666

Braet, W., & Humphreys, G. (2007). A selective effect of parietal
damage on letter identification in mixed case words.
Neurop s y c ho l o g i a , 4 5 , 2226–2233 . d o i : 10 . 1 016 /
j.neuropsychologia.2007.02.016

Brysbaert, M., & New, B. (2009). Moving beyond Kučera and Francis:
A critical evaluation of current word frequency norms and the
introduction of a new and improved word frequency measure for
American English. Behavior Research Methods, 41, 977–990.
doi:10.3758/BRM.41.4.977

Drieghe, D. (2008). Foveal processing and word skipping during
reading. Psychonomic Bulletin & Review, 15, 856–860.
doi:10.3758/PBR.15.5.856

Engbert, R., Longtin, A., & Kliegl, R. (2002). A dynamical model of
saccade generation in reading based on spatially distributed lexi-
cal processing. Vision Research, 42, 621–636. doi:10.1016/
S0042-6989(01)00301-7

Feng, G. (2006). Eye movements as time-series random variables: A
stochastic model of eye movement control in reading. Cognitive
Systems Research, 7, 70–95. doi:10.1016/j.cogsys.2005.07.004

Herdman, C. M., Chernecki, D., & Norris, D. (1999). Naming cAsE
aLtErNaTeD words. Memory & Cognition, 27, 254–266.
doi:10.3758/BF03211410

Kolers, P. A. (1968). The recognition of geometrically transformed
text. Perception & Psychophysics, 3, 57–64. doi:10.3758/
BF03212713

Legge, G. E., Klitz, T. S., & Tjan, B. S. (1997). Mr. Chips: An ideal-
observer model of reading. Psychological Review, 104, 524–553.
doi:10.1037/0033-295X.104.3.524

Lien, M.-C., Allen, P. A., & Crawford, C. (2012). Electrophysiological
evidence of different loci for case-mixing and word frequency
effects in visual word recognition. Psychonomic Bulletin & Re-
view, 19, 677–684. doi:10.3758/s13423-012-0251-9

Mayall, K., Humphreys, G. W., & Olson, A. (1997). Disruption to
word or letter processing? The origins of case-mixing effects.
Journal of Experimental Psychology: Learning, Memory, and
Cognition, 23, 1275–1286. doi:10.1037/0278-7393.23.5.1275

McDonald, S. A., Carpenter, R. H. S., & Shillcock, R. C. (2005). An
anatomically constrained, stochastic model of eye movement
control in reading. Psychological Review, 112, 814–840.
doi:10.1037/0033-295X.112.4.814

O’Malley, S., Reynolds, M. G., & Besner, D. (2007). Qualitative
differences between the joint effects of stimulus quality and word
frequency in reading aloud and lexical decision: Extensions to
Yap and Balota (2007). Journal of Experimental Psychology:
Learning, Memory, and Cognition, 33, 451–458. doi:10.1037/
0278-7393.33.2.451

Paterson, K. B., McGowan, V. A., & Jordan, T. R. (2012). Eye
movements reveal effects of visual content on eye guidance and
lexical access during reading. PLoS One, 7, 41766. doi:10.1371/
journal.pone.0041766

Paterson, D. G., & Tinker, M. A. (1947). The effect of typography
upon the perceptual span in reading. American Journal of Psy-
chology, 60, 388–396. Retrieved from http://www.jstor.org/stable/
10.2307/1416919

Rayner, K. (1998). Eye movements in reading and information pro-
cessing: 20 years of research. Psychological Bulletin, 124, 372–
422. doi:10.1037/0033-2909.124.3.372

Rayner, K. (2009). Eye movements in reading: Models and data.
Journal of Eye Movement Research, 2, 1–10.

Rayner, K., Fischer, M. H., & Pollatsek, A. (1998). Unspaced text
interferes with both word identification and eye movement con-
trol. Vision Research, 38, 1129–1144. doi:10.1016/S0042-
6989(97)00274-5

Rayner, K., Reichle, E. D., Stroud, M. J., Williams, C. C., & Pollatsek,
A. (2006). The effect of word frequency, word predictability, and
font difficulty on the eye movements of young and older readers.
Psychology and Aging, 21, 448–465. doi:10.1037/0882-
7974.21.3.448

Reichle, E. D. (2011). Serial attention models of reading. In S. P.
Liversedge, I. D. Gilchrist, & S. Everling (Eds.), Oxford hand-
book on eye movements (pp. 767–786). Oxford, UK: Oxford
University Press.

Reichle, E. D., Pollatsek, A., Fisher, D. L., & Rayner, K. (1998).
Toward a model of eye movement control in reading. Psycholog-
ical Review, 105, 125–157. doi:10.1037/0033-295X.105.1.125

Reichle, E. D., Pollatsek, A., & Rayner, K. (2012). Using E-Z Reader
to simulate eye movements in nonreading tasks: A unified frame-
work for understanding the eye-mind link. Psychological Review,
119, 155–185. doi:10.1037/a0026473

Reichle, E. D., Warren, T., & McConnell, K. (2009). Using E-Z Reader
to model the effects of higher level language processing on eye
movements during reading. Psychonomic Bulletin & Review, 16,
1–21. doi:10.3758/PBR.16.1.1

Reilly, R. G., & Radach, R. (2003). Foundations of an interactive
activation model of eye movement control in reading. In J.

Atten Percept Psychophys (2013) 75:407–414 413

http://dx.doi.org/10.3758/s13423-012-0234-x
http://dx.doi.org/10.3758/s13423-012-0234-x
http://dx.doi.org/10.1037/a0019258
http://dx.doi.org/10.1037/0096-1523.3.3.389
http://dx.doi.org/10.3758/BF03196498
http://dx.doi.org/10.3758/BF03196498
http://dx.doi.org/10.1037/0278-7393.19.4.813
http://dx.doi.org/10.1037/0278-7393.19.4.813
http://dx.doi.org/10.1007/s00221-005-0085-z
http://dx.doi.org/10.1162/jocn.2006.18.10.1666
http://dx.doi.org/10.1016/j.neuropsychologia.2007.02.016
http://dx.doi.org/10.1016/j.neuropsychologia.2007.02.016
http://dx.doi.org/10.3758/BRM.41.4.977
http://dx.doi.org/10.3758/PBR.15.5.856
http://dx.doi.org/10.1016/S0042-6989(01)00301-7
http://dx.doi.org/10.1016/S0042-6989(01)00301-7
http://dx.doi.org/10.1016/j.cogsys.2005.07.004
http://dx.doi.org/10.3758/BF03211410
http://dx.doi.org/10.3758/BF03212713
http://dx.doi.org/10.3758/BF03212713
http://dx.doi.org/10.1037/0033-295X.104.3.524
http://dx.doi.org/10.3758/s13423-012-0251-9
http://dx.doi.org/10.1037/0278-7393.23.5.1275
http://dx.doi.org/10.1037/0033-295X.112.4.814
http://dx.doi.org/10.1037/0278-7393.33.2.451
http://dx.doi.org/10.1037/0278-7393.33.2.451
http://dx.doi.org/10.1371/journal.pone.0041766
http://dx.doi.org/10.1371/journal.pone.0041766
http://www.jstor.org/stable/10.2307/1416919
http://www.jstor.org/stable/10.2307/1416919
http://dx.doi.org/10.1037/0033-2909.124.3.372
http://dx.doi.org/10.1016/S0042-6989(97)00274-5
http://dx.doi.org/10.1016/S0042-6989(97)00274-5
http://dx.doi.org/10.1037/0882-7974.21.3.448
http://dx.doi.org/10.1037/0882-7974.21.3.448
http://dx.doi.org/10.1037/0033-295X.105.1.125
http://dx.doi.org/10.1037/a0026473
http://dx.doi.org/10.3758/PBR.16.1.1


Hyönä, R. Radach, & H. Deubel (Eds.), The mind’s eye: Cognitive
and applied aspects of eye movement research (pp. 429–456).
Amsterdam, The Netherlands: North-Holland.

Reingold, E. M. (2003). Eye-movement control in reading: Models and
predictions. The Behavioral and Brain Sciences, 26, 500–501.
doi:10.1017/S0140525X0346010X

Reingold, E. M., & Rayner, K. (2006). Examining the word identification
stages hypothesized by the E-Z Reader model. Psychological Sci-
ence, 17, 742–746. doi:10.1111/j.1467-9280.2006.01775.x

Reingold, E. M., Reichle, E. D., Glaholt, M. G., & Sheridan, H. (2012).
Direct lexical control of eye movements in reading: Evidence
from a survival analysis of fixation durations. Cognitive Psychol-
ogy, 65, 177–206. doi:10.1016/j.cogpsych.2012.03.00

Reingold, E. M., Yang, J., & Rayner, K. (2010). The time course of
word frequency and case alternation effects on fixation times in
reading: Evidence for lexical control of eye movements. Journal
of Experimental Psychology: Human Perception and Perfor-
mance, 36, 1677–1683. doi:10.1037/a0019959

Salvucci, D. D. (2001). An integrated model of eye movements and
visual encoding. Cognitive Systems Research, 1, 201–220.
doi:10.1016/S1389-0417(00)00015-2

Sheridan, H., & Reingold, E. M. (2012a). Perceptual specificity
effects in rereading: Evidence from eye movements. Journal
of Memory and Language, 67, 255–269. doi:10.1016/
j.jml.2012.05.005

Sheridan, H., & Reingold, E. M. (2012b). Perceptually specific and
perceptually non-specific influences on rereading benefits for
spatially transformed text: Evidence from eye movements. Con-
sciousness and Cognition, 21, 1739–1747. doi:10.1016/
j.concog.2012.10.002

Sheridan, H., Rayner, K., & Reingold, E. M. (2013). Unsegmented
text delays word identification: Evidence from a survival analysis
of fixation durations. Visual Cognition . doi:10.1080/
13506285.2013.767296

Slattery, T. J., & Rayner, K. (2010). The influence of text legibility on
eye movements during reading. Applied Cognitive Psychology,
24, 1129–1148. doi:10.1002/acp.1623

Stanners, R. F., Jastrzembski, J. E., & Westbrook, A. (1975). Frequen-
cy and visual quality in a word–nonword classification task.
Journal of Verbal Learning and Verbal Behavior, 14, 259–264.
doi:10.1016/S0022-5371(75)80069-7

Staub, A., White, S. J., Drieghe, D., Hollway, E. C., & Rayner,
K. (2010). Distributional effects of word frequency on eye
fixation durations. Journal of Experimental Psychology: Hu-
man Percept ion and Performance, 36, 1280–1293.
doi:10.1037/a0016896

Sternberg, S. (1969). The discovery of processing stages: Extensions of
Donders’ method. Acta Psychologica, 30, 276–315. doi:10.1016/
0001-6918(69)90055-9

Tinker, M. A., & Paterson, D. G. (1955). The effect of typographical
variations upon eye movement in reading. Journal of Educational
Research, 49, 171–184. Retrieved from http://www.jstor.org/
stable/10.2307/27529802

Wang, C.-A., & Inhoff, A. W. (2010). The influence of visual contrast
and case changes on parafoveal preview benefits during reading.
Quarterly Journal of Experimental Psychology, 63, 805–817.
doi:10.1080/17470210903147494

White, S. J., & Staub, A. (2012). The distribution of fixation durations
during reading: Effects of stimulus quality. Journal of Experimen-
tal Psychology: Human Perception and Performance, 38, 603–
617. doi:10.1037/a0025338

Yang, S.-N., & McConkie, G. W. (2001). Eye movements during
reading: A theory of saccade initiation times. Vision Research,
41, 3567–3585. doi:10.1016/S0042-6989(01)00025-6

Yap, M. J., & Balota, D. A. (2007). Additive and interactive effects on
response time distributions in visual word recognition. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 33,
274–296. doi:10.1037/0278-7393.33.2.274

414 Atten Percept Psychophys (2013) 75:407–414

http://dx.doi.org/10.1017/S0140525X0346010X
http://dx.doi.org/10.1111/j.1467-9280.2006.01775.x
http://dx.doi.org/10.1016/j.cogpsych.2012.03.00
http://dx.doi.org/10.1037/a0019959
http://dx.doi.org/10.1016/S1389-0417(00)00015-2
http://dx.doi.org/10.1016/j.jml.2012.05.005
http://dx.doi.org/10.1016/j.jml.2012.05.005
http://dx.doi.org/10.1016/j.concog.2012.10.002
http://dx.doi.org/10.1016/j.concog.2012.10.002
http://dx.doi.org/10.1080/13506285.2013.767296
http://dx.doi.org/10.1080/13506285.2013.767296
http://dx.doi.org/10.1002/acp.1623
http://dx.doi.org/10.1016/S0022-5371(75)80069-7
http://dx.doi.org/10.1037/a0016896
http://dx.doi.org/10.1016/0001-6918(69)90055-9
http://dx.doi.org/10.1016/0001-6918(69)90055-9
http://www.jstor.org/stable/10.2307/27529802
http://www.jstor.org/stable/10.2307/27529802
http://dx.doi.org/10.1080/17470210903147494
http://dx.doi.org/10.1037/a0025338
http://dx.doi.org/10.1016/S0042-6989(01)00025-6
http://dx.doi.org/10.1037/0278-7393.33.2.274

	A further examination of the lexical-processing stages hypothesized by the E-Z Reader model
	Abstract
	Method
	Participants
	Materials and design
	Apparatus and procedure

	Results
	Discussion
	References


