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ARTICLE INFO ABSTRACT

Keywords: While most models of visual word identification and reading posit that a word's visual codes are rapidly
Eye movements transformed onto case-invariant representations (i.e., table and TABLE would equally activate the word unit
Reading corresponding to “table”), a number of experiments have shown a lowercase advantage in various word

Word-frequency

L identification and reading tasks. In the present experiment, we examined the locus of this lowercase advantage
etter case

by comparing the pattern of eye movements when reading sentences in lowercase vs. uppercase. Each sentence
contained a target word that was high or low in word-frequency. Overall, results showed faster reading times for
lowercase than for uppercase sentences. More important, while the word-frequency effect was sizeable in the
first-fixation durations on the target word, the lowercase advantage only arose in the gaze durations (i.e., the
sum of durations of first-pass fixations on the target word, including refixations). Furthermore, we found an
effect of word-frequency, but not of letter case, in the first-fixation duration on target words with multiple first-
pass fixations. Taken together, these findings suggest that the lowercase advantage reflects operations that do
not occur in the initial contact with the lexical entries.

1. Introduction

The examination of the effects of typographical factors during
reading (e.g., font [table vs. tgblel, letter spacing [table vs. tablel,
letter size [table vs. twble], presence/absence of serifs [table vs. tablel,
printed/handwritten format [table vs. / // ], letter case [table vs.
TABLE], among others) has typically been disregarded in the literature
on eye movements and reading. As Slattery (2016) pointed out, this was
probably due to the implicit assumption that typographical factors do
not modulate the main effects of interest—lexical or linguistic (e.g., see
McClelland & Rumelhart, 1981). However, a number of recent experi-
ments have shown that typographical factors may interact with lexical/
linguistic processes during sentence reading (e.g., inter-letter/inter-
word spacing; Slattery, Yates, & Angele, 2016; font: Rayner, Reichle,
Stroud, Williams, & Pollatsek, 2006; Rayner, Slattery, & Bélanger, 2010;
Slattery & Rayner, 2010; printed vs. handwritten format; Perea, Marcet,
Uixera, & Vergara-Martinez, 2017).

In the present study, we examined the time course of the effect of
letter case (lowercase vs. uppercase; e.g., table vs. TABLE) during
sentence reading. Current computational models of eye-movement
control in reading (e.g., E-Z Reader model, Reichle, Pollatsek,
Fisher, & Rayner, 1998; SWIFT model, Engbert, Nuthmann,

Richter, & Kliegl, 2005) as well as contemporary models of visual word
recognition (e.g., spatial coding model, Davis, 2010) remain agnostic as
to how and when the visual signal from words is mapped onto case-
invariant orthographic representations. Indeed, many models of visual
word recognition employ the Rumelhart and Siple (1974) font, which is
confined to uppercase letters. Nonetheless, leading neural (non-imple-
mented) accounts of letter/word processing assume that the visual
information from the words' constituent letters is rapidly transformed
onto case-invariant orthographic representations (see Dehaene, Cohen,
Sigman, & Vinckier, 2005; Grainger, Rey, & Dufau, 2008). Thus, these
accounts would predict that table and TABLE activate the same lexical/
semantic units at approximately the same time. Support for this view
comes from an influential eye-movement experiment conducted by
McConkie and Zola (1979; see also Rayner, McConkie, & Zola, 1980). In
the McConkie and Zola (1979) experiment, participants read sentences
presented in alternating case. When the saccade reached the following
word, the text was presented in the reverse case (e.g., the target word
tAbLe would be printed TaBIE when in the parafovea) or not (i.e., tAbLe
would always be printed as tAbLe). Importantly, fixation durations
were similar in the two conditions and, furthermore, participants did
not notice the display changes, thus suggesting that the codes across
saccades were orthographic (i.e., case-invariant) rather than visual.
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Likewise, Reingold, Yang and Rayner (2010) manipulated word-fre-
quency and case alternation (i.e., an extreme manipulation of letter
case; e.g., tAbLe vs. table) in a sentence reading experiment and found
that while the first-fixation duration on the target word was longer for
alternating-case than for lowercase words, the effect of case alternation
vanished when considering the initial duration of multiple fixations—-
note that this measure was sensitive to word-frequency. Reingold et al.
(2010) concluded that the “fast acting lexical process is sensitive to
word frequency and apparently largely insensitive to case alternation”
(p. 1680)—that is, the effects of case alternation would occur on later
attentional, lexical and/or post-lexical processes. Converging evidence
of the rapid mapping from visual codes onto case-invariant representa-
tions has also been obtained with the masked priming paradigm (i.e., a
technique designed to examine the early processes underlying word
recognition). Jacobs, Grainger and Ferrand (1995) found remarkably
similar lexical decision times for cross-case identity prime-target pairs
(e.g., table-TABLE) and for same-case identity prime-target pairs (e.g.,
TABLE-TABLE) (see also Bowers, Vigliocco, & Haan, 1998; Perea,
Jiménez & Gémez, 2014, for additional evidence). Similarly, Forster
(1998) and Perea, Vergara-Martinez, and Gomez (2015) found that
alternating-case identity primes were as effective as lowercase identity
primes with the masked priming technique (i.e., tAbLe-TABLE and
table-TABLE produced equivalent lexical decision times; see also
Brysbaert, Speybroeck, & Vanderelst, 2009, for an analogous effect with
acronyms). Taken together, these findings strongly suggest that letter
case does not play a major role at the earliest phases of lexical
processing.

Importantly, a number of experiments have examined whether
letter case (lowercase vs. uppercase) modulates the response times in
single-presentation word identification tasks and whether this effect
interacts with word-frequency (i.e., an index of word identification). As
can be seen in Table 1, the vast majority of experiments showed faster
word identification times to lowercase than to uppercase words (i.e., a
lowercase advantage), but whether or not letter case and word-
frequency interact is unclear. Additionally, a lowercase advantage has

Table 1

Magnitude of the lowercase advantage (i.e., response times [RT] uppercase-lowercase) in
word recognition experiments that compared letter case (lowercase vs. uppercase) and
word-frequency (low-frequency vs. high-frequency).

Lowercase advantage (RTuppercase-lowercase)

High-frequency Low-frequency

words words
Paap et al. (1984, Exp. 3)
Lexical decision 16 13
Mayall and Humphreys (1996,
Exp. 1)
Lexical decision 4 38
Naming 7 15
Semantic categorization
(Living vs. nonliving) -18 40
Mayall and Humphreys (1996,
Exp. 2)
Semantic categorization
(Living vs nonliving) 52 26
Human vs. nonhuman) 28 21
(Indoor vs. outdoor) 48 27
Mayall and Humphreys (1996,
Exp. 3)
Naming 15 21.5
Semantic categorization
(Living vs. nonliving) 24.5 7
Mayall and Humphreys (1996,
Exp. 4)
Lexical decision 10.5 24
Perea and Rosa (2002, Exp. 2)
Lexical decision 3.5 28
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also been reported when silently reading continuous text. In an
influential study, Tinker and Paterson (1928) compared texts presented
in lowercase vs. uppercase and found a 13.4% advantage in reading
speed in favor of the text presented in lowercase (see also Tinker, 1955,
for a similar finding). Tinker and Paterson concluded: “Text printed in
all capitals is less legible than material in lower case letters and slows
down speed of reading to a very marked degree” (p. 368)—a confound
in this experiment, however, was that the uppercase text covered 35%
more horizontal space than the lowercase text.

While the above-cited experiments showed a lowercase advantage
in word identification times and in reading times, the locus of this effect
remains uncertain. One possibility is that lowercase letters could be
psychophysically more distinctive than uppercase letters, and hence,
one would expect an early effect of letter case; however, Paap,
Newsome, and Noel (1984) presented evidence against this interpreta-
tion. A second possibility is that ascending/descending segments of
lowercase consonants (e.g., elephant) may help encoding the skeletal
consonant-vowel orthographic code (see Grainger & Dufau, 2012), thus
producing a processing advantage for lowercase words. However, in a
lexical decision experiment with adult skilled readers, Lavidor (2011)
found similar word identification times for “flat” words (e.g., camera)
and for “non-flat” words (e.g., bishop). A third option is that while the
initial contact with the lexical entries is not affected by letter case, later
in lexical processing, words printed in their usual case (i.e., lowercase)
may enjoy an advantage when the word's abstract units are mapped
back onto the visual input (see Besner, 1983, for a similar reasoning to
explain the locus of case alternation)—note that this interpretation
would be consistent with the presence of faster word recognition times
of brand names when printed in their prototypical case (e.g., adidas
faster than ADIDAS and IKEA faster than ikea; see Gontijo & Zhang,
2007; Perea, Jiménez, Talero, & Lépez-Canada, 2015).

Clearly, a sentence reading experiment in which the participant's
eye movements are registered offers at least two advantages over word
identification experiments: 1) the scenario is more ecological (i.e.,
reading for comprehension); and 2) it may be used to gather early/late
eye-movement measures on a target word embedded in the sentences,
thus providing valuable information on the time course of the effect-
s—word recognition tasks only provide a “response time” at the end of
processing.

The research question of the current study is when letter case (lowercase
vs. uppercase) affects eye-movement control during sentence reading. We
compared sentences printed with lowercase vs. uppercase letters (e.g.,
“If a lion could talk, we could not understand him” Vs.
“IF A LION COULD TALK, WE COULD NOT UNDERSTAND HIM”) while
the participants' eye movements were registered—note that the above-cited
reading studies (e.g., Tinker, 1955; Tinker & Paterson, 1928) did not register
the participants' eye movements. Moreover, unlike Tinker and Paterson
(1928; Tinker, 1995), we used a monospaced font (Courier New) so that
each sentence occupied the same horizontal space regardless of letter case.
To track the time course of letter case in early and late eye-movement
measures and its relationship with word-frequency (i.e., an index of lexical
processing), a target word of high vs. low frequency was included in each
sentence (e.g., see Rayner, Fischer, & Pollatsek, 1998; Reingold et al., 2011,
among others, for a similar approach).

The predictions of the experiment will be presented in the context of
a leading model of eye-movement control during reading, the E-Z
Reader model (Reichle et al., 1998; see also Reichle & Sheridan, 2015,
for a recent overview of the model). (Note that other models [e.g., the
SWIFT model, Engbert et al., 2005] would produce similar predictions.)
This model assumes two stages of lexical processing. First, there is an
initial familiarity check (L1 stage) that starts when allocation of
attention is located on a target word. The L1 stage is completed when
the word is about to be identified and then a saccadic movement is
programmed to the following word—note that the L1 stage of word n
+ 1 may start when the eyes are still on word n (or even earlier
sometimes). If the L1 stage were ended after the labile component of
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saccade programming has been completed, the saccade would be
programmed to the same word, thus producing a refixation (see
Reichle, Rayner, & Pollatsek, 1999, for discussion). There is a second
stage (L2) responsible for the identification of the word (“completion of
lexical access”). When this stage is completed, attention shifts to the
following word so that the L1 stage would start on the word n + 1.
Finally, failure to integrate the lexical/linguistic information may
produce regressions to earlier words in the sentence (Reichle, Warren, &
McConnell, 2009). The E-Z Reader model can readily accommodate the
presence of word-frequency effects in early eye movement measures, as
the L1 stage is modulated by word-frequency. Of note, when parafoveal
information is available, the word-frequency effect arises in the first-
fixation duration on the target word because high-frequency words may
have been partially preprocessed in the parafovea—when there is no
parafoveal information available, first-fixation durations are similar for
high- and low-frequency words (Inhoff & Rayner, 1986). Regardless of
the acquired parafoveal information, the word-frequency effect occurs
in gaze durations (i.e., the sum of first-pass fixations, including
refixations) because low-frequency words are refixated more often than
high-frequency words. This can be readily explained in the E-Z Reader
model: high-frequency words are more likely to complete the L1 stage
during the labile component of saccadic programming (Reichle et al.,
1999; see also Sheridan & Reichle, 2015, Simulation 2). In addition, the
word-frequency effect may also affect the completion of the lexical
access (L2 stage), and this may lead to slower fixations in the word n
+ 1 when the target word is of low frequency (i.e., spillover effects).
Finally, failure to integrate low-frequency words in the syntactic/
semantic context may produce regressions back to the target word
and an increase of the word-frequency effect in total time (i.e., the sum
of all fixation durations, including regressions).

Where is the locus of the lowercase advantage during sentence
reading?  There are three non-exclusive options (see
Sheridan & Reingold, 2013, for an analysis of the lexical-processing
stages in the E-Z Reader model). The first option is that the reading cost
arises in the initial access to the lexical entries in the parafovea: this
would produce faster first-fixation durations for lowercase than for
uppercase target words. This outcome would pose some problems for
those accounts that assume a rapid mapping of visual codes onto case-
invariant orthographic codes in lexical processing (e.g., Dehaene et al.,
2005; Grainger et al., 2008). Note, however, that previous research
suggests that the initial contact with the lexical entries is not modulated
by letter case (e.g., Forster, 1998; Jacobs, Grainger, & Ferrand, 1995;
McConkie & Zola, 1979; Perea et al., 2015; Reingold et al., 2010) so that
one would expect a word-frequency effect of similar magnitude for
lowercase and uppercase words in the first-pass fixation on the target
word, together with a null or negligible effect of letter case. The second
option is that the familiarity checking is completed more rapidly for
lowercase words than for uppercase words. As rapid completion of this
stage allows programming the saccade to the following word (i.e.,
during the labile stage of saccade programming), lowercase words
would be less frequently refixated than uppercase words.'As a result, a
lowercase advantage would arise in the gaze durations on the target
word (i.e., shorter gaze durations for lowercase than for uppercase
words). A third possibility is that the lowercase advantage occurs late in
processing, either during the completion of lexical access (i.e., L2 stage
in the E-Z Reader model) or via at a post-lexical integration mechanism

11n original version of the E-Z Reader model (Reichle et al., 1999), refixations were
explained by means of corrective saccades when the initial landing site was far from the
center of the word. However, simulations on the model failed to capture that low-
frequency words are refixated more frequently than high-frequency words
(Sheridan & Reichle, 2015). Sheridan and Reichle (2015) included additional assumptions
that captured the effect, but they acknowledged that “there may be multiple mechanisms
that actually produce refixations in human readers (...) that are not captured by the
model's relatively simple assumptions” (p. 26) (see also White, 2008, for a similar
conclusion when examining the higher refixation rates for orthographically unfamiliar
words than for orthographically familiar words).
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(e.g., if uppercase words were more difficult to integrate in the context
than lowercase words). If this were so, the effect would occur in late eye
movement measures such as the percentage of regressions back to the
target word (i.e., more regressions for uppercase than for lowercase
words), and in the total time on the target word (i.e., the sum of all
fixations, including regressive saccades).

Finally, we acknowledge that the predictions regarding the inter-
action between word-frequency and letter case are not straightforward.
As shown in Table 1, several word recognition experiments reported
greater word-frequency effects for uppercase than for lowercase words,
but the overall evidence was not conclusive. Furthermore, two factors
may affect the same stage in the E-Z Reader model (e.g., word-
frequency and predictability affect the L1 stage) and show additive
effects—indeed, word-frequency and predictability show a recursive
additive pattern in the literature (see Staub, 2015). For that reason, the
critical issue in the present experiment is not the additivity/interaction
of the effects of letter case and word-frequency, but rather the
comparison of the time course of the two effects. Specifically, if
word-frequency (i.e., an index of lexical processing), but not letter
case, influences very early eye-movement measures (i.e., first-fixation
duration on the target word), this would demonstrate that the effect of
letter case reflects operations that occur relatively late in lexical
processing (see Inhoff & Rayner, 1986, for a similar reasoning). As in
the Reingold et al. (2010) experiment, we examined the duration of the
initial fixation on target words with multiple fixations. The rationale is
the following: if only word-frequency exerts an effect on this dependent
variable, this would mean that letter case does not affect the first
contact with the lexical units.

2. Method
2.1. Participants

Twenty undergraduate students from the University of Valencia, all
of them native speakers of Spanish with normal vision, participated in
the experiment in exchange of a small gift. None of them reported
having any speech/reading problems.

2.2. Apparatus

To register the individuals' eye movements, we employed a video-
based eye-tracking device with a 500 Hz sample rate (Eyelink II, SR
Research Ltd., Canada). The average gaze position error was < 0.5°
with a 3 ms delay. A 22-inch CRT ViewSonic Professional series P225f
monitor was used to present the sentences.

2.3. Materials

We employed 120 sentence frames taken from the Perea and Acha
(2009) experiment. Each sentence frame contained a low- or high-
frequency target word with the same number of letters, such as “Marco
ha trabajado como joyero/médico durante toda su vida” [Marco has
worked as a jeweler/doctor throughout his life] and “Mi madre
pregunto6 al joyero/médico si aquel diploma era original” [My mother
asked the jeweler/doctor if that certificate was original] [joyero
{jeweler} is a low-frequency word and médico{doctor} is a high-
frequency word]. High-frequency target words had an average fre-
quency of 87.3 per million (range: 23-253) and a mean number of
letters of 7.3 (range: 6-9), whereas low-frequency target words had a
mean frequency of 4.5 per million (range: 0.2-20) and a mean number
of letters of 7.3 (range: 6-9) in the B-Pal Spanish database
(Davis & Perea, 2005). To avoid the repetition of target words and
sentence frames, we created two counterbalanced sets of 120 sentences.
For instance, half of the participant read the word “joyero” in the
sentence “Marco ha trabajado como joyero durante toda su vida”,
whereas the other half read “joyero” in the sentence “Mi madre
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pregunté al joyero si aquel diploma era original”. Each participant
received 60 sentences in lowercase and 60 sentences in uppercase. The
sentences were easy to comprehend and the target words were not
predictable (see Perea & Acha, 2009, for details). The sentences were
presented in a monospaced font, 14-pt Courier New (i.e., each sentence
occupied the same horizontal space in lowercase and uppercase).

2.4. Procedure

Testing was individual. Participants were seated approximately
60 cm from the computer monitor in a dimly lit room. A chinrest was
used to reduce head motion. Participants were instructed to read
individual sentences for comprehension. Before starting the experi-
ment, the eye-tracker was calibrated using a 9-dot matrix and we
presented 8 practice sentences. The scheme of a given trial was the
following: 1) there was a fixation point (a black square) on the left side
of the screen, coinciding with the location of the first letter of each
sentence; 2) once the participant looked at the square, the sentence was
presented until the participant read it and pressed a button on a
gamepad; and 3) participants were presented with a yes/no compre-
hension question to verify that they were reading for comprehen-
sion—this occurred on 20% of the sentences. Calibration was checked
before each trial and the eye-movement device was recalibrated when
necessary. Each participant received the sentences in a different
random order.

2.5. Data analyses

We analyzed global and local eye-movement measures. For the
global measures, the fixed factor was letter case (lowercase, uppercase)
and the dependent variables were total reading time (in ms) and
number of fixations. For the local measures on the target word, the
fixed factors were letter case (lowercase, uppercase) and word-fre-
quency (low, high), and the dependent measures were: first-fixation
duration (the duration of the first-pass fixation on the target word),
single fixation duration (the duration of the first-pass fixation on the
target word when it is only fixated once), gaze duration (the sum of the
durations of the first-pass fixations on the target word before leaving it),
total time (the sum of all fixation durations on the target word,
including regressions), the probability of first-pass refixations on the
target word, and the probability of regressions back to the target word.
All fixations shorter than 80 ms that were within one letter from the
following/previous fixation were combined into that fixation.
Furthermore, to reduce the influence of outliers on fixation durations,
individual fixations beyond the 80-800 ms cutoff were excluded from
the fixation duration analyses. Finally, those fixation durations beyond
3 standard deviations from the participant's grand mean were also
excluded from the analyses.

3. Results

Accuracy rates for the comprehension questions were above 92%

Table 2
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(range: 83.3-100%). The averages of the local measures are displayed
in Table 2. To examine the effects of word-frequency (high, low) and
letter case (lowercase, uppercase) on the first-fixation duration, gaze
durations, and total time, we employed linear mixed effects models
using the R package (R Core Team, 2016)—each fixed factor was coded
as — 0.5 and 0.5. Fixation durations were log transformed, so that the
resulting data would be closer to the Gaussian distribution. When
converged, we employed the maximal random-effect structure model;
when not, we reduced the random structure until the model successfully
converged. Significance (p) values were obtained using the lmerTest
package (Kuznetsova, Brockhoff & Christensen, 2016). Binomial data
(i.e., probability of refixations; probability of regressions back to the
target word) were modeled similarly except that we employed general-
ized linear mixed models (glmer) in R. We also examined two global
dependent variables (overall reading time; number of fixations) by
using letter case as a fixed factor with the maximal random-effect
structure model. Unsurprisingly, overall reading times were slower for
uppercase sentences than for lowercase sentences (2052 vs. 2147 ms,
respectively), § = 0.047, t = 3.74, p = 0.001. In addition, the number
of fixations was slightly smaller for lowercase than for uppercase
sentences (9.04 vs. 9.36, respectively), f = 0.32, t = 2.44, p = 0.024.

3.1. First-fixation durations

First-fixation durations on the target word were, on average,
15.5 ms shorter for high- than for low-frequency words, § = 0.051,
t = 3.08, p = 0.004. There was a small 5.5 ms advantage of lowercase
over uppercase words, but it was not significant, = 0.020, t = 1.46,
p = 0.15. There were no trends of an interaction between the two
factors, t < 0.22.

3.2. Single fixation durations

Single fixation durations on the target word were, on average, 18 ms
shorter for high- than for low-frequency words, = 0.080, t = 3.82,
p < 0.001. The 9 ms advantage of lowercase over uppercase words
was significant, § = 0.044, t = 3.00, p = 0.004. There were no trends
of an interaction between the two factors, t < 0.78. Similarly to
Reingold, Yang, and Rayner (2010), we also examined the duration of
the first fixations on the target words with multiple first-pass fixations.
This analysis showed a 23-ms effect of word-frequency (215 vs. 238 ms
for high- and low-frequency words, respectively), f = 0.070, t = 2.48,
p = 0.02, whereas the 6-ms difference between lowercase and upper-
case words (223 vs. 229 ms, respectively) did not approach signifi-
cance, f3 = 0.017, t < 1—there were no signs of an interaction
between the two factors, t < 1.

3.3. Gaze durations
Gaze durations on the target word were, on average, 54 ms shorter

for high- than for low-frequency words, f = 0.12,t = 3.84,p < 0.001,
and 31 ms shorter for lowercase than for uppercase words, § = 0.08,

Averages of local measures for each experimental condition: first fixation duration (in ms), single fixation (in ms), gaze duration (in ms), total time (in ms), probability of refixating the
target word, and probability of regressions back to the target word.

First-fixation Single fixation Gaze duration Total time Probability of first-pass refixations on Probability of regressions back to target
duration duration target word word
HF LF HF LF HF LF HF LF HF LF HF LF

Lowercase 239 254 254 269 301 347 356 413 0.27 0.35 0.101 0.118

Uppercase 244 260 260 281 324 386 385 458 0.34 0.40 0.113 0.143

Note: HF refers to high-frequency words and LF refers to low-frequency words.
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t = 4.23, p < 0.001. Again, there were no trends of an interaction
between the two factors, t < 0.73.

3.4. Probability of first-pass refixations

Low-frequency words were refixated more often than high-fre-
quency words, = 0.28, t = 1.96, p = 0.050, and uppercase words
were refixated more often than lowercase words, § = 0.36, t = 3.75,
p < 0.001. The interaction between the two factors did not approach
significance, t < 0.84.

3.5. Total time

Total times on the target word were, on average, 65 ms shorter for
high- than for low-frequency words, = 0.15, t = 3.99, p < 0.001,
and 37 ms shorter for lowercase than for uppercase words, § = 0.08,
t = 3.56, p < 0.001. The interaction between the two factors was not
significant, t = 1.34, p = 0.18.

3.6. Probability of regressions back to the target words
None of the effects was significant (all ps > 0.12).
4. General discussion

The main goal of the present eye-movement experiment was to
examine the locus of the lowercase advantage during sentence reading.
Unsurprisingly, at the global level, we found longer reading times for
the sentences written in uppercase than for the sentences written in
lowercase, thus replicating earlier research by Tinker (1955);
Tinker & Paterson, 1928). The reading cost was small (around 4.6%)
but significant. Tinker (1955; Tinker & Paterson, 1928) found a larger
reading cost (around 10-14%) but their fonts were not monospaced—-
note that in their experiments, uppercase text covered more horizontal
space than lowercase text so any comparisons between the two
conditions could be due to letter case or to differences in horizontal
space (see Perea, Giner, Marcet, & Gomez, 2016, for evidence of a
reading cost for text with extra inter-letter spacing). Nonetheless, the
key issue at stake here was the examination of the time course of the
lowercase advantage during sentence reading and its relation with an
index of lexical processing, namely, the word-frequency effect.

Let's consider firstly the time course of the effect of word-frequency.
In the first-fixation durations on the target word (i.e., an index of early
lexical processing), we found a significant 15.5 ms word-frequency
effect that increased to 54 ms in the gaze durations. This is the typical
pattern of word-frequency effects and it is fully consistent with E-Z
Reader model and other models of eye-movement control during
reading. With respect to the time course of the effect of letter case,
we found a nonsignificant 5.5 ms lowercase advantage in the first-
fixation durations on the target word. The same pattern occurred when
we measured the first-fixation duration on target words with multiple
first-pass fixations: we found a significant 23-ms word-frequency effect
accompanied by a small, nonsignificant lowercase advantage (see
Reingold et al., 2010, for a similar finding with alternating case words).
Taken together, these findings suggest that the initial lexical processing
of the target word in the parafoveal/fovea is, to a large degree,
insensitive to letter case. Thus, the effect of word-frequency arises
earlier in lexical processing than the effect of letter case. This pattern of
data is consistent with those models of visual word recognition that
propose that visual codes are quickly mapped onto case-invariant
orthographic units (Dehaene et al., 2005; Grainger et al., 2008).

Given that the lowercase advantage was negligible at the very early
stages of lexical processing, where is its locus? We found a small, but
significant 9 ms lowercase advantage when the target word was only
fixated once. More important, we found a sizeable 31-ms lowercase
advantage in the gaze durations on the target words, as words in
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uppercase were more likely to be refixated than the words in lowercase
(see Table 2).2 Importantly, the lowercase advantage did not increase
when considering a late measure of eye movements in reading such as
the total time on the target word (i.e., a 35-ms lowercase advantage).
Indeed, there were no signs of an effect of letter case in the percentage
of regressions back to the target word. That is, uppercase words do not
require re-inspection more frequently than lowercase words (i.e., the
lowercase advantage does not arise at a syntactic/semantic integration
level). Finally, the lowercase advantage was approximately similar in
magnitude for high- and low-frequency words in all eye movement
measures.

Before examining why uppercase words may produce higher
refixation rates than lowercase words, it may be relevant to compare
the present pattern of data with those experiments that manipulated the
difficulty of the font during sentence reading. For instance, Slattery and
Rayner (2010) found, together with an effect of word-frequency, an
effect of font (Times faster than Harrington and Script MT [two
unfamiliar and difficult-to-process fonts]) of around 20 ms in the first-
fixation duration, which increased to 40-48 ms in gaze duration (see
also Rayner et al., 2006). Similarly, Perea et al. (2017) found, together
with a word frequency effect, a 19 ms advantage of printed words over
easy handwritten words in the first-fixation duration, which increased
to 79 ms in gaze duration. That is, difficult-to-process fonts/formats
hindered the initial contact with the lexical entries. As a result, the
effect of font/format occurred in the first-fixation durations to the
target words. This is a different scenario from letter case, where the
both lowercase and uppercase words [e.g., table vs. TABLE]) are easily
legible and the initial access to the lexical entries does not seem to be
affected by this factor (see also Perea et al., 2015; Reingold et al., 2010,
for similar claims).

In the present experiment, the bulk of the lowercase advantage
occurred because uppercase words were refixated more often than
lowercase words—note that the lowercase advantage also occurred, but
to a small degree, in the fixation durations of those target words that
were only fixated once. One potential explanation is that the initial
familiarity check (i.e., the stage that which initiates a forward saccade)
takes into account the match between the abstract lexical representa-
tions and the visual input. As the sense of “familiarity” would be higher
for those items that are presented in the usual case, the signaling that
lexical access is imminent would be more likely to occur during the
labile component of saccade programming for lowercase than for
uppercase words, thus producing fewer refixations. Indeed, previous
research has shown that factors other than word-frequency may affect
the probability of refixation (e.g., morphemic composition:
Hyona & Pollatsek, 1998; orthographic familiarity: White, 2008). As
Reichle, Tokowicz, Liu, and Perfetti (2011) indicated, skilled adult
readers may have learned to use various types of information—includ-
ing global familiarity—that can be used to predict when a word's
meaning is imminent. The present experiment suggests that the degree
of familiarity induced by the archetypal letter case may be one of these
elements. Indeed, as indicated in the Introduction, word recognition
times to brand names are faster when presented in their archetypal case
than when presented in a less familiar case (IKEA faster than ikea; see
Gontijo & Zhang, 2007; Perea et al., 2015). Further experimentation is
necessary to directly test this observation during normal sentence
reading.’

2 The initial landing position on the target word was not responsible for this effect, as it
was similar for lowercase and uppercase words (2.51 vs. 2.52, respectively, $=0.06,
SE=0.007, t < 1).

3 As one might argue that the lowercase advantage may just be due to familiarity, we
conducted some post hoc analyses to examine whether the effect was reduced in the
second half of the experiment when compared to the first half. While numerically there
were some hints of an interaction, the pattern of data was not stable to reach statistical
significance. Further research should directly examine whether the lowercase advantage
is reduced in a blocked design with lowercase vs. uppercase sentences.
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In sum, the present experiment showed that the bulk of the
lowercase advantage during sentence reading arises only after the
lexical entries have been accessed: while the word-frequency effect is
sizeable in the first-fixation durations on the target word, the effect of
letter case (i.e., a lowercase advantage) only arises significantly in the
gaze durations. These findings are consistent with those neural models
of letter/word recognition that assume a rapid conversion from visual
codes onto case-invariant representations (e.g., Dehaene et al., 2005;
Grainger et al., 2008). Notably, models of word recognition and reading
need to take into account that, during the course of lexical processing,
these case-invariant units will be mapped back onto the visual input
(see Besner, 1983; Stone & Van Orden, 1994). Additional research using
event-related potentials may be particularly useful to further track the
time course of the lowercase advantage during word recognition and
reading.
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