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Abstract
Previous research has shown that, unlike misspelled common words, misspelled brand names are sensitive to visual let-
ter similarity effects (e.g., amazom is often recognized as a legitimate brand name, but not amazot). This pattern poses 
problems for those models that assume that word identification is exclusively based on abstract codes. Here, we investigated 
the role of visual letter similarity using another type of word often presented in a more homogenous format than common 
words: city names. We found a visual letter similarity effect for misspelled city names (e.g., Barcetona was often recog-
nized as a word, but not Barcesona) for relatively short durations of the stimuli (200 ms; Experiment 2), but not when 
the stimuli were presented until response (Experiment 1). Notably, misspelled common words did not show a visual letter 
similarity effect for brief 200- and 150-ms durations (e.g., votume was not as often recognized as a word than vosume; 
Experiments 3–4). These findings provide further evidence that the consistency in the format of presentations may shape 
the representation of words in the mental lexicon, which may be more salient in scenarios where processing resources are 
limited (e.g., brief exposure presentations).

Introduction

Despite the enormous number of words stored in the readers' 
lexicon and the great variability of their visual forms (e.g., 
house, House, HOUSE, house, etc.), we can accurately rec-
ognize a written word in only a few hundred milliseconds. 
To explain this remarkable ability, most current models 
of visual-word recognition and reading in alphabetic lan-
guages assume that perceptual factors are quickly distilled 
into abstract representations (i.e., font, size, CASE and color 
become incidental features; see Grainger, 2018; Grainger & 
Dufau, 2012). This process of abstraction has been imple-
mented in hierarchically-based neural models of visual 
word recognition, such as those by Dehaene et al. (2005) 

and Grainger et al. (2008), in which a layer of abstract let-
ter detectors is the driving force behind lexical access (see 
Agrawal et al., 2020; Hannagan et al., 2021, for alternative 
accounts).

A consequence of this assumption is that visual letter sim-
ilarity should only have a minimal impact on lexical access. 
The logic is that its effect should be limited to the initial 
stages of letter encoding, dissipating quickly in the process 
of visual word recognition (see Carreiras et al., 2013; Gutier-
rez-Sigut et al., 2019 for electrophysiological evidence using 
masked primes). Indeed, simulations on a leading computa-
tional model of word recognition such as the spatial coding 
model (Davis, 1999), using the default parameters, show that 
lexical decisions to the pseudoword CAMEPA, in which the 
letter R from its base word (CAMERA) was replaced with the 
visually similar letter P, produces the same lexical decision 
times (in processing cycles) as the pseudoword CAMESA, 
in which R was replaced with the visually dissimilar let-
ter S (i.e., 118 cycles in both cases). Empirical evidence 
with misspelled common words corroborates this view. For 
instance, in lexical decision experiments, response times and 
error rates are similar for pseudowords like viotin (where 
the letter “l” from violin was replaced with the visually 
similar letter “t”) and viocin (e.g., Perea & Panadero, 
2014, Perea et al., 2022; see Gutierrez-Sigut et al., 2022, 
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for electrophysiological evidence). If the visual appearance 
of letters played a role in how quickly and accurately people 
recognize words, we would have expected to observe a vis-
ual similarity effect. This effect would have resulted in more 
errors or slower “no” responses for visually similar pseu-
dowords, such as viotin compared to visually dissimilar 
pseudowords, like viocin. Indeed, the lack of differences 
between the response times to pseudowords like viotin 
versus viocin has often been considered a key marker of 
abstract, orthographic processing (see Ziegler et al., 2013). 

However, at least one type of written word has consist-
ently shown strong visual similarity effects for its misspell-
ings: logotypes (i.e., a logo displaying a company name 
or initials). In a task in which participants had to indicate 
whether the presented logotype was genuine or not, Pathak 
et al. (2019) found substantially longer response times and 
more errors to visually similar misspelled logotypes (e.g., 
tacebook, where “f” from facebook was replaced with 
the visually similar letter “t”) than to visually dissimilar 
misspelled logotypes like xacebook (see Perea et al., 
2022, for a replication with a different set of logotypes). 
This pattern was explained by a key feature of logotypes: 
their homogeneity in format. Unlike common words, which 
can vastly vary in appearance, logotypes are usually pre-
sented in a consistent font, style, and layout across different 
applications. After all, logotypes are designed to be easily 
recognizable and rely on visual information to achieve this 
recognition (Foroudi et al., 2017). Notably, visual letter sim-
ilarity effects are also strong when presenting the misspelled 
logotypes in plain format (e.g., using Times New Roman; 
Perea et al., 2022), thus suggesting that the lexical represen-
tations of brand names may retain some perceptual elements 
(see Perea et al., 2021, for a comparison of transposed-letter 
effects in brand names vs. logotypes). Indeed, brand names 
are identified faster when presented in their typical letter 
case (e.g., IKEA faster than ikea; amazon faster than 
AMAZON; see Gontijo & Zhang, 2007; Perea et al., 2015). 
In contrast, this pattern does not occur for common words: 
PHARMACY​, although often capitalized, is no more readily 
identified than pharmacy (Perea et al., 2018).

The robust effect of visual letter similarity for misspelled 
brand names suggests that some lexical representations may 
retain some sensitivity to visual information throughout the 
processing stream. Thus, one might argue that when the 
same visual form of the representations is often repeated 
across the various encounters—as occurs with logotypes 
and brand names, the generalizations created by abstracting 
over episodes in the “prototypical” lexical representation 
may contain some visual information (i.e., a weakly episodic 
account; see Tenpenny, 1995).

In this study, we investigated whether another category 
of words with a relatively high degree of homogeneity of 
presentation—city names—also shows a special sensitivity 

to visual letter similarity effects. City names are often pre-
sented in a standardized format, with the first letter of each 
word capitalized and the rest in lowercase (e.g., Barce-
lona). Furthermore, city names are encountered more fre-
quently in printed materials, such as maps, travel guides, 
news, forums, or road signs, which tend to use a restricted 
set of fonts, colors, or layouts. For instance, the city names 
used in the present Experiments 1–2 had a considerably 
higher average frequency in the book/web database than in 
the subtitle database—where the latter is thought to reflect 
“everyday language” (M = 28.5 vs. 3.9 per million, respec-
tively in the Duchon et al., 2013, EsPal databases in Span-
ish). In contrast, for the common words in Experiments 3–4, 
the frequency of appearance in books vs. informal contexts 
was comparable (book/web database: M = 54.7 and 57.01 
per million in Experiments 3 and 4, respectively; subtitle 
database: M = 60.6 and 44.7 per million in Experiments 3 
and 4, respectively; Duchon et al., 2013).

While the books and other printed (or online) materials in 
which city names are encountered may feature varying fonts 
and letter case, they are still more homogeneous that for 
common words, which may be presented in more informal 
contexts and in handwritten text. Moreover, visual informa-
tion in city names is likely to be more homogeneous, take for 
example the advice to writers to use clear and legible pen-
manship when handwriting city names in postal addresses. 
Thus, the homogeneity in the format of city names may 
make them particularly sensitive to visual information dur-
ing word identification.1 In contrast, due to the occurrence 
of common words in various written texts and contexts, their 
specific perceptual features may not be easily represented in 
their lexical entries (i.e., their lexical representations would 
be a result of the generalization across many different visual 
forms; see Tenpenny, 1995). As a result, visual similarity 
is unlikely to affect the recognition of misspelled common 
words.

The main aim of the present experiments was to test 
whether visual information plays a role in the identifica-
tion of pseudowords that resemble city names. For Exper-
iments 1 and 2, we created two misspelled versions of 
each city name by replacing a middle letter with either a 
visually similar letter (e.g., visually similar pseudoword, 
Barcetona from Barcelona) or a visually dissimilar 
letter (e.g., visually dissimilar pseudoword, Barcesona). 
We employed Simpson et al. (2013) letter visual similarity 
matrix to establish the degree of visual similarity of the 

1  We acknowledge that another option would have been to use proper 
names (e.g., see Peresotti et  al., 2003; Sulpizio & Job, 2018). We 
chose city names because, in general, they tend to have a more con-
sistent visual format than proper names (e.g., children often use hand-
writing to write and read theirs and their peer’s names, yielding more 
variability in the sensory input).
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misspelled letter with the original letter. The participants' 
task was to decide whether a given sequence of letters 
formed a correctly spelled word or not—they were also 
told that the set of words was composed of city names. 
The visual similarity effect was operationalized as the dif-
ference in response times and accuracy between visually 
similar pseudowords and visually dissimilar pseudow-
ords. Experiment 1 used a standard setup in which each 
stimulus was displayed until the participant responded. 
In Experiment 2, we shortened the exposure duration to 
200 ms to induce participants to make “word” decisions 
without a perfect match between the stimulus and the 
lexical entries. The logic of Experiment 2 was to maxi-
mize the chances of finding visual letter similarity effects 
for misspelled words (if any) in the absence of a careful 
post-access spelling check—note that visual letter simi-
larity effects can occur in the first moments of processing 
(e.g., obiect-OBJECT producing faster responses than 
obaect-OBJECT in masked priming: Marcet & Perea, 
2017, 2018; see also Lally & Rastle, 2022, for evidence 
with the Reicher–Wheeler task). Experiments 3 and 4 
examined whether a limited viewing time could elicit a 
visual letter similarity effect with misspelled common 
words (e.g., votumen vs. vosumen; base word: volu-
men [volume]).

The predictions of Experiment 1 were the following: If 
the mental representation of city names retains some visual 
information, we would expect more errors or longer response 
times for a visually similar pseudoword like Barcetona 
than for a visually dissimilar pseudoword like Barcesona 
(i.e., a visual similarity effect). This result would support 
the idea that visual information may be preserved in the 
word recognition system for certain types of stimuli, thus 
posing problems for accounts of visual-word recognition 
that assume that lexical access is derived only from abstract 
representations. Alternatively, if there is nothing special 
about city name identification, we expect similar response 
times and accuracy for pseudowords like Barcetona and 
Barcesona. In this latter scenario, we would expect a null 
effect of visual letter similarity, as occurs with misspelled 
common words and as predicted by the leading models of 
visual-word recognition.

Experiment 1 (misspelled city names, 
standard setup)

The experiment was pre-registered in the OSF (https://​osf.​
io/​js5r7/?​view_​only=​68bea​8601f​39440​2b11d​08b1b​42ab9​
19). The stimuli, data, scripts, and outputs of this and the 
following experiments are available at: https://​osf.​io/​drsvu/?​
view_​only=​c3bd6​91887​68472​f86fc​6b721​99795​0f

Method

Participants

We recruited 78 native speakers of Spanish (mean 
age = 29.7 years, SD = 10.1), of which 48 self-identified 
as female. This sample size guaranteed more than 2,000 
observations per condition, following the guidelines of 
Brysbaert and Stevens (2018). None of the participants had 
reading difficulties and all had a normal or corrected to nor-
mal vision. Participants received monetary compensation 
through the online-recruitment platform Prolific Academia 
(https://​www.​proli​fic.​co) and gave informed consent for 
their participation. The Ethics Committee for Experimental 
Research of the Universitat de València approved this series 
of experiments.

Materials

We selected 52 well-known city names from Spain and 
worldwide to act as base words. To make sure that the city 
names were familiar to the participants, a group of ten uni-
versity studies who did not participate in the experiment 
scored an initial pre-selected list in a 1–5 familiarity Lik-
ert scale—the selected city names had average familiarity 
values above 4.3. These city names were between 5 and 9 
letters long. Their mean word frequency was 4.06 (range 
0.01–6.12) in the Spanish subtitle database (Duchon et al., 
2013). As indicated earlier, the book/web database may offer 
a better indication of their word frequency (M = 29.26 per 
million, range 1.08–208.4) and their mean orthographic 
neighborhood (operationalized as the mean Orthographic 
Levenshtein Distance of the 20 nearest neighbors; OLD20) 
was 2.39 (range 1.35–3.95) in the Spanish database EsPal 
(Duchon et al., 2013). For each city name, we created two 
pseudowords, one in which we replaced a middle consonant 
letter with a visually similar consonant letter (e.g., Barce-
tona from Barcelona) and one in which we replaced 
the same internal consonant with a visually dissimilar con-
sonant letter (e.g., Barcesona). The average similarity of 
the original letter with the visually similar and visually dis-
similar condition was 4.13 (range 2.77–5.33) and 1.31 (range 
1.07–1.83), respectively, in the Simpson et al.'s (2013) visual 
letter similarity matrix. The average mean log bigram fre-
quency in Spanish was similar for the two sets of misspelled 
items (2.11 vs. 2.06, respectively, p = 0.26; Davis & Perea, 
2005). All pseudowords were pronounceable and ortho-
graphically legal. The base word was the only neighboring 
city name for the pseudowords. For the task, we also selected 
another set of 52 city names—of similar length as the initial 
dataset—that was presented correctly written. Their mean 
word-frequency in the Spanish book/web database (Duchon 
et al., 2013) was 27.86 (range 1.34–516.5) and their mean 

https://osf.io/js5r7/?view_only=68bea8601f394402b11d08b1b42ab919
https://osf.io/js5r7/?view_only=68bea8601f394402b11d08b1b42ab919
https://osf.io/js5r7/?view_only=68bea8601f394402b11d08b1b42ab919
https://osf.io/drsvu/?view_only=c3bd69188768472f86fc6b721997950f
https://osf.io/drsvu/?view_only=c3bd69188768472f86fc6b721997950f
https://www.prolific.co
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OLD20 was 2.40 (range 1.00–4.00). To ensure counterbal-
ancing of the two types of pseudowords across participants, 
we created two stimulus lists using a Latin-square design. 
For instance, Barcetona would be assigned to List 1 and 
Barcesona to List 2. In each list, participants received 
26 visually similar misspelled city names and 26 visually 
dissimilar misspelled city names—note that they were pre-
sented with 52 correctly written city names.

Procedure

The experiment was designed with Psychopy 3 (Peirce et al., 
2022; for benchmarks on performance, see Bridges et al., 
2020) and hosted by its corresponding online server Pav-
lovia (https://​www.​pavlo​via.​org). As the experiment took 
place online, all participants were instructed to remain in 
a quiet place without distractions for the duration of the 
experiment. In the beginning, participants filled out a demo-
graphical questionnaire through the platform LimeSurvey 
(https://​www.​limes​urvey.​org), before being redirected to the 
experiment. The experimental session commenced with 12 
practice trials, during which participants were provided with 
feedback regarding the accuracy of their responses. In the 
experimental phase, each participant went through 104 tri-
als, and no feedback was provided. At the beginning of each 
trial, a fixation cross was presented for 500 ms. This was 
followed by the stimulus until the participant’s response (or 
until a deadline of 2000 ms). Participants were instructed 
to determine whether the presented item was a correctly 
spelled word or not, as swiftly and accurately as possible. 
To facilitate response times, they were advised to place their 
right and left index fingers on the "M" (yes) and "Z" (no) 
keys on their keyboard. Participants were also told that the 
word stimuli consisted of city names and were provided with 
a set of exemplars for clarification in the instructions. We 
recorded both the latency and the response key for each trial. 
The experiment lasted less than 10 min.

Results and discussion

Very fast responses (less than 250 ms [0 trials]) and error 
responses were removed from the response time analyses. It 
should be noted that if participants did not respond within 
the 2-s deadline, this was considered an error. While the 
discussion in this paper is focused on the differences in RT, 
the interested reader can see the overall performance in the 
mean response times and accuracy for visually similar and 
dissimilar misspelled city names in the tables (Table 1 for 
Experiment 1).

We created separate Bayesian linear mixed-effects mod-
els, using the brms package (Bürkner, 2017) in R (R Core 
Team, 2022) to analyze accuracy (fitted with a Bernoulli 

distribution) and response times (fitted with an exGaussian 
distribution). The only fixed factor in the models was Visual 
similarity (similar [− 0.5], dissimilar [0.5]), and the result-
ing maximal random structure model was:

We ran 5000 iterations across four chains—the first 1000 
were considered warm-ups. The four chains converged ade-
quately (all R ̂s = 1.00). The Bayesian linear-mixed effects 
models' output includes an estimate for the fixed effect (b; 
this would be the median of the posterior distribution of the 
estimate), its standard error, and its 95% credible interval 
(CrI). Following the pre-registration protocol, we interpreted 
that there was a visual similarity effect when the credible 
interval of its estimate did not cross zero. Figure 1 shows the 
posterior estimates and the 95% credible intervals for both 
RTs and accuracy data.

Response times

The latency analyses did not reveal an effect of visual letter 
similarity for misspelled city names, b = − 9.20, SE = 5.44. 
95% CrI [− 20.06, 1.51]. The small difference in the esti-
mates was because, while the by-subjects difference was 
1 ms, the by-item effect was 16.5—this was due to a few 
items that generated a large visual letter similarity effect (see 
the middle Panel of Fig. 2).

Accuracy

The accuracy analyses showed numerically smaller accuracy 
rates (around 6%) for the visually similar than for visually 
dissimilar city names. However, not only the 95% credible 
interval crossed zero, b = 0.21, SE = 0.42, 95% CrI [− 0.64, 
1.02], but the parameter estimate fell within the 50% cred-
ible interval (see the middle panel of Fig. 2). This pattern 
suggests that the apparent numerical difference could have 
just been due to a small subset of items. We conducted an 

(a)

Dependent Variable ∼ Visual Similarity

+ (1 + Visual Similarity|Subject )

+ (1 + Visual Similarity|Item )

Table 1   Mean correct response times (in ms) and error rates (in per-
centage) for the city names and the misspelled city names in Experi-
ment 1 (exposure duration until response)

City name Visually similar 
misspelled city 
name

Visually dissimi-
lar misspelled 
city name

Visual similarity 
effect

770 (9.9) 794 (9.8) 793 (3.8) 1 (6.0)

https://www.pavlovia.org
https://www.limesurvey.org
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exploratory by-item analysis via a box plot to examine this. 
As hypothesized, most of the misspelled items did not show 
an effect (see the left panel of Fig. 2; e.g., the median was 0).

The present experiment showed that misspelled city 
names did not exhibit a reliable effect of visual letter simi-
larity. This pattern is in line with the findings with mis-
spelled common words (e.g., RT [accuracy] to votume 
≈ RT [accuracy] to vosume; see Gutierrez-Sigut et al., 
2022; Perea & Panadero, 2014; Perea et al., 2022). These 
results are consistent with the idea that lexical access for city 
names, like common words, is primarily driven by abstract 
representations (e.g., Dehaene et al., 2005; Grainger et al., 
2008).

Nonetheless, there is a possibility that the lexical repre-
sentations of city names could maintain some sensitivity to 
sensory information but that this sensitivity was obscured 
by a post-access spelling check. One option to minimize 
the impact of this presumed verification stage would be to 
present the stimuli relatively briefly. In this scenario, partici-
pants would make “word’ responses based on a more lenient 
criterion between the visual input and the stored representa-
tions of the city names, maximizing the chances of finding a 
visual letter similarity effect, if any (see Grossberg & Stone, 
1986; Paap et al., 2000; Perea et al., 2005). To examine this 
hypothesis, Experiment 2 used the same stimuli as Experi-
ment 1, but they were presented for only 200 ms and subse-
quently masked with hash marks.

If brief exposure durations unveil the visual component 
behind the representations of city names in the mental lexi-
con, we would expect worse performance for pseudowords 
like Barcetona than Barcesona (i.e., an effect of vis-
ual similarity). Alternatively, if city names are represented 

similarly as common words (i.e., as abstract representations), 
we would expect a null effect of visual letter similarity for 
misspelled city names (i.e., as in Experiment 1).

Experiment 2 (misspelled city names, brief 
presentation)

The experiment was pre-registered in the OSF (https://​
osf.​io/​xbczm/?​view_​only=​3125a​b7097​ee48a​ab4a5​115fa​
69718​22).

Method

We recruited a new sample of 78 participants from 
the same population as in Experiment 1 (mean 
age = 31.1 years, SD = 10.3, 33 self-identified as women). 
The materials were the same as in Experiment 1. The pro-
cedure was the same as in Experiment 1, except that the 
items were presented for 200 ms and masked with a series 
of hash marks. The instructions were parallel to Experi-
ment 1, except that participants were told that the items 
would be presented briefly and followed by a pattern mask.

Results and discussion

As in Experiment 1, incorrect responses, and response times 
shorter than 250 ms (0 trials) were removed from the latency 
analyses. The mean RTs and accuracy in each condition are 
presented in Table 2. The statistical analyses were the same 

Fig. 1   Posterior distributions of the visual letter similarity effect in Experiment 1 (Response Times in the left panel, Accuracy on the right 
panel). The green areas correspond to the 95% credible intervals

https://osf.io/xbczm/?view_only=3125ab7097ee48aab4a5115fa6971822
https://osf.io/xbczm/?view_only=3125ab7097ee48aab4a5115fa6971822
https://osf.io/xbczm/?view_only=3125ab7097ee48aab4a5115fa6971822
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as in Experiment 1–see Fig. 3 for the posterior distributions 
of the effects.

Response times

The mean RTs for the misspelled city names were, on 
average, 13 ms slower when the mismatching letter was 
visually similar to the original letter than when it looked 

Fig. 2   Visual letter similarity effect, averaged by items, in the accuracy data (upper panel) and the latency data (lower panel) for Experiments 
1–4

Table 2   Mean correct response times (in ms) and error rates (in per-
centage) for the city names and the misspelled city names in Experi-
ment 2 (200-ms exposure duration)

City name Visually similar 
misspelled city 
name

Visually dissimi-
lar misspelled 
city name

Visual similarity 
effect

738 (12.0) 784 (18.4) 771 (8.7) 13 (9.7)
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dissimilar—note that the 95% credible interval crossed zero, 
b = − 7.46, SE = 5.54, 95% CrI [− 18.46, 3.50].

Accuracy

We found evidence of lower accuracy (around 9.7%) for the 
visually similar misspelled city names than for the visually 
dissimilar misspelled city names, b = 0.75, SE = 0.22, 95% 
CrI [0.32, 1.19].

In the present experiment, briefly presented misspelled 
city names exhibited a sizeable visual letter similarity effect: 
participants made more errors with misspelled city names 
like Barcetona than to Barcesona (see the right panel 
of Fig. 2). We found an effect in the latency data in the same 
direction, but it was statistically weaker.

The visual letter similarity effect obtained with mis-
spelled city names in the present experiment poses prob-
lems to accounts that assume that abstract letter codes solely 
drive lexical access (e.g., Dehaene et al., 2005, Local Com-
bination Detector model). Critically, one question raised in 
this experiment is whether or not the effect of visual letter 
similarity with misspelled city names under limited viewing 
time reflects a general process that applies to all misspelled 
words. To address this issue, we conducted Experiment 3. 
We selected a set of misspelled common words from the 
Gutierrez-Sigut et al. (2022) study (e.g., votumen vs. 
vosumen; base word: volumen [volume]). Gutierrez-
Sigut et al. (2022) found that these misspelled words did 
not show any effects of visual similarity with the standard 
setup in neurotypical readers in behavioral or electrophysi-
ological measures. Notably, for deaf readers, Gutierrez-Sigut 
et al. (2022) also reported that misspelled common words 

like vosumen elicited more negativity in the N400 time 
window than votumen. Thus, this set of misspelled words 
may produce visual letter similarity effects, at least for spe-
cific populations. (We discuss why some populations may 
be more sensitive to visual letter similarity effects in the 
General Discussion.)

There are two possible outcomes in Experiment 3. If the 
visual similarity effect with misspelled city names found 
in Experiment 2 reflects a general mechanism for "word" 
responses based on a partial mismatch between the visual 
input and the stored representations, we would expect a simi-
lar pattern with misspelled common words (i.e., more errors 
for votumen than for vosumen). Alternatively, if the rec-
ognition of common words is primarily based on the rapid 
activation of abstract letter representations —which would 
likely occur in less than 200 ms—we would expect similar 
response times and error rates for visually similar and visu-
ally dissimilar misspelled common words (e.g., votumen 
≈ vosumen).

Experiment 3 (misspelled common words, 
brief presentation)

Method

Participants

We recruited a new sample of 51 participants from 
the same population as in Experiments 1–2 (mean 
age: 32.6 years, SD = 11.5, 29 self-identified as women). 

Fig. 3   Posterior distributions of the visual letter similarity effect in Experiment 2 (Response Times in the left panel, Accuracy on the right 
panel). The green areas correspond to the 95% credible intervals
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This sample size guaranteed above 2000 observations per 
condition, in line with the previous experiments.

Materials

We employed the set of words and pseudowords of Gut-
ierrez-Sigut et  al. (2022). This set of stimuli contained 
120 Spanish words between 5 and 8 letters long (mean 
frequency per million = 60.58 [range 0.63–888] and mean 
OLD20 = 1.80 [range 1.05–2.90] in the Spanish EsPal data-
base, Duchon et al., 2013). There were three experimental 
lists. Each list was composed of 40 intact words (e.g., vol-
umen [volume]), 40 visually similar pseudowords created 
by changing one middle consonant letter from a base word 
by a visually similar letter (e.g., votumen; the letter l from 
volumen was replaced with the letter t; M = 3.28 in the 
Simpson et al.,’s, 2013, visual similarity matrix), 40 visually 
dissimilar pseudowords created by replacing the same inter-
nal letter as above with a visually dissimilar consonant letter 
(e.g., vosumen; where the letter l was replaced with the 
visually dissimilar letter s; M = 1.52 in the Simpson et al., 
2013, visual similarity matrix). None of the pseudowords 

had any word neighbors other than the base word, and the 
mean log bigram frequencies for the visually similar and 
visually dissimilar pseudowords were 2.30 and 2.35, respec-
tively. The stimuli were counterbalanced across three lists—
the base words were presented intact in the Gutierrez-Sigut 
et al. (2022) experiment to compare the ERP waves in all 
three conditions. As in the Gutierrez-Sigut et al. study, each 
list included 40 filler words to keep a 50% word/pseudoword 
ratio. We also created ten words and ten pseudowords for the 
practice phase.

Procedure

The procedure was the same as in Experiment 2, except that 
there was no mention to city names in the instructions.

Results and discussion

Error responses and RTs shorter than 250 ms (1 trial) were 
removed from the latency analyses. The mean RTs and accu-
racy in each condition are presented in Table 3. The analyses 
were the same as in Experiments 1–2.

Neither the response times nor the accuracy analyses 
showed any signs of an effect of visual similarity with mis-
spelled common words with 200-ms exposure durations 
(RTs: b = 3.19, SE = 3.49, 95% CrI [− 3.00, 10.78]; accu-
racy: b = 0.12, SE = 0.26, 95% CrI [− 0.35, 0.66]) (see Fig. 4 
for the posterior distributions; see also the middle panel of 
Fig. 2).

Table 3   Mean correct response times (in ms) and error rates (in per-
centage) for the common words and the misspelled common words in 
Experiment 3 (200-ms exposure duration)

Word Visually similar 
misspelled word

Visually dis-
similar misspelled 
word

Visual similarity 
effect

637 (4.7) 691 (5.0) 699 (5.7) 8 (− 0.7)

Fig. 4   Posterior distributions of the visual letter similarity effect in Experiment 3 (Response Times in the left panel, Accuracy on the right 
panel). The green areas correspond to the 95% credible intervals
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The present experiment replicated the null effect of visual 
letter similarity for misspelled common words with skilled 
adult readers reported by Gutierrez-Sigut et al. (2022) at a 
shorter exposure duration. Thus, unlike misspelled city names, 
limiting viewing duration to 200 ms does not elicit a visual 
letter similarity effect for misspelled common words.

The stimuli used here were taken from a previous study 
(Gutierrez-Sigut et al. 2022) in which visually similar pseu-
dowords also maintained the overall shape of the original 
word (e.g., ascending letter → ascending letter, as in votu-
men [base word: volumen]). The differences in visual letter 
similarity, as evidenced by Simpson et al.'s (2013) visual letter 
similarity matrix were large (M = 3.28 vs. 1.52, for visually 
similar and visually dissimilar pseudowords, respectively; 
t(119) = 13.0, p < 0.001). However, the difference between 
the visually similar and dissimilar conditions in Experiments 
1 and 2 was more pronounced (average similarity scores were 
4.13 and 1.31 respectively). 

In Experiment 4, we designed a new set of materials involv-
ing misspelled common words for which visually similar and 
visually dissimilar pseudowords more comparable to those of 
Experiments 1 and 2. That is, in Experiment 4 visually simi-
lar pseudowords (e.g., circuilo derived from circuito 
[circuit]) consistently had high values in visual letter similarity 
(M = 4.17). In contrast, visually dissimilar pseudowords had 
low values in visual letter similarity (M = 1.18). In addition, 
we reduced the stimulus exposure duration from 200 to 150 ms 
in order to maximize the likelihood of detecting an effect of 
visual letter similarity for misspelled words, if present.

Experiment 4 (misspelled common words, 
brief presentation of 150 ms)

Method

Participants

We recruited 42 participants from the same population 
as in the previous experiments (mean age: 28.7 years, 
SD = 8.3, 25 self-identified as women, 16 as men, and 1 as 
other). As in Experiments 1–3, this sample size guaranteed 
more than 2,000 observations per condition.

Materials

We selected 106 Spanish words between 5 and 8 letters 
(M = 6.93) to act as base words for the visually similar and 
visually dissimilar pseudowords. The average frequency 
per million in the subtitle database in Spanish (Duchon 

et al., 2013) was 81.1 (range 3.77–470.11) and the mean 
OLD20 was 1.77 (range 1.00–2.65). For each base word 
(e.g., circuito [circuit]), we created two pseudow-
ords by replacing an internal consonant letter: (1) with a 
visually similar letter (visually similar pseudoword; e.g., 
circuilo; replacing “t” with “l”); (2) with a visually 
dissimilar letter (visually dissimilar pseudoword; e.g., 
circuiso; replacing “t” with “s”). The mean similarity 
of the original letter of the base letter and its visually simi-
lar and visually dissimilar counterparts was 4.17 (range 
2.53–5.60) and 1.18 (range 1.07–1.40), respectively, in the 
Simpson et al. (2013) visual letter similarity matrix. None 
of the pseudowords had any word neighbors other than the 
base word, and the two sets of pseudowords were matched 
in mean log bigram frequency (M = 2.26 vs. 2.27 for the 
visually similar and the visually dissimilar pseudowords; 
p = 0.77). 

In addition, we selected a set of 106 Spanish words 
between 5 and 8 letters (M = 6.76) to act as word trials in the 
experiment. The mean word frequency per million was 44.73 
(range 1.00–620.78) and the mean OLD20 was 1.82 (range 
1.20–3.30). We created two lists, following a Latin-square 
design, to counterbalance the pseudowords across the two 
lists (e.g., circuilo would be in List 1 and circuiso 
would be in List 2). Each list was composed of 53 visually 
similar pseudowords, 53 visually dissimilar pseudowords, 
and 106 words.

Procedure

The procedure was the same as in Experiments 2–3, except 
that the script was written in PsyToolkit (Stoet, 2010, 2017), 
the stimulus duration was slightly shorter (150 ms instead of 
200 ms), and the mask was presented for 500 ms followed 
by a blank screen.

Results and discussion

We removed very short responses (6 trials, less than 0.001%) 
and incorrect responses from the latency analyses. Table 3 
presents the mean RTs and accuracy in each condition. The 
analyses were parallel to Experiments 1–3.

As in Experiment 3, the mean RTs and accuracy rates 
were comparable for visually similar and visually dissimilar 
pseudowords (RTs: b = 1.41, SE = 3.55, 95% CrI [− 5.61, 
8.40]; accuracy: b = − 0.09, SE = 0.13, 95% CrI [− 0.35, 
0.17]) (see Fig. 5 for the posterior distributions) (Table 4).

The present experiment revealed that, when the stimuli 
are presented briefly (150 ms), there was no indication of 
longer response times or increased error rates for visu-
ally similar pseudowords relative to visually dissimilar 
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pseudowords in lexical decision (see the right-most plots 
of Fig. 2). Thus, neither of the experiments with briefly 
presented misspelled common words revealed any signs of 
a visual similarity effect, thus extending the findings with 
the usual setup (e.g., Gutierrez-Sigut et al., 2022; Perea & 
Panadero, 2014; Perea et al., 2022).

General discussion

One central question in visual-word recognition and reading 
is whether lexical access in skilled readers is based solely 
on abstract codes—as typically assumed—or whether visual 
codes may also play a role. The robustness of the visual 
similarity effects for misspellings of logotypes and brand 
names (e.g., the visually similar misspelling brand name 
amazom [from amazon] is often identified as a legit brand 
name; see Pathak et al., 2019; Perea et al., 2022) poses prob-
lems for those models of visual-word recognition propos-
ing purely abstract codes. To explain this dissociation, one 
might argue that the processing of logotypes and the context 
in which they occur are very different from other catego-
ries of words because of the consistency in their format. In 
the present experiments, we investigated whether another 

type of stimuli—city names—is sensitive to visual similar-
ity effects by comparing visually similar pseudowords like 
Barcetona vs. visually similar pseudowords like Barc-
esona in lexical decision. The logic was that, although to 
a lesser degree than brand names, city names are usually 
presented in a more homogeneous format than common 
words (e.g., initial capitalization, often in print). Using the 
standard setup (i.e., stimulus presentation until the partici-
pant's response), Experiment 1 found no evidence of visual 
similarity with misspelled city names (e.g., Barcetona 
vs. Barcesona). Crucially, when post-access verification 
mechanisms were restricted via a limited viewing time (i.e., 
stimulus presentation of 200 ms), we observed more errors 
for visually similar pseudowords (e.g., Barcetona) than 
for visually dissimilar pseudowords (e.g., Barcesona). 
Importantly, we also conducted two other experiments 
(Experiments 3 and 4) to test whether a limited viewing 
presentation would elicit a parallel effect with misspelled 
common words. Using different sets of items and varying 
stimulus presentation duration (200 ms in Experiment 3 and 
150 ms in Experiment 4), we found no evidence of a visual 
letter similarity effect for misspelled common words.

The findings of Experiment 2 with misspelled city names 
challenge those models of visual-word recognition that posit 
that visual information is entirely abstracted at the initial 
stages of letter encoding (e.g., Dehaene et al., 2005, Local 
Combination Detector model). Instead, the word recogni-
tion system may maintain at least some sensitivity to visual 
forms throughout processing (see Carreiras et al., 2013, for 
electrophysiological evidence with isolated letters). This 
sensitivity to visual information would be crucial for words 
we often encounter in a similar visual form, such as brand 
names and logotypes (Pathak et al., 2019; Perea et al., 2022). 

Fig. 5   Posterior distributions of the visual letter similarity effect in Experiment 4 (Response Times in the left panel, Accuracy on the right 
panel). The green areas correspond to the 95% credible intervals

Table 4   Mean correct response times (in ms) and error rates (in per-
centage) for the common words and the misspelled common words in 
Experiment 4 (150-ms exposure duration)

Word Visually similar 
misspelled word

Visually dis-
similar misspelled 
word

Visual similarity 
effect

609 (8.4) 662 (13.2) 676 (11.9) − 14 (− 1.3)
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Notably, we have demonstrated that these visual codes also 
play a role in another category of words—city names—that 
is usually presented with a homogeneous format. These find-
ings support the idea that the processing of written words 
may lead to multiple access codes, some of which may retain 
some perceptual characteristics (e.g., see Davis, 1999; Han-
nagan et al., 2021; Henderson, 1987; Peressotti et al., 2003; 
Wimmer et al., 2016). Thus, visual codes may play a more 
prominent role in visual word recognition for certain types 
of stimuli like brand names and—to a lesser degree—city 
names, and for certain populations. For example, dyslexic 
readers and deaf readers show visual letter similarity effects 
with misspelled common words (see Gutierrez-Sigut et al., 
2022; Perea & Panadero, 2014; see also Lavidor, 2011), 
while these same items do not produce any effect in typical 
readers. This dissociation across neurotypical versus dys-
lexic or deaf populations has often been attributed to differ-
ences in the balance between visual and abstract codes (see 
Emmorey et al., 2021; Lavidor, 2011).

Thus, an explanation of the present findings—together 
with the results with brand names—is that the brain stores 
sensory information from previous encounters with the 
words (see Goldinger, 1998, for an episodic account of lexi-
cal access). The blended mental representations of common 
words would result from a wide range of variability in the 
sensory format, so that their representations would not be 
typically affected by visual letter similarity beyond the initial 
stages of letter encoding. Conversely, the representations of 
highly homogeneous stimuli like brand names would be par-
ticularly sensitive to deviant visual elements (e.g., anazon 
would activate amazon more than atazon). In addition, 
the representation of stimuli that keep some homogeneity 
in the visual format, like city names can be susceptible (to a 
lesser degree) to visual elements (e.g., Barcetona would 
activate Barcelona more than Barcesona, at least 
with relatively brief exposure durations). Interestingly, this 
interpretation can easily explain why misspellings in com-
mon words in braille produce a tactile letter similarity effect 
(Baciero et al., 2022): braille letters have a characteristic 
homogeneous format (e.g., see UK Association for Acces-
sible Formats, 2017), thus making them more sensitive to 
perceptual effects.

There is another explanation. Recent models of visual-
word recognition have been moving towards scenarios that 
do not use explicit abstract letter representations. Agrawal 
et al. (2020) implemented a neurally plausible, purely visual 
model based on the compositional code of individual letters 
that respond to letter shapes. In this model, “lexical deci-
sions for nonwords are driven by the dissimilarity between 
the viewed string and the nearest word” (p. 13). Therefore, 
the visually similar pseudoword forcet would be more 
confusable with word forget than the word forxet (see 
Fig. 2 in Agrawal et al., 2020). Thus, this model can easily 

explain the presence of visual letter similarity effects for 
misspellings in lexical decision. The problem is that, for 
common words, these visual similarity effects only appear 
with heavily masked stimuli (e.g., masked primes: Marcet 
& Perea, 2017, 2018; Reicher-Wheeler task: Lally & Ras-
tle, 2022). Furthermore, visual letter similarity effects are 
substantially greater for misspelled brand names than for 
misspelled city names for unprimed lexical decision. Future 
implementations of the models based on compositional 
codes need to consider the role of the variability across the 
visual input in their learning regime. We must keep in mind 
that Agrawal et al.’s model was trained with stimuli with 
the same font, thus creating a scenario similar to that of 
brand names and, thereby, especially susceptible to the influ-
ence of visual factors. More recently, Hannagan et al. (2021) 
implemented a deep convolutional neural network that was 
originally trained to perform object recognition and was 
later trained with thousands of images of words varying in 
case, font, and size. This model predicted a number of phe-
nomena previously attributed to the emergence of abstract 
letter representations (see also Yin et al., 2022, for another 
convolutional network model that simulates masked form 
priming; see also Bowers et al., 2022, for discussion of these 
networks). However, unlike Agrawal et al.’s (2020) proposal, 
Hannagan et al. (2021) did not test visual similarity effects 
in lexical decision. While beyond the scope of the present 
paper, further simulations with these models are necessary 
to examine their plasticity to the various types of items (e.g., 
brand names, city names, common words) or groups of par-
ticipants (e.g., readers with dyslexia).

In sum, the present experiments revealed that visually 
similar misspellings like Barcetona were more difficult 
to reject as words than Barcesona under relatively brief 
exposure durations (200 ms). This pattern did not occur with 
misspelled common words in two additional experiments 
using different sets of items. This dissociation suggests that, 
at least for some types of words, visual codes are used dur-
ing word processing flow, challenging biologically-inspired 
models of visual word recognition that rely solely on the 
activation of abstract letter codes (e.g., Dehaene et al.,’s 
2005, Local Combination Detector model). Future imple-
mentations of models of visual-word recognition should 
consider that words that are often presented in a homogene-
ous format (e.g., brand names and, to a smaller degree, city 
names) can be more sensitive to visual codes than common 
words.
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