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Abstract
Soares, Lages, Oliveira, and Cabrera-Hernández (2019) recently showed that the 
mirror-letter interference effect observed for words containing reversal letters was 
reliable for words containing left-oriented mirror-letters as ‘d’, but not for words 
containing right-oriented mirror-letters as ‘b’, thus indicating that the directionality 
of the reversal letters cannot be disregarded when examining the cost of suppress-
ing the mirror-generalization mechanism at the early stages of visual word recog-
nition. Here we examined whether this bias can also be observed for left-oriented 
non-reversal letters such as ‘g’, ‘j’, and ‘z’, which just as ‘d’ are also prone to errors 
in writing in left-to-right orthographies as European Portuguese (EP). Thirty-six EP 
skilled readers performed a lexical decision task combined with a masked-priming 
paradigm in which target words containing either left-oriented (e.g., ‘g’, genial) or 
right-oriented (e.g., ‘c’, casual) non-reversal letters were preceded by 50 ms primes 
that could be the same as the target (genial–genial, casual–casual), nonword primes 
in which the critical letter was replaced by the mirror-image of the left- or right-
oriented non-reversal letter ( enial–genial, asual–casual), or nonword primes in 
which the critical letter was replaced by the mirror-image of another left-oriented 
or right-oriented non-reversal letter as control ( enial-genial, asual-casual). Results 
showed that the amount of priming produced by identity primes and mirror-image 
primes was virtually the same for words with left-oriented (e.g., genial–genial  
=  enial–genial), but not for words with right-oriented non-reversal letters (e.g., 
casual–casual >  asual–casual), hence extending the right-oriented bias observed for 
words containing reversal letters to words containing non-reversal letters.
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Recent studies have shown that recognizing words that contain letters whose reverse 
images correspond to other letters in the Latin alphabet such as ‘b’ and ‘d’ (reversal 
letters) is more difficult than recognizing words that contain letters whose reverse 
images do not correspond to other existing letters as ‘c’ and ‘r’ (non-reversal letters), 
an experimental effect known as the mirror-letter interference effect. This effect has 
been recently explained based on the neuronal recycling hypothesis claiming that, 
because reading is a recent cultural invention (it has been part of the human cul-
ture for only ~ 5400 years), and we did not born naturally wired to read, the brain 
has to recruit ancient areas in the left occipital-temporal sulcus on the lateral bor-
der of the fusiform gyrus, originally devoted to object and face recognition (the so-
called visual word form area, VWFA), at service of this “new” cognitive function 
(see also e.g., Cohen et al., 2000; Dehaene, 2005, 2009; Dehaene & Cohen, 2007, 
2011; Dehaene, Cohen, Sigman, & Vinckier, 2005; Nakamura et al., 2012). Note, 
however, that the interest in studying errors with reversal letters has a long tradition 
on cognitive research (at least from the seminal works developed by Orton (1925) 
in the last century) and several other proposals have been advanced to account for 
the mirror-letter effects, which are still under intense debate today (see Lachmann, 
2008, 2018 for recent reviews). Nevertheless, according to the neuronal recycling 
hypothesis, the brain transformation that occurs when learning to read has, at least, 
two ensuing consequences, as recently pointed out by Soares, Oliveira, and Jiménez 
(2020): the hardwired properties of the cortical territories that the VWFA ‘invades’ 
constrain reading; and the cognitive demands that reading requires reshape the pre-
vious functional organization of the visual recognition areas on which the VWFA 
relies on (e.g., Dehaene et al., 2010; Dehaene, Cohen, Morais, & Kolinsky, 2015; 
Kolinsky et al., 2011; Pegado, Nakamura, Cohen, & Dehaene, 2011; Pegado et al., 
2014; see, however, Lachmann & van Leeuwen, 2007 and Lachmann, Khera, Srini-
vasan, & van Leeuwen, 2012 for other proposals claiming that learning to read leads 
to a novel synthesis of functions and not necessarily to a loss of perceptual skills; 
namely to a greater reliance on more analytical skills that do not seem to be origi-
nally instilled in the visual cortical areas, based preferentially on a more holistic 
mode of processing; see, also, Soares et al.,  2020 for recent evidence on literacy 
effects on artificial grammar learning).

Specifically, it has been argued that, because the visual recognition system is 
largely insensitive to spatial orientation, due to the automatic activation of the mirror 
generalization mechanism, this property, that is crucial for an effective object/face 
recognition, has detrimental effects on visual word recognition, at least in languages 
with orthographic scripts containing enantiomorphs (i.e., reversal letters; see, how-
ever, Danziger & Pederson, 1998; Pederson, 2003, for evidence in languages with-
out enantiomorphs). Thus, learning to read in languages containing reversal letters 
requires the visual word recognition system to develop mechanisms to suppress 
or inhibit the mirror generalization mechanism that is automatically activated for 
words’ recognition as it is for objects/faces’ recognition. Indeed, conversely to what 
happens with objects and faces’ recognition, the orientation of the letters is a diag-
nostic feature for a correct letter/word recognition, as only it allows the visual rec-
ognition system to differentiate letters that, although being symmetrical, are not the 
same, as ‘b’ and ‘d’. This is particularly important because letters are the building 
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blocks of words, and a correct letter identification is critical for words’ recognition 
and reading, as it occurs with words such as bom [good] and dom [gift] in the Euro-
pean Portuguese (EP) language (see Soares et al., 2019 for details). Deficits on this 
mechanism are likely to result in more word recognition errors and reading prob-
lems, as observed in individuals with dyslexia relative to non-dyslexic controls (e.g., 
Badian, 2005; Fernandes & Leite, 2017; Orton, 1925; Terepocki, Kruk, & Willows, 
2002). However, recent behavioral and neural studies showed that the mirror gener-
alization mechanism cannot be completely “turned off” as a consequence of read-
ing acquisition and consolidation, as evidence for letter mirror cost in visual word 
recognition is observed not only in developing readers but also in highly proficient 
skilled readers (e.g., Duñabeitia, Dimitropoulou, Estévez, & Carreiras, 2013; Duña-
beitia, Molinaro, & Carreiras, 2011; Perea, Moret-Tatay, & Panadero, 2011; Soares 
et al., 2019).

For instance, Perea et  al. (2011), using a lexical decision (go/no-go) masked 
priming paradigm, asked Spanish skilled readers and fourth-grade Spanish develop-
ing readers to decide, as quickly and accurately as possible, whether visually pre-
sented target words, containing either reversal letters (Experiment 1; e.g., IDEA 
[idea]), non-reversal letters (Experiment 2; e.g., ARENA [sand]), or both (Experi-
ment 3; e.g., IDEA, ARENA), were real Spanish words. Critically, these target 
words were preceded by briefly presented (50 ms) primes that could be the same as 
the target (i.e., identity primes; e.g., idea–IDEA, arena–ARENA), nonword primes 
that were exactly the same as the identity primes except for the substitution of the 
critical letter in the target (reversal or non-reversal) for its mirror-image (i.e., mir-
ror primes; e.g., ibea–IDEA, a ena–ARENA), or nonword primes in which the tar-
get letter was replaced by an orthographic control, in Experiments 1 and 2 (e.g., 
ilea-IDEA, a ena–ARENA), or by a missing character, in Experiment 3 (e.g., i
ea–IDEA, a ena–ARENA). Results showed that, for words containing reversal let-
ters (e.g., IDEA) besides the expected advantage of the identity condition over the 
other conditions, participants in both reading groups were significantly faster at rec-
ognizing words preceded by primes from the control condition than by primes from 
the mirror condition (i.e., ilea–IDEA < ibea–IDEA). For non-reversal letters (e.g., 
ARENA), words preceded by primes containing the mirror-image of the non-rever-
sal letter produced the same amount of priming as observed for targets in the iden-
tity prime condition (i.e., arena–ARENA = a ena–ARENA).

The current computational models of visual word recognition (e.g., Coltheart, 
Rastle, Perry, Langdon, & Ziegler, 2001; Davis, 2010; Grainger & Jacobs, 1996; 
McClelland & Rumelhart, 1981; Perry, Ziegler, & Zorzi, 2007) cannot account for 
this mirror-letter interference effect, mostly because they were implemented with the 
uppercase font created by Rumelhart and Siple (1974), and not with lowercase let-
ters, where the mirror-letter effect lies in (see footnote1). However, those findings 
led the authors to affirm that it is possible that, because at the front-end of the visual 
word processing the system is insensitive to letter orientation (as it is for object/

1  The uppercase letter created by Rumelhart and Siple (1974) is a highly artificial font where letters are 
defined by a set of 14 straight-line segments or “quanta”. Each letter is coded according to the presence 
(1)/absence (0) of each these segments according to its position, so that each letter is represented by a 
binary pattern such as 01111010100001.
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face orientation), words containing reversal letters as ‘d’ or ‘b’ activate two poten-
tial attractors (i.e., the nodes corresponding to the letters ‘b’ and ‘d’), whereas non-
reversal letters as ‘c’ or ‘r’ only activate one potential attractor (i.e., the letter node 
corresponding to ‘c’ or ‘r’), because ‘ ’ and ‘ ’ are inexistent as graphemes. As such, 
words containing reversal letters would show higher levels of competition for letter 
recognition through lateral inhibition connections, thereby delaying word recogni-
tion for words containing reversal letters relative to words that do not contain them 
(note that this inhibition is absent in the case of non-reversal letters).

Nonetheless, if lateral inhibition connections at the letter level of processing is 
the mechanism responsible for the mirror-letter cost observed at the early stages of 
visual word recognition, as Soares et al. (2019) recently highlighted, a symmetrical 
interference effect would be expected for reversal letters regardless of their direction-
ality (i.e., ‘b’ would inhibit ‘d’ to the same extent as ‘d’ would inhibit ‘b’), which is 
not clearly the case. Indeed, in a lexical decision (go/no-go) masked priming study, 
mimicking the procedure adopted by Perea et al. (2011), with EP adult skilled read-
ers (Experiment 1) and two groups of EP developing readers (third-grade children 
[Experiment 2] and fifth-grade children [Experiment 3]), using a highly controlled 
set of EP words only containing either the mirror-letter ‘b’ (b-words, as base[base]) 
or the mirror-letter ‘d’ (d-words, as dose[dose]), the authors showed that reliable 
mirror-letter interference effects (i.e., longer times/low accuracy rates to recognize 
words containing reversal letters preceded by its mirrored letter than by an ortho-
graphic letter control) were only observed for d-words (bose–dose > lose–dose), but 
not for b-words, as mirror-letter primes produced the same amount of priming as 
observed for control letter primes (dase–base = lase–base), hence challenging the 
proposal advanced by Perea et al. (2011) to account for the mirror-letter effected.

These findings were interpreted in accordance with the implicit right-orienting 
rule hypothesis by Fischer and colleagues (e.g., Fischer, 2011, 2017; Fischer & 
Koch, 2016; Fischer & Tazouti, 2012) to account for a kind of writing errors where 
some letters or the entire word run in the opposite direction to what would be 
expected so that they look normal when viewed in a mirror (e.g., ‘dase’ or ‘esad’ for 
‘base’, or ‘bose’ or ‘esob’ for ‘dose’). Indeed, as in reading, mirror errors are also 
very common in writing particularly at the early stages of learning to read/write. 
Interestingly, the works conducted so far in left-to-right writing systems, as the Latin 
alphabet, showed that beginning readers/writers produce mirror errors not only for 
reversal letters, such as ‘b’ and ‘d’, but also for letters such as ‘d’, ‘g’, ‘j’, and ‘z’, 
that is, letters whose distinctive features are on the left side of a vertical axis that 
can be traced from its center (see also Fischer, 2011, 2013, 2017; Fischer & Koch, 
2016; Fischer & Tazouti, 2012; Treiman, Gordon, Boada, Peterson, & Pennington, 
2014; Treiman & Kessler, 2011, for evidence with uppercase letters [e.g., J, Z] and 
left-faced digits [e.g., 1, 3] in left and right-handed children). This pattern of results 
was interpreted in the context of the implicit right-orienting rule, as reflecting the 
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fact that, during the exposure to print, children implicitly learn that most letters in 
the Latin alphabet are right-faced and not left-faced (e.g., Fischer, 2011, 2013, 2017, 
2018; Fischer & Koch, 2016; Fischer & Tazouti, 2012; Portex, Hélin, Ponce, & Fou-
lin, 2018; Treiman et al., 2014; Treiman & Kessler, 2011). Hence, when asked to 
write down single letters and/or words, the immature writing/reading system, which 
is insensitive to spatial orientation, as the recycling hypothesis claims (e.g., Cohen 
et al., 2000; Dehaene, 2005, 2009; Dehaene & Cohen, 2007, 2011; Dehaene et al., 
2005, 2010, 2015; Lachmann & van Leeuwen, 2007; Nakamura et al., 2012), might 
over apply the implicit right-orienting rule thus making the majority of errors pro-
duced in left-to-right writings to reflect a right-asymmetry bias. In this vein, Soares 
et al. (2019) argued that, because left-oriented letters tend to be more reversed into 
right-oriented letters (d → b) than the inverse (b → d), and might have less stable 
orthographic representations, it is possible that the visual word recognition system 
has more difficulties in inhibiting or suppressing the mirror generalization mech-
anism when the letters conform the dominant (right) letter-orientation rule of the 
language than when they violate it, hence explaining why mirror-letter interference 
effects were observed only with words containing left-oriented reversals (d-words) 
when preceded by right-oriented primes.

Here we examined whether this bias can also be observed for left-oriented non-
reversal letters such as ‘g’, ‘j’, and ‘z’, which just as ‘d’ are also prone to mirror-
writing errors in left-to-right orthographies. Indeed, although Perea et  al. (2011) 
have shown that words containing non-reversal letters, as ‘c’ or ‘r’, were not sig-
nificantly affected by the previous presentation of nonword primes containing the 
mirror-image of these letters (e.g., arena-ARENA = a ena-ARENA) as mentioned 
before, the truth is that the words used by the authors were not controlled attend-
ing either to the directionality of the non-reversal letters (left vs. right) or to the 
presence of other letters, namely reversal letters, in the stimuli, which might have 
confounded the results. Indeed, in the materials of Experiments 2 and 3, the authors 
used much more words containing right-oriented than left-oriented non-reversal let-
ters as three out of the four targeted non-reversal letters were right-oriented (‘r’, ‘c’, 
‘s’) and only one was left-oriented (‘z’), according to Treiman et al.’s (2014) work 
(see footnote2). Moreover, the targeted non-reversal letters appeared in different 
(non-controlled) positions, and the majority of them also presented the ‘b’, ‘p’, and 
‘d’ reversal letters (e.g., barco[boat], boca[mouth], blanco[white], bosque[forest], 
pico[beak], perdón[forgiveness], dinero[money]), which might have confounded the 
results. Therefore, in the present work, we used, as Soares et  al.’s (2019) work, a 
highly controlled set of materials to examine whether there is indeed an absence of a 

2  To classify letters as facing right or left, Treiman et al. (2014) asked participants (college students) to 
decide whether each of the 52 uppercase and lowercase letters faced ‘left’, faced ‘right’, or was ‘neutral’, 
circling the corresponding answer on an answer sheet. The results showed that, in lowercase, the let-
ter forms for which the most popular response was ‘left’ were (the number in parentheses indicates the 
proportion of ‘left’ responses): ‘a’ (.85), ‘d’ (.94), ‘g’ (1.00), ‘j’ (.97), ‘q’ (.88), ‘y’ (.91), and ‘z’ (.66); 
whereas the letter forms for which the most popular response was ‘right’ were: ‘b’ (.91), ‘c’ (.94), ‘e’ 
(.94), ‘f’ (1.00), ‘h’ (.88), ‘k’ (1.00), ‘n’ (.58), ‘p’ (.94), ‘r’ (1.00), and ‘s’ (.73). In the remaining cases, 
the most popular answer was that the letter form was neutral.



1472	 A. P. Soares et al.

1 3

mirror cost in the recognition of words containing non-reversal letters, and, if there 
is a cost, whether this effect is modulated by the right- vs. left-oriented directional-
ity of the non-reversal letters. If a right-asymmetry bias exists in the recognition of 
words containing non-reversal letters, as Soares and colleagues observed for words 
containing reversal letters in the abovementioned work, we expect that words con-
taining left-oriented non-reversal letters (e.g., genial), would be recognized faster 
and/or with higher accuracy rates when preceded by the brief presentation of non-
word primes containing the mirror-image of the non-reversal letter ( enial–genial), 
than when words containing right-oriented non-reversal letters (e.g., casual) were 
preceded by its corresponding mirror-image primes ( asual–casual), because the 
visual word recognition system might show decreased sensitivity to mirror reversals 
when the non-reversal letters conform the right-dominant rule of the language.

Method

Participants

Thirty-six undergraduate students (Mage = 21 years, SD = 4.75; 31 women) took part 
in the experiment in exchange for course credits. All participants had normal or cor-
rected-to-normal vision and were native speakers of EP. None reported history of 
learning or reading/writing disabilities. Written informed consent was obtained from 
each participant and the study was conducted with the approval of the local Ethics 
Committee.

Materials

Two-hundred and four EP words from four- to eight-letters containing either the ‘g’, 
‘j’ or ‘z’ left-oriented non-reversal letters or the ‘c’, ‘r’ or ‘f’ right-oriented non-
reversal letters based on Treiman et al.’s (2014) work, were selected as targets from 
the Procura-PALavras (P-PAL) lexical database (see Soares et al., 2014, 2018). Note 
that among the letters classified as left-oriented and right-oriented in Treiman et al.’s 
(2014) work, we have selected the ones that were used in the EP language and that 
presented the highest scores in each of the Treiman’s ‘left-oriented’ and ‘right-ori-
ented’ categories (see footnote 2).

Half of the selected words had a non-reversal left-oriented letter either in the 
initial (Position 1: e.g., gato[cat], 84 words) or in a medial position (Position 3: 
e.g., saga[saga], 18 words)—left-oriented words (LO-words from now on); while 
the other half had a non-reversal right-oriented letter in the same positions (Posi-
tion 1: e.g., rato[mouse], 84 words, Position 3: e.g., muro[wall], 18 words) - right-
oriented words (RO-words from now on), to control for letter-position as in Soares 
et al.’s (2019) work. Note that all the words selected only have one of the critical 
non-reversal letters in the abovementioned positions and that none presents any 
mirror-reversal letter as ‘b’, ‘d’, ‘p’, or ‘q’ in any of the remaining positions, to 
avoid confounds. LO- and RO-words were controlled in several psycholinguistic 
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variables known to affect EP word processing (see Soares et al., 2015; and Soares 
et  al., 2019 for details) as the per million word frequency (MLO-words = 24.24, 
MRO-words = 23.07, p = .89), word length both in number of letters (MLO-words = 5.36, 
MRO-words = 5.37, p = .95), phonemes (MLO-words = 5.18, MRO-words = 5.18, p = 1.0), 
and syllables (MLO-words = 2.44, MRO-words = 2.45, p = .91), number of orthographic 
(N) (MLO-words = 6.11, MRO-words = 6.20, p = .92) and phonological (PN) neigh-
bors (MLO-words = 5.99, MRO-words = 6.32, p = .70), orthographic Levenshtein dis-
tance (OLD20) measure (MLO-words = 1.72, MRO-words = 1.63, p = .15), the summed 
(MLO-words = 2986.57, MRO-words = 3386.82, p = .26), and the mean log10 frequency 
of the bigrams within the words (MLO-words = 15.29, MRO-words = 19.31, p = .34), as 
obtained from the P-PAL database  (Soares et al., 2014, 2018).

Four-hundred and eight nonword primes were also created for assign the targets 
to the two prime conditions: 204 nonwords were exactly the same as the targets 
except that the critical left- or right-oriented non-reversal letter was substituted by 
its mirror-image (e.g., enial–genial, asual–casual; mirror-image condition) and 
204 nonwords that shared all the letters with the targets except that the left- or right-
oriented non-reversal letter was substituted by the mirror-image of another right- or 
left-oriented letter as a control (e.g., enial–genial, asual–casual; control condition). 
This control was used instead of another letter as in studies with mirror-letter rever-
sals because the correct control for the mirror-image condition should be the mirror-
image of another left- or right-oriented letter and not a real letter as used by Perea 
et al. (2011) in Experiment 2. The complete list of targets and primes is available in 
“Appendix”.

Additionally, a set of 204 pseudoword targets and a set of 408 nonword primes 
were also created for the lexical decision task. Pseudoword targets were created 
by replacing one to two letters in the non-terminal positions from other EP words 
matched with the 204 experimental words in word length (in the number of let-
ters and syllables) and word frequency based on the P-PAL database (Soares et al., 
2014, 2018). For instance, the pseudowords ‘golhata’ and ‘fassão’ were created 
from the base-words galheta[cruet] and fissão[fission], respecting the ortophono-
tactic restrictions of EP. This procedure, adopted in many other studies (e.g., Cam-
pos, Mendes Oliveira, & Soares, 2020; Campos, Oliveira, & Soares, 2018, in press; 
Perea, Comesaña, & Soares, 2012; Perea, Soares, & Comesaña, 2013; Soares, Perea, 
& Comesaña, 2014; Soares et  al., 2015; Soares, Velho, & Oliveira, 2020; Soares 
et  al., 2019), was followed because tools supporting the generation of legal pseu-
dowords are not available for EP. Nevertheless, extreme caution was taken to ensure 
that the pseudowords resembled real EP words. Another set of 408 nonword primes 
were also created for the pseudowords targets by using the same manipulation as 
for word targets (204 nonwords per prime condition). Note that, besides the mirror 
and the control conditions, we also used an identity-prime condition for each target 
word (e.g., genial–genial, casual–casual), as in Perea et al. (2011) and Soares et al.’s 
(2019) works, to analyze not only if the control condition differed from the iden-
tity condition but, particularly, the extent to which the identity condition differed 
from the mirror-image condition in each type of non-reversal words. Three lists of 
materials were created to counterbalance the items across the three priming condi-
tions (i.e., each target appeared once in each list, but each time in a different priming 
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condition). Participants were randomly assigned to each list, though ensuring the 
same number of participants per list (n = 12). Six additional words with the same 
characteristics as the experimental words (e.g., word length, word frequency) and 
six additional pseudowords were also selected/constructed for practice trials.

Procedure

The experiment was run individually in a sound-proof booth. Presentation of the 
stimuli and recording of responses were controlled by DMDX software (Forster & 
Forster, 2003). Each trial consisted of a sequence of four visual events presented in 
black on a white 15″ screen with a 60 Hz refresh rate. The first event was a forward 
mask consisting of a row of hash marks (#) presented for 500 ms. The mask was 
immediately replaced by the prime presented in lowercase (14-pt Courier New font) 
for 50 ms and followed by another mask of hash marks (#) presented for 16.6 ms. 
Finally, the target, presented in lowercase letters (18-pt Courier New font), replaced 
the second mask and remained on the screen until participants’ response or 2500 ms 
had elapsed. All the stimuli were centered on the screen. As in Soares et al.’s (2019) 
work, we opted to present the primes and the targets in lowercase letters because the 
directionality of some of the non-reversal targeted letters changes when capitalized 
(e.g., ‘g’ → ‘G’), while others remain constant (e.g., ‘z’ → ‘Z’). The use of different 
font sizes in prime and target stimuli, as well as the use of a second mask, was inten-
tionally introduced to prevent any perceptual continuity between primes and targets, 
as in Soares et al. (2019).

Participants were asked to press ‘sim’[yes], the ‘M’ key from the computer key-
board, if the letter string presented on the computer screen was a real EP word, and 
to press ‘não’[no], the ‘Z’ key from the computer keyboard, if the letter string pre-
sented on the computer screen was not a real EP word. Both speed and accuracy 
were stressed in the instructions. Participants were not informed of the presence of 
the primes. Trials order was randomized per participant. A pause was introduced 
after 136 trials were presented. Prior to the 408 experimental trials, each participant 
received 12 practice trials (six words and six pseudowords) with the same manipu-
lation as the experimental trials to familiarize them with the task. None of the par-
ticipants reported having perceived the primes when asked after the experiment. The 
whole session lasted approximately 15 min per participant to be completed.

Results

Reaction times (RT in ms) and accuracy (proportion of correct responses) were ana-
lyzed for word targets with linear mixed-effects (lme) models using the R software 
(Bates, Maechler, & Bolker, 2011; Bates, Maechler, Bolker, & Walker, 2015). The 
mix-model approach with crossed random effects of subjects and items is better 
than the classic ANOVA approach because it improves the drawbacks of the classi-
cal approach namely in what refers to the need to conduct separate by subject (F1) 
and by item (F2) ANOVAs, hence allowing the simultaneous generalization of the 
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effects to the population of subjects and items and maintaining a good control of 
Type I and Type II errors (see Barr, Levy, Scheepers, & Tily, 2013).

Incorrect responses (8.1% of the raw data, range: 0.5–17.2% per participant; 
corresponding to words such as zénite[zenith], mofo[mold], faúlha[spark], and 
galeão[galleon], which present a very low raw frequency in EP, ranging from 0.05 to 
3.40 per million words as obtained from the P-PAL database [Soares et al., 2018]), 
were excluded from the data. In addition, very fast correct response times (shorter 
than 300 ms; 6 observations) and RTs that were above 2.5 SDs of the participants’ 
means in each experimental condition were also removed from the latency data 
(2.7%). Due to the strong positive skewness observed in RT data, a scaled power 
transformation (box–cox transformation) was carried out to provide normality to 
the residuals of the linear mixed model to be estimated (Box & Cox, 1964; Fox & 
Weisberg, 2019). A lambda of − 0.83 was applied to the response times variable 
((RTλ − 1)/λ) × 10,000 to guarantee the normality assumption of these models. Fol-
lowing Barr, Levy, Scheepers, and Tily (2013; see also Matuschek, Kliegl, Vasishth, 
Baayen, & Bates, 2017), a model with intercepts and the two repeated measurement 
factors (Prime type: identity|mirror|control; and Target type: LO-words|RO-words) 
with random slope per subject and Prime type per item (note that Target type is a 
between factor by item) was then conducted. Table 1 presents the matrix of vari-
ances and the correlation matrix of intercepts and slopes for items and subjects.

Concerning the dependent variable accuracy, the same full random model with a 
logistic link function was estimated. The result was boundary singular, a symptom 
of overfitting. An inspection of the random variance and covariance matrix showed 
perfect collinearity for Prime type conditions in items. Besides, the accuracy mod-
eling, due to the strong variance imbalance of the random intercepts of subjects and 
items (4 times higher in items), could be questioned. This, together with the ceiling 
effect of the hits, provides very little information of interest for this study. So, accu-
racy modeling was finally discarded.

The RT models were fit using the lme4 and lmerTest R packages (Bates et al., 
2011, 2015; Kuznetsova, Brockhoff, & Christensen, 2017). The emmeans package 
(Lenth, 2020) was used to contrast simple effects with differences of least squares 

Table 1   Variances of intercepts 
and correlation matrix between 
intercepts and slopes for items 
and subjects

Variance Correlation

Item
Intercepts 18.691 1
Prime condition (Identity) 2.689 .32 1
Prime condition (Mirror-image) 0.071 .43 .99 1
Subject
Intercepts 21.802 1
Target conditions 0.565 −.40 1
Prime condition (Identity) 1.921 .88 −.29 1
Prime condition (Mirror-image) 0.984 .69 −.04 .30 1
Residuals 89.142
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means. For the effects that reached statistical significance, the second degree of free-
dom of the F statistic was approximated using the Satterthwaite’s method (see Sat-
terthwaite, 1941; and Khuri, Mathew, & Sinha, 1998 for a review). The p values 
were adjusted with Hochberg’s method for all the post hoc and simple effects com-
parisons α ≤ .05 (see Benjamini & Hochberg, 1995, and Hochberg, 1988 for details). 
The means and the standard deviations of the RTs as well as the number (propor-
tion) of correct responses for RO- and LO-words per experimental condition are pre-
sented in Table 2.

Latency analyses revealed a main effect of prime type, F(2, 45.25) = 37.75, 
p < .001. This effect showed that words preceded by identity primes (626.2 ms) were 
recognized faster than both words preceded by control primes (665.1 ms, p < .001) 
and words preceded by mirror-image primes (643.1  ms, p < .001), and also that 
words preceded by mirror-image primes were recognized faster than words preceded 
by control primes (p < .001), hence demonstrating facilitative priming effects for 
both the identity and the mirror-image prime conditions. The main effect of target 
type was not statistical ly significant but, crucially, the Prime type  ×  Target type 
interaction effect reached statistical significance, F(2, 328.43) = 9.06., p < .001. 
This effect revealed that LO-words were recognized faster when preceded by iden-
tity primes than by control primes (631.1 vs. 674.8  ms, p < .001), and also faster 
when preceded by mirror-image primes than by control primes (634.0 vs. 674.8 ms, 
p < .001), hence indicating facilitative priming effects in both conditions. The dif-
ference between identity primes and mirror-image primes failed to reach statistical 
significance (631.1 vs. 634.0  ms, p = .27), suggesting that the amount of priming 
produced by identity and mirror-image primes was virtually the same (a 3 ms non-
significant difference). For RO-words, however, the pattern of results was different. 
Indeed, although RO-words preceded by identity primes were recognized faster than 
RO-words preceded by control primes (621.5 vs. 656.1 ms, p < .001), as observed 
for LO-words, the difference between mirror-image primes and control primes failed 
to reach statistical significance (651.6 vs. 656.2 ms, p = .18). Moreover, unlike LO-
words, the difference between identity primes and mirror-image primes was signifi-
cant (621.5 vs. 651.6 ms, p < .001). It is also worth noting although in the mirror-
image priming condition faster RTs tends to be accompanied by slightly slower 
accuracy rates, conversely to what occurs in all the other priming conditions, further 
analyses failed to show any sign of tradeoff effects, either when considering all the 
data as a whole or the data from each experimental condition separately. In fact, the 

Table 2   Mean (SD) lexical decision times (RT, in ms) and proportion of correct responses (accuracy) for 
left-oriented and right-oriented words per prime condition (identity, mirror-image, control)

Prime conditions LO-words RO-words

RT Accuracy RT Accuracy

Identity 631.1 (181.94) .91 (.29) 621.5 (179.30) .95 (.23)
Mirror-image 634.0 (170.42) .89 (.31) 651.6 (177.32) .95 (.22)
Control 674.8 (188.29) .88 (.33) 656.1 (165.53) .94 (.24)
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only statistically significant correlation between RT and accuracy occurred for the 
LO-words in the control condition but indicating that the faster the responses the 
higher the accuracy rates (r = .50, p < .01). Together these findings indicate that the 
amount of priming produced by mirror-image primes relative both to control and 
identity primes were not the same for LO- and RO words, as predicted.

Finally, although analyzing the effect of the position in which the critical letters 
were embedded (initial vs. medial) was not the aim of this work - bear in mind that 
the main purpose of the current study was to analyze whether the right-asymmetry 
bias observed by Soares et al. (2019) for words containing reversal letters extends to 
words containing non-reversal letters, which lead us to control (and not to manip-
ulate) for letter position across type of words (see materials section); we decided 
nevertheless to conduct ‘extra’ lme analyses considering ‘Letter position’ as an addi-
tional (third) within-subject factor as in Soares et al. (2019) work. The results failed 
to show any effect any significant statistical effect (main or interactions) of this fac-
tor, thus demonstrating that the right-asymmetry bias observed in our data (as in 
Soares et al., 2019 data) did not vary as a function of letter position.

Discussion

The current experiment aimed to examine if the right-asymmetry bias observed 
by Soares et  al. (2019) in the mirror-letter interference effect could also be 
observed in the recognition of words containing non-reversal letters. Although 
a previous study (Perea et al., 2011) has shown that the cost of suppressing the 
mirror-generalization mechanism is absent in the case of words containing non-
reversal letters, which was used to support the view that the mirror-letter interfer-
ence effect observed in words containing reversal letters arises from the lateral 
inhibition connections that letters nodes established between each other at a letter 
level of processing, the experiments conducted in that study did not attend either 
to the directionality of the non-reversal letters or to the presence of other reversal 
letters, which might have confounded the results.

Thus, resorting to a highly controlled set of materials, the aim of this study was 
twofold: to examine whether there was indeed an absence of a mirror cost in the 
recognition of words containing non-reversal letters, as Perea et al. (2011) reported; 
and, if there is a cost, whether that effect was modulated by directionality (left- vs. 
right-orientation) of the non-reversal letters embedded in the words. Specifically, we 
hypothesized that if a right-asymmetry bias is observed at the early stages of rec-
ognition of words containing non-reversal letters, the mirror-image of left-oriented 
non-reversal letters should produce a greater amount of facilitation than the mirror-
image of right-oriented non-reversal letters. This is, as in the case of reversal letters, 
left-oriented non-reversal letters might show less stable orthographic representa-
tions, hence making that the system can take more advantage of the mirror-image of 
left-oriented than right-oriented non-reversals.

The results obtained were quite straightforward and clearly demonstrate that, 
although nonword primes created by replacing left-oriented non-reversal let-
ters by its mirror-image (e.g., genial →  enial), differentiated from control primes  
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( enial-genial <  enial-genial), but not from identity primes ( enial-genial = genial-
genial), acting as nearly as the repetition of the target itself, nonword primes created 
by replacing right-oriented non-reversal letters by its mirror-image (e.g., casual →  
asual) did not. Indeed, mirror-images primes of right-oriented non-reversal letters 

produced not only longer recognition times than identity primes (e.g., asual–cas-
ual > casual–casual) but, importantly, the same amount of priming was produced 
by mirror-images and control primes ( asual–casual = sual–casual), thus failing to 
show any mirror facilitation effect. These findings are interesting and show that, 
although the visual word recognition system seems to be highly flexible at the front-
end input coding schemes, as research on leet word processing (e.g., Carreiras, 
Duñabeitia, & Perea, 2007; García-Orza, Comesaña, Piñeiro, Soares, & Perea, 2016; 
Perea, Duñabeitia, & Carreiras, 2008), case mixing processing (e.g., Perea, Vergara-
Martínez, & Gomez, 2015; Reingold, Yang, & Rayner, 2010), or letter case process-
ing (e.g., Perea et al., 2012; Perea, Rosa, & Marcet, 2017; Soares et al., 2020) dem-
onstrate, the results of the present work suggest that the level of tolerance that the 
visual recognition system shows on form variations seems to be modulated not only 
by the extent to which those forms resemble the original letters but, importantly, 
by its directionality. In order to rule out the possibility that these results could arise 
from some particularities that some of the letters integrated into each word category 
(i.e., LO-words vs. RO-words) could present, we conducted another lme analysis 
where the ‘Target type’ factor (i.e., LO-words vs. RO-words) was substituted by the 
within factor ‘Letter’, considering each letter individually (i.e., ‘g’, ‘j’ ‘z’, c’, ‘r’, and 
‘f’). The results were quite impressive, as the pattern observed when considering 
each word category (the ‘Target type’ factor), and reported in the “Results” section, 
is basically observed in each of the letters analyzed separately. The only exception 
is the left-oriented letter ‘z’, where the contrasts across prime conditions did not 
reach statistical significance even though participants were still faster recogniz-
ing ‘z words’ as zona[zone] preceded by its mirror-image than by identity primes  
( ona–zona < zona–zona), hence mimicking the pattern observed for LO-words.

Unless one assumes, as Soares et al. (2019) claim, that at the earliest stages of 
visual word recognition (i.e., from the perception of visual features to sub-lexical 
orthographic processing), there is some sort of statistical computation of the right-
left regularities presented in letters of a given language, as the implicit right-ori-
enting rule sustains (e.g., Fischer, 2011, 2017; Fischer & Koch, 2016; Fischer & 
Tazouti, 2012), which affects the parameters and the weights of the feedforward 
connections from the feature level of analysis to the letter level of processing, the 
feedback connections from the letter level of processing to the feature level of 
analysis, and/or the lateral inhibitory connections that can be established between 
the different nodes within the letter level of processing, one cannot account for the 
right-asymmetry bias observed in the visual word recognition of words containing 
reversal letters, now extended to the visual word recognition of words containing 
non-reversal letters.

Nevertheless, it is worth noting that the nature of this effect is entirely differ-
ent for words containing reversal- vs. non-reversal letters. For reversal letters, the 
right-asymmetry bias produces an inhibitory mirror effect in the recognition of 
words containing left-oriented letters preceded by its mirror reversals, while for 
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non-reversal letters the right-asymmetry bias produces a facilitative effect in the 
recognition of words containing left-oriented letters preceded by its mirror-image. 
This can be accounted for if we consider that, in both cases, left-oriented letters, 
regardless of the fact they can have, or not, other letters in the alphabet that cor-
responds to its mirror-image (i.e., they are reversal or non-reversal), might present 
less stable orthographic representations, thereby making the visual word recognition 
system to show great tolerance in the processing of those letters at the perceptual 
front end feature letter level of processing. However, this tolerance is a double-edged 
sword. In the case of reversal letters, as there is another letter in the alphabet that 
corresponds to its mirror-image with the added advantage of presenting the domi-
nant right-orientation in the language, this might cause the competing right-oriented 
letter to receive more activation, hence producing a higher cost when the target word 
presents a left-oriented letter instead. In the case of non-reversal letters, as there is 
one letter in the alphabet that corresponds to its mirror-image and, importantly, this 
letter violates the dominant right-orientation in the language, this might make the 
reading system to show greater tolerance and to take more advantage of this kind of 
stimuli to speed-up recognition. As right-oriented non-reversal letters can present 
more stable representations, the system might be less permeable to form variations, 
hence justifying the absence of facilitation in these circumstances.

In conclusion, the results reported here extend previous findings on the right-
asymmetry bias observed in the mirror-letter interference effect with reversal let-
ters embedded in words to non-reversal letters embedded in words, and request fur-
ther studies using other techniques more sensitive to the time course of processing 
namely eye-movements monitoring or event-related potentials (ERPs), to examine if 
this effect relies on the very earliest stages of perceptual visual letter detection and 
analysis, or at a later letter level of processing. Future research should also explore 
whether the right-asymmetry bias observed here in words containing non-reversal 
letters is also modulated by the visual letter features of the font used to present the 
stimuli, as some of the non-reversal letters used (e.g., ‘g’) are left- or right-oriented 
according to the type of font used (e.g., Arial, Times New Roman) or if they are 
rooted on a more abstract and internal letter representation that is activated regard-
less of the visual features of the font used to presented the stimuli (see Soares et al., 
2020 for recent evidence on the impact of visual letter features in the processing of 
consonants vs. vowels). Another suggestion would involve examining the develop-
mental trajectory of the right-asymmetry bias in the recognition of words containing 
non-reversal letters, as Soares et  al. (2019) did for words containing reversal let-
ters, and also to test if the difference between LO- and RO-words found here is still 
observed not only in ‘normal’ readers but also in dyslexic readers. It is possible that 
differences might not arise due to the difficulties of dyslexic readers to efficiently 
differentiate between ‘normal’ and mirrored letters regardless of its directionality, 
in line with previous results (e.g., Lachmann, Schumacher, & van Leeuwen, 2009). 
Taken together, they would provide valuable insights to the amendments that the 
input coding schemes of the current computational models of visual word recogni-
tion (e.g., Coltheart et al., 2001; Davis, 2010; Grainger & Jacobs, 1996; McClelland 
& Rumelhart, 1981; Perry et al., 2007) should introduce in order to better account 
for right-asymmetry bias observed in our data. The use of other methodological 
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options could also be considered as the results presented here rests on statistical 
modeling that can only handle modeled error, as Gelman, Hill, and Vehtari (2020) 
recently pointed out.
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