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Abstract

Young children, who are exposed to Latin script letters, experience difficulties in
distinguishing between the reversible letters b and d and may therefore transform
b into d (and vice versa). When children begin to write, in cultures with left-to-
right writing/reading systems, they also often turn Arabic digits in the direction of
writing/reading, thus, for example, producing € instead of 3. However, two different
terms or processes, namely, confusion and reversal, are used in the literature to label
these apparent transformations. This study aimed to provide empirical evidence that
the two processes are indeed very different. The sample consisted of 529 first grad-
ers (M,,,=6.21 years) who participated in the French National Assessment at the
beginning of the school year. Simple linear, Bayesian, and logistic regression mod-
eling of the left-right reversal rate in writing digits as a function of the confusion
rate in children’s recognition of the letters b and d showed a negative relationship
between the two rates, and a nonparametric test yielded a significant negative cor-
relation (rg(318)=-0.373, p<.001). These results seem to rule out the possibility
that the same process leads to reversing characters (letters or digits) in writing and
misrecognizing b as d (or vice versa). This is the first study reporting strong empiri-
cal evidence that the processes of reversal and confusion are very different. Conse-
quently, it would be a mistake to treat confusion between b and d as the reversal of b
into d (and vice versa).
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Introduction

The reading and, to a lesser degree, the writing of the reversible letters b and d
are well-studied paradigms in the literature, whether psychological, educational
or neuroscientific (e.g., Ahr et al., 2016; Brault-Foisy et al., 2017; Fernandes &
Leite, 2017; Fernandes et al., 2021; Pegado et al., 2011; Perea et al., 2011; Sid-
man & Kirk, 1974; Smith & Lovitt, 1973; Soares et al., 2019; Torres et al., 2021).
However, traditionally, authors use two terms or processes to describe the appar-
ent transformation of b into d (and vice versa): reversal (e.g., Frith, 1971), con-
fusion (e.g., Davidson, 1935), and sometimes both (e.g., Liberman et al., 1971).
This nondistinction of these two very different terms and processes is currently
communicated and has been considerably expanded by numerous internet sites
that aim to help parents who are often concerned with their child potentially hav-
ing developmental dyslexia. For example, when searching the internet with the
Google search engine during the preparation of the article, we found, using the
key words “confusion versus reversal of b and d”, the following three articles: 1.
“Is flipping ‘b’ and ‘d’ a sign of dyslexia?’; 2. “When b and d letter reversal is a
problem”; and 3. “’b’ and d’—Stop the confusion!”. However, in the vernacular,
the difference between confusion and reversal is quite clearly delimited. Confu-
sion leads to a state of bewilderment, misunderstanding or chaos; thus, confusion
has a negative connotation even though it can accompany a state of cognitive dis-
equilibrium that can be beneficial to learning (D’Mello et al., 2014). In contrast,
reversal has a rather positive connotation. In adults, it is an understatement to say
that the right-to-left reversed annotations added to Leonardo da Vinci’s drawings
have not devalued them (Pevsner, 2002). In children, reversals are often precise
and not blurred, as shown by the reversal writings reproduced in the literature
(e.g., Fischer & Tazouti, 2012). In addition, they even reflect a form of creativity
because children write symbols (letters, digits, words, and numbers) as they have
generally never seen them before.

The distinction of b and d has become so important that it was chosen to illus-
trate the brain pathways for mirror discrimination learning during reading acqui-
sition by Pegado et al. (2014) and Torres et al. (2021). In the twenty-first century,
and particularly since the publication of Dehaene’s book (2009; see also Corbal-
lis & Beale, 1976), it is generally assumed that the process of symmetrization
or generalization counteracts the encoding of character (letters or digits) orien-
tation in memory. This important finding rapidly led researchers to suggest that
reversals in word reading are related to “an inadequate suppression of symmetry
generalized information” (Brendler & Lachmann, 2001, p. 313). Somewhat para-
doxically, Lachmann and Van Leeuwen (2007) even showed that children with
developmental dyslexia could benefit from nonsuppression in a same-different
task involving pairs of letters, in which two symmetrical letters must be rated as
the “same” (for further demonstrations, see Fernandes & Leite, 2017; Fernandes
et al., 2016). It is possible that this generalization process was developed by our
ancestors, who, to survive, had to recognize a tiger (or other dangerous animal)
from its left profile when they had only seen it from its right profile (Rollenhagen
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& Olson, 2000). Because of this process, children beginning to read and write are
not expected to distinguish b and d, two reversible letters; that is, letters whose
left-right reversal is also legible, with p and q being the only other reversible let-
ters in the Roman alphabet (Perea et al., 2011).

The cerebral process of generalization can lead children to read/write b instead of
d or d instead of b, and p instead of q or q instead of p. For example, the 10 children
(Mo =9.3 years) with reading disabilities studied by Terepocki et al. (2002) pro-
duced 12 printings of b as d and 2 printings of p as q for the target words of a con-
trolled writing task. However, they also produced 3 printings of b as p and 1 printing
of p as d. Moreover, such writing errors should not be limited to the letters b/d and
p/q. In fact, the generalization process should also lead children to replace, when
writing, any other letter with its reversal, for example, a with o and h with H. To test
whether this is the case, we used data from Table 1 of the Lewis and Lewis study
(1965). This table reports the reversal errors made by 354 first-grade pupils copy-
ing the manuscript forms of all lowercase letters. Our calculation yielded a larger
median number of reversal errors for the reversible letters (b, d, p, q) than for the
nonreversible (and asymmetric) letters (33 versus 7, respectively), a difference that
was significant with the bilateral two-sample Wilcoxon test (p <0.05). Similarly, we
analyzed the two reversal datasets constructed by Fischer and Luxembourger (2021)
with data from Torres et al. (2021) on Brazilian first-graders writing in a particu-
lar condition (without visual control: participants observed a letter for 3 s and then
had to write the letter immediately afterwards while blindfolded). Again, the median
percentage of reversal errors in the {b, d, p, q} subset was much larger than that in
the other letter subset (both p <0.05). Why does the reversal frequency in the sub-
sets of reversible letters and other nonreversible (but asymmetric) letters quantita-
tively differ?

An obvious reason is that reversed, nonreversible letters, which do not exist in
the alphabet, are not reinforced through reading. This suggests a general differ-
ence between the reversals of characters based on whether their reversed version
is reinforced. Therefore, the reversal process of Arabic digits, which do not have
legible reversals, should differ from that of b and d. To differentiate the cognitive
processes supporting this difference, we will discuss confusion if the reversal pro-
cess concerns characters whose reversal is reinforced through reading. The choice
of the term “confusion” for the reversal of reversible letters is also motivated by
the similarities in the shapes and sounds of the letters b and d, each consisting of
a vertical line and a loop at the bottom (the same holds for p and g, but the loop is
at the top). This distinction between confusion and reversal is at the heart of the
following analysis of a selection of items from the French 2020 National Assess-
ment of first-grade students (MENJ, 2020).

Several priming experiments have highlighted the particularity of reversible
letters. Ahr et al. (2016) found negative priming in elementary school students:
when two animals were presented, one simply a mirror image of the other, chil-
dren took longer to judge them as identical when the image was preceded by the
reversible letters b/d than when it was preceded by the nonreversible letters f/t.
Consistent with the prominent role of writing direction in explaining reversal
(Fischer, 2017; Portex et al., 2018), Soares et al. (2019) found that d-words (i.e.,
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words containing left-facing letters), but not b-words, showed interference effects
for reversible letters in their masked lexical decision priming experiments. More
directly related to our current distinction between reversed reversible characters
and reversed nonreversible characters, Perea et al. (2011) showed a difference
between the reversal of a reversible letter (e.g., d and b) and the reversal of a
nonreversible letter (e.g., r and ). For example, priming “idea” with “ibea” has a
greater effect than priming “arena” with “anena”.

Another limitation of the explanatory power of the symmetrization process
comes from its restriction to left-right reversal. It cannot therefore account for
other forms of transformations, such as upside-down inversion (e.g., b trans-
formed in p) or 180° rotation on the plane (e.g., q transformed into b, 9 into 6).
For example, the symmetrization process cannot explain why Liberman et al.
(1971) found, in a word context, that their second-graders (with low reading pro-
ficiency) confused b with p on 13.7% of the occasions, but confused it with d
only on 10.2% of the occasions. In contrast, the graphic and phonetic similarities
between b and p can easily explain why they are confused.

The idea of the distinction between confusion and reversal is not entirely new.
For example, Terepocki et al. (2002) suggested that nonreversible letter orientation
errors “may reflect processes different from those related to orientation errors of
reversible letters” (p. 218). However, Terepocki et al. did not explicitly distinguish
confusion and reversal, speaking only of “orientation errors” in both cases. Moreo-
ver, the context—reversal is now considered a consequence of the process of cer-
ebral symmetrization—has changed. This change may be partly responsible for the
unsystematic use of the word and notion of confusion with respect to the reversible
letters b, d, p, and g, although these letters were referred to as confusing in an early
paper by Davidson (1935). This change also has methodological consequences. For
example, the digits 6 and 9 are not reversible digits, contrary to their description
by Terepocki et al. (p. 220), because one is not the left—right reversal of the other
(it is the 180° rotation of the other). Finally, our demonstration, mainly based on
the study of the correlation between confusion (of b with d) and reversal (of digits,
when writing from memory), is quite original in the literature. Indeed, to the best of
our knowledge, the only a priori relevant research—by Mclntosh et al. (2018)—on
the correlation between mirror writing and recognition errors excluded the revers-
ible letters b/d and p.

If confusion and reversal are two different and somewhat independent processes,
as the preceding analyses (and their different names) suggest, a child who confuses b
and d has no compelling reason to reverse the digits more than a child who does not
confuse them. Thus, the main hypothesis of the present research was that b/d confu-
sion should not predict the digit reversal rate (or vice versa). With the nonparametric
Spearman test, we simply predicted that the confusion rate would not positively cor-
relate with the digit reversal rate.

The data also allowed for the testing of two secondary hypotheses. First, the rate
of orientation errors for the letters b and d should be higher than that for asymmet-
ric digits, even though the latter rate concerns a writing-from-memory task, which
is more complex than a recognition task (a specific demonstration can be found in
Fischer & Thierry, 2021). The reason that orientation errors might be more common
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for the letters b and d than for digits is that they can result from both reversal and
confusion, and confusion should primarily affect reversible letters (no digit is revers-
ible). Second, distinguishing the left-oriented digits (1, 2, 3, 7, 9: see Fischer, 2013)
from the other digits (4, 5, 6) should allow for the testing of the right-orientation
rule (Fischer & Luxembourger, 2018). This rule predicts that unsure children who
orient the characters in the direction of their culture’s writing will mainly reverse the
left-oriented characters.

Methods
Participants

The students were tested at the beginning of the school year (September—Octo-
ber) in the framework of the French National Assessment upon entry to elemen-
tary school. Access to the data from this assessment was possible as part of a more
general project (LINUMEN: see http://linumen.univ-lorraine.fr/) and approved by
the academic authorities. The 529 participants’ ages ranged from 5 years 8 months
to 6 years 8 months (M,,.=6.21, SD=0.28; 257 girls). They were recruited from
32 different schools in a medium-sized French city and its greater suburbs. Accord-
ing to the inspectors of the districts where the schools are located, these students
approximately represent the characteristics of the French population. In addition, all
of these students attended the upper section of the école maternelle.? Thus, accord-
ing to the French curriculum, they had already been introduced to Arabic digit writ-
ing and different letter writing: uppercase, script and cursive (MENIS, 2020).

Materials and procedures

As part of the French National Assessment, students were asked to answer test items
involving the recognition of different correct writings of several letters. Among
these, we were particularly interested in the writings of [be] ([bi:] in GB English
phonetics) and [de] ([di:] in GB English phonetics). The different forms of writing
were printed lowercase (b, d), cursive (3, 4,) and uppercase (B, D). Children were
asked to circle the writings of [be] in the sample of writings shown in Fig. 1. This
allowed us to identify students who did not differentiate between b and d in Line 1.
These students could either circle d only or both d and b, without circling any other
writing. The same was applied for the letter d.

! The rule applies only to the writing of characters and thus makes no assumption about a more frequent
recognition of b as d than of d as b (see the distinguishing of d-type letters from b-type letters by Trei-
man and Kessler, 2011).

2 In France, écoles maternelles (preschools) are open to all children aged at least 3 years. Almost all
children attend at least the second year (middle section, 4- to 5 years of age) and the final year (upper
section, 5 to 6.5 years of age).
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In another test, the children had to write, under dictation, the ten Arabic digits
and the number 10, always in the same order: 3, 5, 1, 4, 2, 6, 9, 0, 8, 10, 7. Figure 2
shows the writings of two children (note that the writing of 7 is taught with a second
horizontal bar in French schools).

Because one may wonder why we do not compare reversal in the writing of b and
d with reversal in the writing of digits, we must point out that the French National
Assessment 2020 did not include a letter writing subtest. However, the assessment
included a digit recognition subtest. In this subtest, children had to recognize an
orally indicated Arabic digit among 6 printed digits (i.e., challenged with 5 distrac-
tors). Because the result of the digit recognition subtest was at the ceiling—all 10
digits were correctly recognized by 93.5% or more of the children—any statistical
comparison of b/d reversal and digit reversal in similar recognition tasks seemed
superfluous, and the data did not lend themselves to calculation of the correlation
between the two tasks (cf., Levin, 1985).

Data and statistical processing

The students’ productions were first evaluated by advanced students and then
reviewed (and corrected, if necessary) by one of the coauthors of this article. For the
letter recognition items, the children’s choices were examined line by line.

In Table 1, for the letter recognition subtest of [be] and [de], the children’s choices
analyzed line-by-line were classified as follows: (1) correct; (2) mirror, when the
child circled only d for [be] or only b for [de] in Line 1 (in Line 2, only D for [be]
or only §, for [de]; in Line 3, only 4, for [be] or B for [de]: see Fig. 1); (3) both, when
the child circled the correct letter and the mirror of [be] or [de]; (4) other, when the
child circled any other letter; and (5) no answer, when the child did not circle any
letter.

In Table 2, for the digit writing subtest, the children’s writings were categorized
as follows: (1) correct (readable); (2) reflected (left—right reversal); (3) rotated 180°;
(4) reflected, then rotated 180° (upside-down inversion); and (5) other (omission,
other digit, unreadable, intermediate writing). For the composed transformation (4),
the order was not determined because the four transformations (knowing that correct
writing =identity) form a commutative group. For the digits, a 9 rotated by 180°
looks like a 6, and vice versa.

Linel: E b a o C d
Line 2: 3 (@) A e D c

Line3: O e B Cc o d

Fig. 1 The sample of different letter writings from which students had to recognize all writings of [be] or
[de] (the lines are indicated in our text but were not indicated in the children’s test booklet; the children
were encouraged to work line-by-line through a pretest example using a nontested letter)
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Fig.2 The digit writing subtest, as completed by two children

An orientation error rate was computed, both for the letters b and d and the digits.
The individual letter (b or d) orientation error rate was the number of mirrors the
child circled divided by 2 (minus his or her nonrelevant productions). The individual
digit orientation error rate was the number of mirror reversals the child produced,
divided by 8 (minus his or her nonrelevant productions). The number 8 resulted from
the 8 asymmetric digits that a child could reverse given that the symmetric O and 8
were excluded from the analysis. Both orientation error rates could vary from O to 1,
but 0.5 was the only possible intermediate value for the letter orientation error rate.
For example, a 6-year-old girl selected b for [de] and both b and d for [be]; she cor-
rectly wrote all the digits (including 10) except 6, which was reversed. The orienta-
tion error rate would be 2/2 (2 errors out of 2 occasions)=1.000 for the letters, 1/8

Table 1 Categorization of the recognition assessment of [be] written as b, {,, or B, and [de] written as d,
d,» or D, for the 527 children

Writing to select (Line) b (L1) &(LZ) B (L3) d (L) D (L2) d/(L3)
Correct 306 279 409 258 431 351
Mirror 83 25% 21* 131 14* 24%
Both 29 5 38 68 10 8
Other 6 3 5 15 13 14

No answer 103 215 54 55 59 130

Two students were present for the digit writing subtest (N =529) but not for the letter recognition subtest

4Categorized as “mirror” by convenience: ¢ and B were selected for [de]; D and ¢, were selected for [be]
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Table 2 Categorization of the assessment of each of the 10 digits (and 10) written by the 529 children

Writing (in numbers)  Digit

1 2 3 7 9 4 5 6 0 8 10

Correct 478 469 446 454 408 495 465 437 514 493 476
Reflected 39 39 71 50 78 22 45 63 - - 13
Rotated 180° 1 0 0 0 0 2 5 - - 0
Both (Ref. +Rot.) 0 2 0 0 - - 0
10 reversed 01 - - - - - - - - - - 3
Reversed 1 in 10 - - - - - - - - - - 3
Semi —reflected 5% - - - - - - 2 - - - -
No answer 10 10 9 21 17 9 12 16 12 20 25
Other 1 9 3 4 14 2 3 8 3 16 9

“In the writing of 5, only the horizontal line was reversed, or only the curve was reversed

(1 mirror error out of 8 occasions)=0.125 for the written digits, or 1/9=0.111 for a
computation including 10 in the reversal rate.

In part because of the very small number of possible values for the letter orienta-
tion error rate, a confusion index was defined, only for b and d (in Line 1), by add-
ing the following points: 0 points for a (1) choice, 2 points for a (2) choice, and 1
point for a (3) choice (see the above defined classes of choices). Thus, the confusion
index score can vary from O to 4; it determined a confusion rate t,=index/4 and
five categories of confusion, from the lowest, O (i.e., no confusion), to the highest,
4 (i.e., only choosing the mirrored letter). This somewhat arbitrary index attempts
to enhance the choice of the only mirrored letter because the confusion seems to be
maximal with such a choice: in Category 4, the child behaves as if he or she thinks
that b is a writing of [de] or that d is a writing of [be], whereas in Category 3, the
child seems to think that both writings can be used indistinctly. This index increases
the quantitative character of the preceding orientation error rate, an increase that is
advantageous even for rank tests because it avoids massive ties. However, because
of its arbitrariness, we also used the previous simpler orientation error rate to ver-
ify that the results did not fundamentally depend on this confusion index. As an
example, the girl described above, with an orientation error rate of 1.000 for letters,
would have a confusion index of (2+1)/4=0.750. Let us clarify that the numerator
(2+1) comes from 2 pts (because the girl chose b instead of d) plus 1 point (because
she chose both b and d instead of d), and the denominator from the maximum points
that could be obtained (=4 pts), which are attributed to a participant who selects
both b instead of d and d instead of b.

The writing of 10 was not included in the calculation of the digit orientation
errors. However, it provides a double indication of a child’s reversal tendency, as
the child can reverse the order of the digits, writing 01, and can also reverse the 1 of
10. Therefore, the writing of 10 was included in the calculation of the reversal rate
7. The latter is the number mirror reversals a child produced, divided by 9 (minus
his or her nonrelevant productions). The number 9 results from the addition of 8
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asymmetric digits, which a child could reverse, and the possible mirror errors in
writing 10, with each partial mirror being given 0.5 and a complete mirror writing
(see Fig. 2, left-part) being given 1.

We first investigated the relationship between reversal in digit writing and confu-
sion in b and d recognition with a classical linear regression, using the function Im
of the statistical software R (R Core Team, 2020). However, because of both the
partially unexpected and theoretical importance of the result, we also tested the rela-
tionship through three very different complementary statistical approaches. Such a
reporting of multiple statistical models seems to be in line with the recent recom-
mendations by Wagenmakers et al. (2021).

First, we used Bayesian regression instead of the ordinary least square regres-
sion involved in Im. Bayesian regression has the advantage of yielding stable esti-
mates (Gelman et al., 2021, p. 16). In particular, the median and SD of the median
absolute deviation (MAD_SD) outputs of the Bayesian general linear regression
function stan_glm (from the package rstanarm for R) are more stable summaries
for low sample sizes or skewed distributions (Gelman et al., p. 73). As the Bayesian
approach requires defining a prior distribution, we used the default weak priors of
the stan_glm function. Note that the default priors specified, N(0.13, 2.5) for inter-
cept, N(0, 2.5) for coefficients, and exponential (rate=1) for sigma, were automati-
cally adjusted (scaled) in the stan_glm function.

Second, given the result of the classic linear regression model, which clearly
contrasts the low confounders (children in Categories O or 1 for their b/d confusion
index) to high confounders (children in Categories 2 to 4), a logistic linear regres-
sion model assigning Y;=0 to children in the former group and Y;=1 to those in
the latter group seemed appropriate. This modeling, with the g/m (binomial family)
function of R, should allow probabilistic individual predictions of confusion as a
function of the child’s rate of digit reversal.

Third, because some conditions for adjusting a linear regression model could not
be perfectly verified (e.g., the normality of the regression residuals was not guaran-
teed by a graphical check), we also computed Spearman’s rho. This statistic gives
taxonomic value, by reference to Cohen (1988), of the strength of the relationship
between reversal and confusion and allows for nonparametric tests of the strength.

Results
Test of the main hypothesis

For comparison purposes, the calculation of the left-right orientation error rate
was first limited to the 527 students who were present for both the letter rec-
ognition and digit writing subtests. Moreover, for the following fit of a linear
regression model and computation of the correlation coefficient between ., and
T,, the respective rates of confusion and reversal in the letter recognition and digit
writing tasks, the sample was restricted to the subsample of children for whom
(e, T.)#(0, 0). The obvious reason was that studying the relationship between
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Fig.3 A jittered scatterplot of the reversal rate (t,) as a function of the confusion rate (t.), with the
regression line (in red) and the 95% confidence interval (in gray)

Table 3 Estimation and significance of a linear regression model of the digit reversal rate on the 5 cat-
egories of b/d confusion, from Cat

Confusion variable Estimate SE t Pr(ltl) Significance
Intercept 0.188 0.017 11.364 <0.001 ok

Cat. 1 -0.024 0.024 -0.980 0.328 Not significant
Cat. 2 -0.101 0.022 -4.575 <0.001 ok

Cat. 3 -0.091 0.055 -1.645 0.101 Not significant
Cat. 4 -0.088 0.026 -3.381 0.001 ok

0=no confusion, here used as the reference level, to Cat. 4 =maximal confusion

confusion errors and reversal errors in children who make neither type of error
appears to be nonsense. Figure 3 suggests a negative correlation between T,
and .. However, such a correlation would be better analyzed by treating the con-
fusion rate as a categorical variable.

Before fitting a linear regression model to reversal in writing the digits as a
function of the five categories of confusion, we also included the sex and cen-
tered age of the children in a model. However, we finally did not retain the latter
two variables because their regression coefficients suggested little (nonsignifi-
cant) influence. The fit of the regression model, with the five categorized confu-
sions as predictors, was significant (F(4, 314)=6.84, p<0.001), and the model
explained approximately 8% of the variance (multiple R*=0.080). The complete
results are given in Table 3.

Table 3 shows that, except for the intercept, all regression coefficient estimates
were negative. Therefore, we could estimate that, compared to the group of chil-
dren who did not confuse b and d, the children in Cat. 2, Cat. 3, and Cat. 4 pro-
duced, on average, 10.1%, 9.1%, and 8.8% fewer reversals in writing the digits,
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Table 4 Predicted probabilities of being a high b/d confounder as a function of the digit reversal rate,
with their 95% approximate confidence bands, through logistic linear regression modeling

T, 0.00 0.133% 0.25 0.50 0.75 1.00

Pr(Y;=1) 0.642 0.513 0.398 0.196 0.082 0.032
Lower bound 0.568 0.455 0.324 0.109 0.029 0.007
Upper bound 0.710 0.571 0.476 0.326 0.212 0.131

Confidence bands show the model’s uncertainty for the conditional means

#The sample’s mean of t,

respectively. Although the nonsignificant estimate of the Cat. 3 coefficient could
reflect instability, it is the same magnitude as that for Cat. 2 and Cat. 4, and the
SEs clearly showed that the nonsignificance resulted from the higher SE due to
the small number of children in this category (n=28 vs. 55 in Cat. 4, or 102 in
Cat. 2).

The Bayesian linear regression fit resulted in very similar coefficients. Precisely,
the coefficient estimates were 18.8%, —2.4%, —10.1%, —9.0%, and —8.8%. They are
almost identical to those in Column 2 of Table 3.

The modeling through logistic linear regression (see the Methods section) led to a
coefficient of 7, that was also negative and highly significant (z=-4.684, p <0.001).
The probability of being a high confounder was calculated as Pr(Y;=1)=logit™'(t,)
= (e384 =391y /(] 4 0384 = 3991" ) Tyaple 4 gives some predicted probabilities as a
function of t,.

Finally, the rank correlation between T, and 7, was negative (rg(316)=-0.373),
and significant (p <0.001). It could be estimated as medium to large according
to Cohen’s (1988, p. 791f) classification scheme. This seems consistent with our
hypothesis of a nonpositive correlation. However, it must be acknowledged that the
substantial size of the negative correlation is somewhat surprising. We will com-
ment at length on this negative correlation in the following discussion.

Tests of the secondary hypotheses

The comparison of Tables 1 and 2 suggests that the recognitions of the letters b and
d yielded a greater left-right orientation error rate than the writings of the digits.
The computation yielded 0.21 and 0.38 for the b and d rates, respectively, and 0.10
for the digit reversal rate, the mean of the 8 asymmetrical digits (no individual digit
orientation error rate exceeding 0.16). Even the most reversed digit (i.e., 9) was sig-
nificantly less reversed than the letters b or d, which were falsely (mirrored) recog-
nized (both p <0.001 with the chi-square test, McNemar’s method). This result was
consistent with our hypothesis.

Table 5 was developed to examine whether the left-oriented digits (left part, bot-
tom row) were more reversed than the right-oriented digits (4, 5, 6: right part, bot-
tom row) in the present research. To better reveal the left-right reversal as a function
of digits and to study its evolution between the upper section of the French école
maternelle and the first quarter in first grade, we calculated the percentage reversal
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Table 5 Percentage of digit reversals and their evolution from the upper section of the école maternelle
to the first grade of elementary school as a function of the reversable digits (not quite in their natural
order: the left-oriented digits are first)

Study N M, years  Percentage reversal of the digit
1 2 3 7 9 4 5 6
Fischer & Lux- 1563  5.68 304 316 493 354 386 11.8 201 219
bourger (2018)
Present research 529  6.21 7.5 7.7 137 99 160 43 88 126

as the number of reversals divided by the number of theoretically relevant writings
(i.e., correct writings plus reversed writings) and compared it to Fischer and Luxem-
bourger’s (2018, Table 1) calculation in Table 5. The calculation confirms that the
mean reversal rate of 0.176 for the left-oriented digits was higher than that for the
right-oriented digits (0.129, p=0.037) (Wilcoxon paired test). In addition, the pre-
sent data on digit reversal as a function of digit orientation correlated with those in
Fischer and Luxembourger’s Table 1, which were obtained from somewhat younger
children (r5(6)=0.714, p=0.029 with a one-tailed test).

Discussion and conclusion

Left—right mirror errors were the material of interest for the present analysis. A nec-
essary condition for their statistical study is that children produce them sufficiently.
Tables 1 and 2 show that this was the case. Furthermore, Table 1 justifies our focus
on the recognition of b and d in their usual print. For the letters [be] and [de], indi-
cated orally, 112 and 199 children (of the 527 children included in this table) pro-
duced reversal errors for b and d, respectively, whereas only 30, 32, 59, and 24 pro-
duced such errors for , 4, B, and D, respectively. In addition, Table 2 justifies our
focus on the reflected digits because the other errors were negligible. Indeed, all the
asymmetrical digits were transformed (other than those reflected by less than 1% of
the children), except the digit 9 (2.3% of the children).

Main result

The far most important result of this analysis of partial data from the French
National Assessment was the negative correlation between the rate of confusion in
the recognition of b and d and the rate of digit reversal in writing from memory
(r¢=-0.37): Children who confused b and d the least were generally those who
reversed digits the most. A fitted linear regression model, whether an ordinary, a
Bayesian, or a logistic model, shows that high confounding was associated with a
decrease in the average percentage of reversals. In the linear (nonlogistic) regression
model, the decrease was approximately 10% in Categories 2 to 4 (see the Meth-
ods section). The logistic regression modeling showed that the probability of being
a strong confounder decreased from 0.642 to 0.398 when the rate of digit reversal
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increased from 0 to 25% (see Table 3). Although the negative correlation may be
favored by the difference in tasks, it strongly suggested that the two processes lead-
ing to orientation errors in digit writing and confusion in b and d recognition were at
least partly independent and, in any case, not identical.

This result also leads to the exclusion of the fact that an individual child has a
greater or lesser propensity to reverse any written symbolic material, called stre-
phosymbolia with Orton’s (1925) naming (the root strepho is ancient Greek for
“twisted” or “reversed”). This is especially interesting because for a long time—
almost the whole twentieth century—mirror writing was attributed to certain sub-
groups of children, notably those who wrote with their left hand (e.g., Lebrun et al.,
1989) or intellectually disabled children (e.g., Gordon, 1921).

How to interpret the results

Since children primarily confuse letters whose mirror reversals are also legible let-
ters (see the Introduction section), the confusion process is easy to imagine when
children have to recognize b or d. Due to the process of symmetrization, both writ-
ings are strongly represented in children’s declarative memory; due to their pho-
nological and graphical analogies, both representations are also strongly activated.
Thus, children are confused about choosing one of them until the correct writing is
consolidated into the declarative memory system (Menon & Chang, 2021; Squire,
1994). Following our result, we think that the reversal process in writing digits from
memory should be different from this recognition process. What could this process
be?

One theory proposes that children have a representation of both a character and
its reversal, possibly in each cerebral hemisphere, due to reversal during hemispheric
transfer (Corballis, 2018). A child then selects the more active of these two repre-
sentations, one of the two at random, or if possible, both. This theory results in simi-
lar reversal processes in writing digits and in recognizing the letters b and d and thus
does not account for our negative correlation. Another theory assumes that 5-year-
old children have a nonoriented representation of characters. Thus, when they write
digits from memory, they must improvise an orientation. They often “reasonably”
choose the direction of writing/reading in their culture (Fischer, 2017; Portex et al.,
2018). This is clearly a different process from that which is at work in choosing the
writing on the basis of its representation in memory. This theoretical proposal is
consistent with the nonpositive correlation obtained in this study.

Since orientation in the direction of writing (to the right) results in the reversal
of only the left-oriented digits (1, 2, 3, 7, 9), the present data provide also some
support for the second theory. In addition, these data help to refine the developmen-
tal aspect of the digit reversal process. Because our first-graders were older than
the children in the last year of the French école maternelle in Fischer and Luxem-
bourger’s study (2018, Table 1), some developmental changes are apparent and are
presented Table 5. First, 9, not 3, was the most reversed digit; second, the right-
oriented 6, which was behind the five left-oriented digits in the frequency reversal
ranking, ranked 3" and higher than the left-oriented digits 1, 2, and 7 (see Table 5).
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These changes may reflect a developmental trend of the reversal process toward a
confusion process, particularly because of (1) the graphical similarity of 6 and 9, (2)
the 180°-rotation of 6 into 9 (and vice versa), and (3) the considerable resemblance
of the mirror image of 9 to the lowercase letter e, which is the most frequently used
letter of the alphabet. Thus, we can assume that the mirror reversal of 9 is well rep-
resented in memory (cf., Frith, 1971). As a test of these particularities of 6 and 9, we
excluded the digits 6 and 9 from the calculation of 7, and reanalyzed the correlation
between T, and t,. As expected, the negative correlation increased in strength (rg
(285)=-0. 384), albeit slightly.

Why a negative correlation?

How can we understand the negative correlation, which shows that the children who
reverse the digits the most when writing are generally those who confuse b and d
the least? The developmental change described above suggests an explanation. Since
lowercase letters are taught about one year after digits are taught in the French cur-
riculum (MENIJS, 2020), some children who have already mastered the writing of
the digits may still have difficulty differentiating b and d. Typically, they then make
errors in recognizing the letters b and d, but not in writing the digits, and thus con-
tribute to the negative correlation. The data provide some support for this interpreta-
tion, as 130 children (out of 345) made 1 (n=52) or 2 (n="78) orientation errors in
their choices of b or d, but made no reversal errors in writing the digits. An opposite
pattern—reversing some digits, but not confusing b and d—is also possible when a
less developmentally advanced child reverses digits but randomly selects the correct
target on the letter recognition subtest. Although the latter pattern is less frequent
(n=81), it also contributes to the negative correlation.

Specific interpretation of the confusion between b and d

Once we admit that the two processes leading to the reversal of digits in writing
and to the confusion of reversible letters in a recognition task differ, many theories
that try to explain the latter issue can be put forward to explain our observation of
the recognition errors of b and d. In particular, in Lachmann’s (2018) opposition
between holistic and analytical processes, strategies of the latter type are required
for letter recognition in the more general reading-specific procedure. An analyti-
cal processing preference for the letters effect has been effectively demonstrated in
adults by Lachmann and colleagues (Lachmann & Van Leeuwen, 2008; Lachmann
et al., 2014). However, young children, up to the 3rd or 4th grade (Lachmann & Van
Leeuwen, 2007), or even older (Froysen et al., 2009), are not biased against the use
of holistic strategies. Thus, our hypothesis is simply that many of our 6-year-old
participants used such holistic strategies, which allowed them to recognize nonre-
versible letters but led them to confuse the letters b and d, which are difficult to
distinguish holistically.

Lachmann’s (2018) elaborations also allow us to clarify, albeit very speculatively,
a point of understanding concerning developmental dyslexia. Our results certainly
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argue against the possibility that reversible letter confusion in recognition and letter
reversal in writing are associated in children aged 5 or 6 years. However, they do not
exclude that at a later age, children who have not automatized an analytical strategy
are still affected by their suboptimal holistic letter recognition strategy. The confu-
sion of reversible letters over several years can then lead to what is seen and inter-
preted by teachers or any other observer as writing reversals. We could thus find an
association in some dyslexic students in the 3rd or 4th year of school, that we could
not find in students at an earlier age (the beginning of first grade).

Limitations of the study

Many limitations, mainly due to the rather observational nature of the data, affected
our study. The data do not have all the qualities of well-controlled experimental
data; for example, an overindulgent teacher may not have sufficiently prevented
some children from copying (leading to nonindependent observations). However, we
emphasized the importance of such analysis in the schools, with teachers adminis-
tering the test themselves. There is the general reason for the need to balance rigor
and reality in scientific research, as Cantlon (2020) has argued for developmental
neuroscience. There is the additional specific reason for poor agreement between
a teacher’s assessment of reversal and a formal left-right reversal test (e.g., Cotter
et al., 1987, who used the test of Jordan & Jordan, 1974).

Another weakness of the study that emerged in our interpretation of the negative
correlation was the difference between the tasks being compared, namely, recogni-
tion and production. However, because of the difference in difficulty (reinforced by
teaching), it is also not appropriate to correlate the result of a lowercase letter writ-
ing task with that of a digit writing task (writing always from memory) in French
children and certainly not in other children (e.g., the Scottish children in the study
of Mclntosh et al., 2018). In addition, for the recognition of both digits and letters
(b and d), the comparison was unsuccessful due to the ceiling effect in the recogni-
tion of digits. More generally, it may be noted that a very different approach, such
as Lyle’s (1969) factorial study, “has thrown no light on the exact nature of reversal
tendencies in reading and writing” (p. 842).

Our comparison between a recognition task (reading) and a writing task also
raises the general question of the relationship between reading and writing. For
students who are sufficiently advanced in their learning process, a key question is
not the reality of the relationship but rather whether it is unidirectional (reading to
writing) or bidirectional. With a longitudinal study of 3- to 6-year-olds, Kim et al.
(2018) stated that it is rather unidirectional. However, it is not certain, a priori, that a
relationship is established in the early years of learning. In their model of the devel-
opmental relationship between reading and writing, Fitzgerald and Shanahan (2000)
distinguished an emerging literacy stage (birth to age 6). For this stage, they indi-
cated that research has documented that literate knowledge “develops concomitantly
in reading, writing, listening, and speaking” (p. 46). Thus, a posteriori, we can think
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that a relationship between reading and writing should already be present in our stu-
dents beginning first grade.

The partially unexpected nature of the negative correlation may also be seen as a
weakness of our study. Nevertheless, it is similar to the recent observation by Fischer
and Luxembourger (2021) that good discrimination of mirrored letters by 6-year-olds
does not predict a lower frequency of letter reversal during writing, whereas the dis-
crimination of other (other than letters) mirrored images does. Taken together, these
observations provide compelling support for the hypothesis that reversal during writing
is an essentially different process than visual confusion. The importance of confirming
this hypothesis comes from the fact that visual confusion is typically at work in the
reading process, of which the major role in our cultures it is unnecessary to stress.

Conclusion

Despite these limitations, our conclusion is that character reversal should be differenti-
ated from character confusion, even though the former may be the cause of the latter in
some cases. Specifically, the confusion of the reversible letters b and d and similar char-
acters such as p and q, and the nonreversible but graphically similar characters b and p,
p and d, and 6 and 9, does not, in general, appear to be the consequence of a reversal
process. This may in fact explain why children also confuse b and p, p and d, and 6 and
9, that is, characters that are not reflected by each other and whose confusion cannot
therefore be attributed to the process of cerebral symmetrization. Although the problem
may appear to be one of vocabulary—speaking in terms of confusion rather than rever-
sal—we believe it may also express a misunderstanding by many research studies.
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