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Abstract

Mixed-case WoRdS disrupt performance in word recognition tasks and sentence reading. There is, however, a controversial
issue around this finding as the hindered performance could be related to impoverished lexico-semantic access or to lack
of visual familiarity. The present experiments aim to examine whether there is a genuine mixed-case effect during lexico-
semantic access or whether the effect is driven by a visual familiarity bias (i.e., lack of familiarity may induce a bias toward
“no” responses in word/nonword decisions). Participants were presented with same-case vs. mixed-case items in a word/
nonword discrimination task (lexical decision) and in a task that requires access to semantic information (semantic categori-
zation). In lexical decision, responses were faster and more accurate to same-case words than to mixed-case words, whereas
the nonwords showed the opposite pattern. In two semantic categorization experiments, we failed to find any signs of a
case-mixing effect for words. Therefore, the case-mixing effect in word recognition is not due to an impoverished access to
lexico-semantic information but rather to lack of visual familiarity.

Introduction

A fundamental topic in reading research is the examination
of the mechanisms responsible for converting the visual
input into stable letter/word representations. With this goal
in mind, researchers have devised a number of experimen-
tal manipulations aimed at shedding some light on the pro-
cesses underlying lexical access. One of the most illuminat-
ing manipulations entails mixed-case words. Even though
mixed-case words are composed of perfectly legible letters,
the combination of lowercase and uppercase letters creates a
printed stimulus that is visually unfamiliar (e.g., LaTeRal).

Rayner, 2010). Here we examined whether the case-mixing
cost for words is due to impoverished lexico-semantic access
or simply to lack of visual familiarity.

There is already indirect evidence across several para-
digms that may be taken to suggest that the bulk of the
case-mixing cost does not occur in the initial contact to the
lexico-semantic representations. Using Forster and Davis’
(1984) masked priming technique, mixed-case repetition
primes are as effective as same-case (lowercase) repeti-
tion primes at activating uppercase target words (latency
data: LaTeRal-LATERAL =lateral-LATERAL and
nUclLeAr-LATERAL =nuclear-LATERAL; Forster, 1998;

Previous research has shown that mixed-case words pro-
duce longer response/fixation times than same-case words
in word recognition tasks (e.g., lexical decision, see Allen,
Wallace, & Weber, 1995; Besner, 1983; Besner & McCann,
1987; Frederiksen, 1978; Kinoshita, 1987; Lavidor, Ellis,
& Pansky, 2002; Mayall & Humphreys, 1996) and sentence
reading (see Reingold & Rayner, 2006; Reingold, Yang, &

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00426-018-1111-7) contains
supplementary material, which is available to authorized users.

P4 Manuel Perea
mperea@uv.es

Departamento de Metodologia and ERI-Lectura, Universitat
de Valéncia, Av. Blasco Ibaiiez, 21, 46010 Valencia, Spain

see also Lee, Honig, & Lee, 2002; Perea, Vergara-Martinez,
& Gomez 2015, for similar evidence). If mixed-case words
were initially encoded more slowly than same-case words,
one would have expected a smaller masked repetition prim-
ing effect for mixed-case primes than for same-case primes.
Likewise, Blais and Besner (2005) found that the magni-
tude of the Stroop effect was similar for same-case (low-
ercase) words (e.g., green; green) and mixed-case words
(gReEn; gReEnN) (see also Houston, Rossmiller, & Allen,
2016, for converging evidence). That is, mixed-case words
were as effective as same-case words at initially accessing
semantic information. Further evidence comes from the
picture—word interference paradigm used by Miozzo and
Caramazza (2003). They found that the distractor frequency
effect (i.e., picture naming times are longer when there is
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a superimposed low-frequency word than when there is a
superimposed high-frequency word) was virtually the same
for same-case (uppercase) words (e.g., HAND) and mixed-
case words (hAnD). Again, if mixed-case words were less
effective at activating lexico-semantic representations than
same-case words, one would have expected a greater distrac-
tor frequency effect for same-case words than for mixed-case
words. Finally, in a sentence reading task with mixed-case
vs. lowercase words, Reingold et al. (2010) found that, for
those target words that received several fixations, the first
fixation duration was sensitive to word-frequency (i.e., a
lexical effect) but not to letter-case. Therefore, the word-
frequency effect arises earlier than the case-mixing effect.
Taken together, these findings strongly suggest that the cost
that occurs when identifying mixed-cased words does not
take place at an early prelexical stage, but rather at a later
processing stage'.

In the present experiments, we directly examined the
hypothesis that case mixing mainly affects some post-
access decision processes in which the visual familiarity of
the whole string is evaluated (see Besner, 1983; Reingold
& Rayner, 2006, for a similar proposal). The idea is that,
as occurs with faces, a printed word can be understood as a
special form of a familiar visual pattern (e.g., a noun [tree],
a brand name [IKEA], or an acronym [FBI]). Assuming that
lexical decision (i.e., a word/nonword discrimination task) is
a variety of recognition memory tasks, the familiarity of the
visual configuration of the printed stimulus may be used to
bias “yes” or “no” responses—this is akin to recognizing the
face of a person as familiar without necessarily knowing the
name of the person (see Besner & McCann, 1987). Specifi-
cally, Besner (1983) proposed that readers might use a crude
estimate of the familiarity of the printed word “as a source of
evidence to bias decisions in lexical decision” (Besner, 1983,
p- 433): familiar visual patterns (e.g., same-case words: lat-
eral) would produce a “yes” bias, whereas unfamiliar visual
patterns (e.g., mixed-case words: LaTeRal) would produce
a “no” bias. Similarly, Forster (1998) suggested that the lack
of visual familiarity of the mixed-case word LaTeRaL might
induce a bias toward a “no” response in lexical decision
when compared to same-case words like lateral or LAT-
ERAL. This response conflict would delay—or make more
difficult—a “yes” response to mixed-case words. Thus, the
visual familiarity hypothesis can readily accommodate the
longer response times (and more errors) for mixed-case
words than for same-case words in lexical decision (e.g.,

! What we should also note is that there is ERP evidence that N170
amplitude is sensitive to case mixing (Lien, Allen, & Crawford,
2012), and this may be taken as an early signature of case-mixing.
However, as Perea et al. (2015) noted, “it is difficult to make strong
inferences on the connection between this early, perceptual ERP
effect and lexical access” (p. 42).
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see Allen et al., 1995; Besner & McCann, 1987; Kinoshita,
1987; Mayall & Humphreys, 1996). Furthermore, the visual
familiarity hypothesis can also capture the longer lexical
decision times to brand names when presented in a visu-
ally unfamiliar letter-case format (e.g., ikea) than when pre-
sented in the standard, familiar letter-case format (IKEA; see
Perea, Jiménez, Talero, & Lopez-Cafiada, 2015). We defer a
discussion of how visual familiarity is represented for words
until the “General discussion”.

Importantly, the visual familiarity hypothesis makes two
strong, testable predictions on the case-mixing effect in
binary word recognition tasks. First, lack of familiarity of
mixed-case stimuli would induce a bias for “no” responses
in lexical decision to both words and nonwords. Therefore,
mixed-case nonwords like NUBArO would be more biased
toward a “no” response than same-case nonwords like
nubaro or NUBARQO, thus predicting faster “no” responses
to NUbArO than to NUBARO. That is, the visual familiar-
ity hypothesis predicts a dissociation of case-mixing effects
in lexical decision (i.e., inhibitory for words and facilitative
for nonwords). Second, the case-mixing effect should be
dramatically diminished in those binary word recognition
tasks in which visual familiarity plays (if anything) a minor
role (see Besner, 1983; Kinoshita, 1987, for a similar argu-
ment), such as a semantic categorization task. Clearly, when
deciding that a given word is an animal name or not, the
source of evidence should be the meaning of the word and
not its visual familiarity (e.g., LATERAL vs. LaTeRal). As
aresult, one would expect similar word identification times
for LATERAL and LaTeRal in a semantic categorization
task.

Nonetheless, there is empirical evidence that appears to
be incompatible with these two predictions. First, whilst
effect sizes across studies were highly heterogeneous
(ranging from 16 ms [Besner & McCann, 1987] to 129 ms
[Kinoshita, 1987]), prior lexical decision experiments in
English have consistently reported slower responses to
mixed-case nonwords than to same-case nonwords. Sec-
ond, prior research has shown an advantage of same-case
uppercase words over mixed-case words in semantic catego-
rization tasks (Mayall & Humphreys, 1996), but again the
magnitude of the effect varied enormously, ranging from 9.5
to 91 ms even with the same participants.

The massive variability in the magnitude of mixed-case
effects in prior lexical decision and semantic categorization
experiments suggests that a number of potentially uncon-
trolled factors may have hindered the responses to mixed-
case stimuli over and above the case-mixing effect. As
Kinoshita and Norris (2010) pointed out, a subtle element
such as the use of the potentially ambiguous letter | may
severely disrupt word/nonword processing in mixed-case
words like SUITFY, as this letter could be perceived as the
lower case of the letter L or the upper case of the letter i.
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Another element to consider here is that the case-mixing
manipulation is typically a “case alternation” manipula-
tion. As a result, depending on the characteristics of the
stimuli, case alternation may have disrupted the processing
of graphemic units, such as digraphs (e.g., compare thing
and tHiNg), double letters (e.g., compare watt with wA1tT)
or context-dependent vowels (e.g., compared hEaD /hed/
with bEaD /bi:d/) in deep orthographies like English. In an
attempt to minimize this issue, in the present experiments,
we employed a language with simple grapheme-to-sound
rules and without context-dependent vowels (Spanish). Fur-
thermore, the letters that composed the mixed-case words
were presented in a consistent case for all mixed-case stim-
uli, either in lowercase or uppercase (e.g., the letters B and
L were always presented in uppercase, whereas the letters n
and a were always presented in lowercase), as in the words
TRiBunal or LaTeRaL. This manipulation, while creating
visually unfamiliar mixed-case words, avoids presenting the
double letters (e.g., LL) in different letter-case (e.g., PaelLLa
and not PaEILa) or presenting the same letter (e.g., a) in
different letter-case within the same word (e.g., aLTaR and
not aLtAr).

Furthermore, we controlled for another factor that may
potentially disrupt the processing of mixed-case words: letter
size (e.g., compare aLTaR with ALTAR). The idea is that
uppercase letters—being physically larger—may mask the
lowercase letters or induce some letter grouping (e.g., the
uppercase letters in SPrInG may activate the word PIG; see
Humphreys, Mayall, & Cooper, 2003). To avoid this poten-
tial confound, both mixed-case and same-case words had a
similar whole-word envelope: mixed-case words were com-
posed of uppercase and lowercase letters with approximately
the same height (equal-size mixed-case words like

LaTeRaLl) and same-case words were composed of upper-
case letters (e.g., LATERAL). Finally, to examine whether
letter size plays a role in the processing of mixed-case words,
we compared equal-size mixed-case words with standard
mixed-case words (e.g.,.LATERaALvs. LaTeRal)—note
that the empirical evidence on this issue is scarce and incon-
sistent. Smith (1969) and Smith, Lott, and Cronnell (1969)
found similar performance in a reading aloud task and in a
search task for standard mixed-case words and equal-size
mixed-case words, whereas Mayall, Humphreys, and Olson
(1997) found slower naming times for standard than for
equal-size mixed-case words.

In sum, the current experiments directly examined
whether there is a genuine deleterious effect from mixed-
case stimuli during lexico-semantic processing or whether
the reading cost of mixed-case words is mainly due to lack
of visual familiarity. To that end, we compared same-case
words vs. mixed-case words in two binary word recognition
tasks. In Experiment 1, we employed a task that is sensi-
tive to visual familiarity (lexical decision; “is the item a

word?”), whereas in Experiments 2 and 3 we employed a
task that requires unique access to semantic information
rather than an assessment of visual familiarity (semantic
categorization; “is the word an animal name?”’). To obtain
stable response time data in each of the experimental condi-
tions, we employed a large set of stimuli: 480 trials in the
lexical decision experiment and 336 trials in the semantic
categorization experiments.

If the case-mixing effect during word recognition is due
to a post-access mechanism that takes visual familiarity as a
source of evidence in lexical decision (i.e., lack of visual
familiarity induces “no” responses), we expect faster and
more accurate “yes” lexical decision responses for same-case
words (e.g., LATERAL) than for mixed-case words
(LATEeRAL) and, conversely, we expect slower and less
accurate “no” responses for same-case nonwords (e.g.,
TEBADA) than for mixed-case nonwords (T€BADa). We
also examined whether letter size played a role in the case-
mixing effect by comparing equal-size mixed-case words and
standard mixed-case words (i.e., LATERAL vs. LaTeRal).
To anticipate the results, we found a case-mixing effect in
line with the visual familiarity hypothesis (i.e., a cost for
words; a benefit for nonwords). In Experiments 2 and 3, we
employed a task that requires unique access to lexico-seman-
tic information: a semantic categorization task (“is the word
an animal name?”). If the case-mixing effects in Experiment
1 were purely due to a visual familiarity bias that occurs in
lexical decision, we should obtain similar response times for
equal-size mixed-case words and same-case words in seman-

tic categorization (e.g., LAT@RAL would produce similar
word identification times as LATERAL). Alternatively, if
there is genuine cost for mixed-case words at retrieving lex-
ico-semantic information, response times should be faster
for same-case than for equal-size mixed-case words (e.g.,

LATERAL faster than LATERAL).

Experiment 1 (lexical decision)

Method
Participants

In each of the experiments, we recruited 24 psychology stu-
dents at the University of Valencia. All of them were native
speakers of Spanish and signed a consent form before start-
ing the experiment. None of them reported having any read-
ing difficulties. The experiments were approved by Experi-
mental Research Ethics Committee of the Universitat de
Valéncia.

@ Springer
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Materials

We selected 240 words from the EsPal subtitle-based Span-
ish database (Duchon, Perea, Sebastian-Gallés, Marti, &
Carreiras, 2013). The mean number of letters was 6.4 (range
5-8), the mean familiarity scores (out of seven) was 5.8
(range 3.4-7.0), and the mean Zipf word-frequency was 4.17
(range 2.24-5.91) (see Brysbaert, Mandera, & Keuleers,
2017, for the advantages of the Zipf scale to estimate word-
frequency). We also created 240 orthographically legal pseu-
dowords matched in length and subsyllabic segments with
the words using Wuggy (Keuleers & Brysbaert, 2010). Each
item could be presented in same-case uppercase format
(LATERAL), equal-size mixed-case format (LATERAL),
and standard mixed-case format (LaTeRal). For the mixed-
case items, the vowels and the consonants m, n, and i were
presented in lowercase, whereas the other letters were pre-
sented in uppercase (e.g., LaTeRal). As most syllables in
Spanish are CV or CVC, this typically creates an alternation
of letter-case within the words. We employed Verdana 14-pt
font for the letters in same-case, standard mixed-case format,
and the uppercase letters in the equal-size same-case format.
For the lowercase letters in the equal-size mixed-case format
we employed Verdana 18-pt except for the letter i in which
we employed Verdana 16-pt so that the diacritic mark would
not be visually salient. We created three lists in order to
counterbalance the stimuli across lists (e.g., one-third of the
participants would be presented with LATERAL, another
third would be presented with LATERAL, and the rest of
participants would be presented with LaTeRaL). Thus, each
participant received 80 same-case words, 80 equal-size dif-
ferent-case words, and 80 standard mixed-case words. The
list of stimuli across the different formats in Experiments
1-3 is available at http://www.uv.es/mperea/Items_PFM.pdf.

Procedure

The experimental session took place individually in a quiet
room using a computer equipped with DMDX (Forster &
Forster, 2003). On each trial, a fixation point (+) was pre-
sented on the center of the screen for 500 ms, and then it was
replaced by the stimulus item. The item was on the screen
until the participant responded or 2000 ms had elapsed—if
no response was made after this period, it was considered as
an incorrect response. Participants were instructed to decide
whether the letter string at the center of the computer screen
was a real word or not by pressing the buttons labeled as
“s1” (yes) or “no”. This decision had to be made as fast as
possible while trying to keep accuracy high. Sixteen practice
trials preceded the 480 experimental trials. The entire ses-
sion lasted for approximately 20—24 min.
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Table 1 Mean response times (in ms) and error rates (in parentheses)
for words and nonwords in Experiment 1 (lexical decision task)

Same-case Equal-size Standard mixed-case
mixed-case
Words 600 (3.6) 630 (5.4) 634 (7.1)
Nonwords 707 (7.2) 694 (4.8) 686 (5.0)

Results and discussion

Incorrect responses and very fast correct response times
(shorter than 250 ms; 3 observations) were removed from
the latency data. The mean correct lexical decision times
and the error rates in each condition are shown in Table 1.

To analyze the data, we employed linear mixed effects
models with the fixed factor Type of Stimulus (same-case,
equal-size mixed-case, standard mixed-case) for words
and nonwords separately using the Ime4 package (Bates,
Maechler, Bolker, & Walker, 2015) in R (R Development
Core Team, 2018). For each model, the factor Type of Stim-
ulus was coded to test the two contrasts of interest: the effect
of mixed-case (same-case vs. equal-size mixed-case) and
the effect of letter size (equal-size mixed-case vs. standard
mixed-case conditions). For the word data, we also included
Zipf word-frequency as a covariate in the model—this was
centered, as recommended by Baayen (2008). We chose
the most complex linear mixed effect model—in terms of
random effect structure—that converged for each depend-
ent variable (latency data; accuracy data). These models
are presented in the supplemental materials. For the latency
data, we transformed the response times (— 1000/RT) to
maintain the normality assumption of these models. The p
values were obtained with the ImerTest package (Kuznet-
sova, Brockhoff, & Christensen, 2017). For the accuracy
data, we employed generalized mixed effects models, where
accuracy was coded as binary values. Finally, the pattern of
significant effects in this and subsequent experiments was
also corroborated with by-subject and by-item analyses of
variance with untransformed RT data.

Word data The analyses of the latency data showed that
participants responded to faster to same-case words than
to equal-size mixed-case words (600 vs. 630 ms, respec-
tively), t=5.642, b=0.076, SE=0.014, p <.001, whereas
the 4-ms advantage of the equal-size mixed-case words over
the standard mixed-case words was not significant (630 vs.
634 ms, respectively), t=1.285, b=0.016, SE=0.013,
p=_.211. Finally, the effect of Zipf word-frequency was
significant (i.e., faster response times to higher frequency
words), t = —9.395, b=0.077, SE=0.008, p < .001.

The analyses of the accuracy rates showed that partici-
pants were more accurate to same-case words than to equal-
size mixed-case words, z=2.903, b=0.479, SE=0.165,
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p=.004, and participants were more accurate to equal-
size mixed-case words than to standard mixed-case words,
z=-2.14,b=-0.300, SE=0.141, p=.03. Finally, the effect
of Zipf word-frequency was also significant (i.e., higher
accuracy for higher frequency words), z=6.863, b=0.873,
SE=0.127, p<.001.

Nonword data The analyses of the latency data showed
that equal-size mixed-case nonwords were responded to
faster than same-case nonwords (694 vs. 707 ms, respec-
tively), t=3.495, »=0.003, SE=0.009, p <.001. The 8-ms
advantage of the standard mixed-case nonwords over the
equal-case mixed-case nonwords (686 vs. 694 ms, respec-
tively) was not significant, t=—1.582, »=0.001, SE=0.009,
p=.116.

The analyses of the accuracy rates showed that partici-
pants were more accurate to equal-size mixed-case non-
words than to same-case nonwords (z =—3.427, b=—0248,
SE=0.072, p<.001), whereas there were no signs of a dif-
ference between the accuracy rates to equal-size mixed-case
nonwords and standard mixed-case nonwords (z< 1, p>.95).

The present experiment showed an advantage in the
latency and accuracy data of same-case words (LATERAL)
over mixed-case words (LATE€RAL) (30 ms and 1.8%), thus
replicating the case-mixing effect for words in lexical deci-
sion (e.g., Allen et al., 1995; Besner, 1983; Besner &
McCann, 1987; Kinoshita, 1987).

Critically, mixed-case nonwords (T€BaDa) were
responded to more quickly and more accurately than same-
case nonwords (TEBADA) (13 ms and 2.4%). The dissocia-
tion of mixed-case effects for words and nonwords in lexical
decision is consistent with the hypothesis that the lack of
visual familiarity of mixed-case stimuli induces a “no”
response—this bias should hinder word stimuli and help non-
word stimuli. Finally, equal-size mixed-case words showed
similar latencies and only slightly higher accuracy than
standard mixed-case words, thus suggesting that letter size
only plays (if anything) a minimal role in the case-mixing
effect (e.g., LaTeRaL behaves similarly to LATERAL).

The question now is whether the mixed-case effect for
words vanishes in a classification word recognition task that
requires unique word identification rather than an assess-
ment of visual familiarity: semantic categorization. Partici-
pants in Experiments 2 and 3 were asked to decide whether
the presented word was an animal name or not. We included
the set of words from Experiment 1 as non-exemplars and
selected a new set of words that were animal names. (We
excluded a small subset of words [15 words] that were ani-
mal names or words semantically related to animal names
such as granja [farm].) In Experiment 2, we employed a
go/no-go procedure (“press a key if the word is not an ani-
mal”) so that participants would primarily focus on the target

stimuli (i.e., the non-animal names), whereas in Experiment
3, we employed a standard two-choice procedure.

Experiment 2 (go/no-go semantic
categorization)

Method
Participants

The sample was composed of 24 students from the same
population as in Experiment 1.

Materials

For the non-animal names, we selected 225 out of the 240
words from Experiment 1—the 15 excluded words corre-
sponded to animal names or referred to concepts related
to animal names (example). We also selected a set of 111
words that corresponded to animal names. The mean num-
ber of letters was the same as that for the non-animal names
(mean = 6.4; range 5-8) and the mean Zipf word-frequency
was 3.38 (range 1.63—4.92) in the EsPal database (Duchon
et al., 2013). As in Experiment 1: each item could be pre-
sented in same-case uppercase format, equal-size mixed-
case format, or standard mixed-case format, and we created
three lists to counterbalance the materials. Thus, each par-
ticipant received 112 same-case words (75 animal names;
37 non-animal names), 112 equal-size mixed-case words
(75 animal names; 37 non-animal names), and 112 standard
same-case words (75 animal names; 37 non-animal names).

Procedure

It was parallel to Experiment 1 except that participants were
instructed to press a button when the word did not corre-
spond to an animal name. This decision had to be made as
soon as possible while trying to keep accuracy high. The
stimulus was on the screen until the participant responded
or up to a maximum of 1500 ms. A set of 12 practice tri-
als preceded the 336 experimental trials. The whole session
lasted for approximately 16—18 min.

Results and discussion

The screening process was the same as in Experiment 1—we
removed one correct response time shorter than 250 ms—
and the statistical analyses were parallel to those performed
in Experiment 1. The mean correct response times and the
error rates in each condition are displayed in Table 2.
Non-animal data The analyses of the latency data
showed similar response times for same-case words and
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Table 2 Mean response times (in ms) and error rates (in parentheses)
for words and nonwords in Experiment 2 (go/no-go semantic catego-
rization task)

Table 3 Mean response times (in ms) and error rates (in parentheses)
for words and nonwords in Experiment 3 (two-choice semantic cat-
egorization task)

Same-case Equal-size Standard mixed-case Same-case  Equal-size Standard mixed-case
mixed-case mixed-case
Non-animals 640 (1.1) 644 (1.4) 646 (1.2) Non-Animals 588 (2.9) 586 (2.9) 582 (3.4)
Animals -(124) —(10.1) -(12.4) Animals 595 (8.7) 599 (9.8) 608 (11.3)

equal-size mixed-case words (640 vs. 644 ms, respectively;
t=-—1.146, b=0.018, SE=0.016, p=.263). The differ-
ence between equal-size mixed-case words and standard
mixed-case words did not approach significance (644 vs.
646 ms, respectively; < 1, p>.90). Finally, we found a
strong Zipf word-frequency effect, r=—6.872, b=—0.077,
SE=0.011, p<.001.

The analyses of the accuracy data did not show any
significant effects of mixed-case or letter size either, both
zs < 1. The effect of word-frequency approached signifi-
cance, z=—1.89, »=0.388, SE=0.205, p=.058.

Animal data Neither of the two comparisons was sig-
nificant, both zs < 1.61, ps>0.108.

In the present semantic categorization experiment, nei-
ther the response time data nor the accuracy data showed
any signs of a case-mixing effect: there was only a mini-
mal advantage of the same-case words over the equal-size
mixed-case words: 4-ms in the latency data and 0.3% in
the accuracy data. The lack of a cost for mixed-case words
favors the visual familiarity hypothesis of the case-mixing
effect, as this effect should be restricted to those tasks in
which there is an assessment of the visual familiarity of
the stimulus (e.g., lexical decision).

One might argue, however, that participants could have
been responding on the basis of a fixed deadline to non-
animal names. However, as shown above, the effect of
word-frequency was quite robust in the latency analyses,
thus ruling out an explanation of our data as a function of a
fixed deadline for “no” responses. Furthermore, this effect
replicates and extends earlier research that has reported
sizeable word-frequency effects in two-choice semantic
categorization tasks for both exemplars and non-exemplars
(e.g., see Quinn & Kinoshita, 2008).

As one might argue that the “go” decisions on the non-
exemplars could have affected the processes of interest,
Experiment 3 was designed to replicate Experiment 2
while measuring latencies for both exemplars and non-
exemplars. Thus, the materials were the same as in Experi-
ment 2 except that participants had to make a two-choice
semantic categorization task instead of a go/no-go seman-
tic categorization task.
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Experiment 3 (two-choice semantic
categorization)

Method
Participants

The sample was composed of 24 students from the same
population as in Experiments 1 and 2. None of them had
taken part in the previous experiments.

Materials
They were the same as in Experiment 2.
Procedure

It was the same as in Experiment 1 except that participants
were instructed to make a two-choice decision instead of
a go/no-decision. That is, participants were instructed to
press the key labeled as “si” (yes) for animals or “no” for
non-animals.

Results and discussion

The statistical analyses were parallel to those performed in
Experiments 1 and 2—we removed one correct response
time that was shorter than 250 ms. The mean correct
response times and the error rates in each condition are dis-
played in Table 3.

Non-animal data Similarly to Experiment 2, the analy-
ses of the latency data showed similar response times to
same-case words and equal-size mixed-case words (588 vs.
586 ms, respectively), t=—1.048, b=—-0.012, SE=0.010,
p=.30. In addition, there was a small 4-ms advantage of
the standard mixed-case words over the equal-size mixed-
case words (582 vs. 586 ms, respectively), t=—2.089,
b=-0.023, SE=0.011, p=.04—this difference did not
approach significance when using untransformed data,
t=1.296, p=.196. Finally, we found a sizeable word-fre-
quency effect, r=—4.773, b=-0.050, SE=0.010, p <.001.

The analysis of the accuracy data did not show any sig-
nificant effects of mixed-case or letter size, both ps>0.50,
whereas the effect of Zipf word-frequency was significant
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(i.e., higher accuracy to higher frequency words), z=3.12,
b=0.605, SE=0.194, p=.002.

Animal data The analyses of the latency data also
showed similar response times to same-case and equal-
size mixed-case words (595 vs. 599 ms, respectively), t< 1,
p>.78. In addition, we found a 9-ms disadvantage of the
standard mixed-case words over the equal-size mixed-case
words (608 vs. 599 ms, respectively), t=2.33, b=0.032,
SE=0.014, p=.025—again, this difference was not signifi-
cant when using the untransformed RTs, 1=1.593, p=.120.

The analysis of the accuracy data did not show any sig-
nificant effects, both ps>0.50.

Thus, the present two-choice semantic categorization
experiment showed that response times to same-case words
and mixed-case words were remarkably similar, thus rep-
licating the findings from the go/no-go semantic categori-
zation task employed in Experiment 2. Furthermore, as in
Experiment 2, we found a robust effect of word-frequency
for non-exemplars.

Finally, as in the previous experiments, we did not find
any clear signs of an effect of letter size for mixed-case
words: there was a 4-ms advantage of the standard mixed-
case words over the equal-size mixed-case words for the
non-exemplars. However, leaving aside the small size of
the difference (4 ms; p=.04), this was accompanied by a
trade-off in the accuracy data and, furthermore, the exem-
plars showed a small effect in the opposite direction (9 ms;
p=.025). Thus, one should be cautious not to over-interpret
these very small differences—note that these differences
were not significant when using untransformed RTs.

General discussion

We designed three experiments to directly test whether the
hindered performance when reading mixed-case words was
related to impoverished lexico-semantic access or to a visual
familiarity bias. To that end, we conducted an experiment
with a task that is known to be sensitive to visual familiarity
(a word/nonword discrimination task: lexical decision) and
two experiments with a task that involves access to unique
lexico-semantic information and in which the assessment of
visual familiarity is irrelevant (semantic categorization). To
isolate the “visual familiarity” component of the mixed-case
effect, digraphs were always presented in the same case (e.g.,
PaeLLa) and the experiment was conducted in a shallow
orthography with no context-depending vowels (Spanish). In
Experiment 1, lexical decision responses were faster and more
accurate for same-case words than for mixed-case words,
whereas the nonwords showed the opposite pattern. Critically,
there were no signs of a difference between same-case words
(LATERAL) and mixed-case words (LAT@RAL) when the

word recognition task required access to lexico-semantic
information (semantic categorization; Experiments 2 and 3).
Finally, we found no clear signs of a modulating role of letter
size in case-mixing effects: standard mixed-case words were
processed similarly to equal-size mixed-case words in all
three experiments. Importantly, this latter finding rules out an
explanation of case-mixing effects as due to lateral masking
from the (larger) uppercase letters.

Taken together, these findings favor the visual familiarity
hypothesis of case-mixing effects: lack of visual familiarity
of the stimulus item in mixed-case induces a “no” bias in
lexical decision. As the required response to mixed-case
words like LATE@RAL or LaTeRaL is “yes”, this “no” bias
creates a response conflict. This leads to longer “yes” lexical
decision responses (and more errors) for mixed-case words
than for same-case words (i.e., a mixed-case effect cost).
Importantly, the bias for “no” responses in visually unfamil-
iar stimuli has a benefit for nonwords, as the mixed-case

nonword TE€BADA is less visually familiar than the same-
case nonword TEBADA. Indeed, “no” lexical decision
responses were faster (and more accurate) for mixed-case
nonwords than for same-case nonwords (i.e., a mixed-case
effect benefit). This latter finding suggests that other factors
were responsible for the mixed-case cost to nonwords in pre-
vious experiments in English. As we indicated in the Intro-
duction, the vast variability in the size of the observed case-
mixing effects (ranging from 16 ms to 129 ms across studies)
suggests that some characteristics of the stimuli (e.g., mixed-
case stimuli breaking some graphemic units [compare JAtT,
fEaD, vigHt with JATT, FEAD, and VIGHT]) were behind
this reading cost. Additional research is necessary to exam-
ine how digraphs or context-sensitive vowels are affected by
case mixing during word and nonword processing in a deep
orthography.

Critically, the present experiments showed no signs of a
case-mixing effect when the word recognition task required
access of lexico-semantic information (namely, semantic
categorization) (i.e., similar response times for LATERAL
and LATERAL), as revealed by Experiments 2 and 3. This
finding poses strong problems for the accounts that propose
that mixing case disrupts letter recognition, thereby delaying
lexical access. Furthermore, this finding also rules out
another possibility, namely that the post-access orthographic
check is slower with mixed-case words. Such a checking
mechanism would be involved in lexical decision and seman-
tic categorization’. Instead, this null effect of case-mixing
in semantic categorization is the predicted outcome from the
visual familiarity account of case-mixing effects.

Thus, the current experiments extend previous research
with the masked priming technique that suggested that the

2 We thank Ken Forster for suggesting this explanation.
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access to lexico-semantic information was not disrupted by
case mixing (Forster, 1998; Lee et al., 2002; Perea et al.,
2015): mixed-case repetition primes are as effective as same-
case primes (e.g., LaTeRaL-LATERAL =|ateral-LAT-
ERAL) (see Blais & Besner, 2005; Miozzo & Caramazza,
2003, for parallel evidence with Stroop and distractor inter-
ference paradigms, respectively). Unlike these experiments,
which provided indirect evidence of this phenomenon (e.g.,
how a mixed-case prime affected target performance), here
we provided direct evidence by measuring the responses to
the mixed-case words.

How visual familiarity is represented for words? Recent
research has shown that the left ventral occipito-temporal
cortex is sensitive to visual familiarity in lexical decision.
Wimmer, Ludersdorfer, Richlan, and Kronbichler (2016)
found that the activation in this brain area is greater to words
presented in an unfamiliar letter-case format than when pre-
sented in a familiar letter-case format in lexical decision
(e.g., ball vs. Ball—German nouns are presented with an
initial capital letter) (see Twomey et al., 2013, for converg-
ing fMRI evidence in Japanese). Wimmer et al. (2016) con-
cluded that neural representations for printed words in the
left ventral occipito-temporal cortex may include not only
abstract representations, as commonly thought, but they may
also contain information about visual attributes of the for-
mat in which the printed word is most typically seen. For
instance, the lexical entry for the brand name “IKEA”, the
acronym “FBI”, or the common noun “molecule” would
contain information on its more frequent visual configura-
tion (see Peressotti, Cubelli, & Job, 2003). Thus, the degree
of visual familiarity of the printed stimulus can be used as
a cue to improve performance in lexical decision, thus pro-
ducing shorter lexical decision times when presented in the
usual letter-case configuration (e.g., IKEA < ikea; FBI < fbi;
molecule < MOLECULE; see Perea, Marcet, & Vergara-
Martinez, 2018, for discussion). In contrast, letter-configu-
ration information would be irrelevant in tasks that require
unique word identification (e.g., semantic categorization)—
for instance, the advantage in response times of IKEA over
ikea vanishes in naming tasks (Perea et al., 2015).

An important remaining question is whether the proposed
visual familiarity account is specific to lexical decision or
whether it can also be at work during sentence reading. A
number of leading models of eye movement control in read-
ing assume that the stage responsible to move the saccades
toward the following word is based on a tentative familiarity
check judgment of the fixated word rather than on unique
lexical access (L1 vs. L2 stages; see Reichle, Pollatsek,
Fisher, & Rayner, 1998). This familiarity check judgment
may use different sources of evidence (see Reichle, Tokow-
icz, Liu, & Perfetti, 2011) and it has been recently suggested
that visual familiarity can modulate this decision (see Perea,

@ Springer

Rosa, & Marcet, 2017), thus producing an overall mixed-
case cost.

In summary, the present experiments have shown a dis-
sociation of case-mixing effects in lexical decision (a cost
for words and a benefit for nonwords) whereas there were
no signs of a case-mixing effect in semantic categorization.
This pattern generalizes previous findings from other experi-
mental paradigms (masked priming, Stroop effect, distrac-
tor frequency effect) and it suggests that case-mixing does
not delay the access to lexico-semantic information during
word processing, but it rather affects a visual familiarity
assessment.
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