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A B S T R A C T   

In right-handed adults, face processing is lateralized to the right hemisphere and visual word processing to the 
left hemisphere. According to the many-to-many account (MTMA) of functional cerebral organization this 
lateralization pattern is partly dependent on the acquisition of literacy. Hence, the MTMA predicts that: (i) 
processing of both words and faces should show no or at least less lateralization in individuals with develop-
mental dyslexia compared with controls, and (ii) lateralization in word processing should be normal in in-
dividuals with developmental prosopagnosia whereas lateralization in face processing should be absent. To test 
these hypotheses, 21 right-handed adults with developmental dyslexia and 21 right-handed adults with devel-
opmental prosopagnosia performed a divided visual field paradigm with delayed matching of faces, words and 
cars. Contrary to the predictions, we find that lateralization effects in face processing are within the normal range 
for both developmental dyslexics and prosopagnosics. Moreover, the group with developmental dyslexia showed 
right hemisphere lateralization for word processing. We argue that these findings are incompatible with the 
specific predictions of the MTMA.   

1. Introduction 

In right-handed adults there is typically a right hemisphere domi-
nance in face processing and a left hemisphere dominance in word 
processing (Dehaene and Cohen, 2011; Dien, 2009; Prete and Tommasi, 
2018). It has been suggested that this lateralization pattern may reflect 
that some domains are particularly important for humans, leading to 
specialization of distinct brain areas for specific visual categories such as 
faces or words (Cohen and Dehaene, 2004; Kanwisher, 2010; McKone 
and Robbins, 2011). In support of this notion it has been found that an 
area lateralized to the right hemisphere is selectively activated during 
face processing (Kanwisher et al., 1997; McCarthy et al., 1997), and an 
area in the left hemisphere during visual word processing (Cohen et al., 
2000, 2003). The assumed functional dedication and domain-specificity 
of these areas is reflected in the nomenclature provided for them; the 
fusiform face area (FFA) and the visual word form area (VWFA), respec-
tively (Cohen et al., 2000; Kanwisher et al., 1997). Also, patients with 
apparently selective deficits for either face or word processing following 

brain injury (e.g., Barton et al., 2010; Gaillard et al., 2006; Susilo et al., 
2015) represents a double dissociation that has been taken to support 
the existence of a domain-specific cerebral organization (for reviews see 
Farah, 2004; Robotham and Starrfelt, 2017). 

1.1. Graded specialization and dependent development 

In contrast to the idea that brain areas are dedicated to processing of 
specific visual categories of stimuli, others have argued for a more 
general or graded cerebral organization of higher visual functions (e.g., 
Behrmann and Plaut, 2013; McGugin et al., 2012; Price and Devlin, 
2011). One such account is the many-to-many account (MTMA) ac-
cording to which visual word and face processing are supported by 
bilateral, overlapping, but graded networks where face processing is 
more strongly represented in the right hemisphere and visual word 
processing more strongly represented in the left hemisphere (Behrmann 
and Plaut, 2013, 2015, 2020; Plaut and Behrmann, 2011). This partial 
asymmetry is thought to arise because of competition for cerebral 
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resources and connection induced constraints. A key assumption is that 
it is the acquisition of reading ability that ignites the competition for 
cerebral resources, particularly in the left VWFA. Hence, prior to the 
acquisition of literacy, face recognition is thought to be mediated by 
bilateral structures. The notion that some functions – including some 
related to face processing (Ellis, 1983) – become lateralized to the right 
hemisphere as a consequence of (phylogenetical) development of lan-
guage skills is not new (Corballis, 1991), but the more specific idea that 
a rightward shift in face processing emerges as a consequence of 
(ontogenetical) acquisition of reading skills is (Dehaene and Cohen, 
2011; Dehaene et al., 2010). Thus, following the acquisition of reading 
skills, the right hemisphere becomes more finetuned for processing of 
faces and the left hemisphere more finetuned for words. It has been 
argued that this graded representation can be seen in for example fMRI- 
and ERP-studies showing bilateral activation for both words and faces, 
but with visual word processing activating the left hemisphere more 
than the right hemisphere and vice versa for face processing (Behrmann 
and Plaut, 2013). Furthermore, it has been argued that the bilateral 
activation associated with both face and word processing is not an 
epiphenomenon of imaging methodology (Behrmann and Plaut, 2013, 
2020). Rather, several studies have found both word and face recogni-
tion problems in patients with brain injury, independent of which 
hemisphere is damaged (Asperud et al., 2019; Gerlach et al., 2014; 
Roberts et al., 2015). Even some patients with apparently selective 
deficits for either faces (acquired prosopagnosia) or words (pure alexia) 
following brain injury, have been shown to have mild deficits in the 
other domain when sensitive testing is performed (Behrmann and Plaut, 
2014). 

1.2. Interdependency in word and face recognition development 

The suggestion that reading acquisition induces a rightward shift in 
the cerebral areas supporting face recognition was initially based on 
comparison of illiterate and literate adults which indicated that 
improved reading skills were associated with decreased activation for 
faces in the left hemisphere but increased responses to faces in the right 
hemisphere (Dehaene et al., 2010)(for a critical assessment of this claim 
see Rossion and Lochy (2021)). However, the suggestion has also found 
more direct support in a later study where better reading skills were 
associated with increased activation during face processing in the right 
hemisphere in children learning to read (Dehaene-Lambertz et al., 
2018). Likewise, increased activation for faces in the right hemisphere is 
associated with better reading skills in children (8–10-years-old) when 
dyslexic children are compared with typical readers (Monzalvo et al., 
2012). Also, the development of left hemispheric lateralization for word 
processing seems to occur before the right hemispheric lateralization for 
faces (Dundas et al., 2013, 2014) and this interdependence may begin as 
soon as children learn to read letters in the Roman alphabet (Cantlon 
et al., 2011; Centanni et al., 2018; Lochy et al., 2019). However, the 
evidence for interdependent development is not clear cut as there is 
evidence suggesting that face processing is right-lateralized in 4–6 
month old infants (de Heering and Rossion, 2015), that it becomes 
bilateral for a period hereafter (Lochy et al., 2019) just to become 
right-lateralized again later. Also problematic is that a longitudinal 
single-case study of an illiterate man learning to read only found evi-
dence for a decrease in face responses in the left hemisphere with 
improved reading skills, but no changes in the right hemisphere (Braga 
et al., 2017), and another longitudinal study with a group of children 
that did not find that activation of the VWFA was selective for faces prior 
to reading acquisition (Dehaene-Lambertz et al., 2018). Finally, a resent 
behavioral study found no evidence for a negative relationship between 
literacy acquisition and face recognition performance in children during 
the first year of school (Kühn et al., 2021). Such a relationship would be 
expected if reading and face recognition compete for the same cerebral 
resources. Hence, the evidence in favor of a reading acquisition induced 
rightward shift in face recognition is mixed, and according to a recent 

in-depth evaluation actually quite limited (Rossion and Lochy, 2021). 

1.3. Developmental dyslexia and developmental prosopagnosia 

For people with developmental dyslexia, obtaining word reading 
skills is a struggle that continues in adulthood (Shaywitz, 1998). Ac-
cording to the MTMA, this failure in reading acquisition will cause 
atypical cerebral organization for word and face processing. The argu-
ment is that “… if the acquisition of word recognition is impaired by, for 
example, a phonological deficit, as in DD [developmental dyslexia], the 
initial trigger for lateralization, namely, the optimizing of the LH [left 
hemisphere] to connect visual and language areas will not be present. The 
absence of this tuning for words in the LH will not result in the competition 
that drives the lateralization of faces.” (Behrmann and Plaut, 2020, p. 20). 
This hypothesis corresponds well with studies of developmental dyslexia 
that have found decreased activation of brain areas in the left hemi-
sphere supporting visual word processing (the VWFA) (for a 
meta-analysis see Richlan et al., 2011). Importantly, according to the 
MTMA, the typical lateralization pattern – with word processing being 
more efficient in the left hemisphere and face processing being more 
efficient in the right hemisphere – should thus not be found in in-
dividuals with developmental dyslexia (Collins et al., 2017). The evi-
dence in support of these predictions has been mixed, perhaps relating to 
the heterogeneity among developmental dyslexics. Neither Gabay et al. 
(2017) nor Collins et al. (2017) found a significantly altered lateraliza-
tion pattern for word or face processing when comparing developmental 
dyslexics with controls, and Collins et al. (2017) even found that their 
developmental dyslexics showed the normal lateralization pattern for 
words. Consequently, the best supportive evidence reported by this 
group in favor of the MTMA concerns the finding of a significant 
interaction between visual field and stimulus type in controls – with 
better performance for words in the right visual field and for faces in the 
left visual field – but no similar significant interaction in the dyslexics 
(Collins et al., 2017; Gabay et al., 2017). However, in absence of any 
significant three-way interactions between visual field, stimulus type 
and group, indicating that the lateralization pattern differed signifi-
cantly between controls and developmental dyslexics, these findings are 
more suggestive than affirmative. 

With respect to developmental prosopagnosia – a condition where 
face recognition abilities do not develop to normal levels (Duchaine, 
2011) – the prediction by the MTMA concerning lateralization effects is 
different, because reading ability seems to develop to a normal extent 
(Burns et al., 2017; Rubino et al., 2016; Starrfelt et al., 2018). Hence, for 
individuals with developmental prosopagnosia the MTMA predicts 
normal lateralization effects for words. In addition, the MTMA also 
predicts abnormal lateralization for face processing in DP (Collins et al., 
2017). The evidence in support of this latter prediction is sparse. While 
Collins et al. (2017) did find altered lateralization effects for faces in 
parts of their ERP data (the N170 waveform) for a small group of 
developmental prosopagnosics (N = 7), the three-way interaction 
(group × stimulus type × visual field) was not significant and the 
developmental prosopagnosics even tended to show the normal left vi-
sual field advantage for faces behaviorally (p = .06). 

Given the specificity of the hypotheses by the MTMA but the mixed 
results obtained thus far in rather small samples (range N = 7–15), we 
wanted to test these hypotheses in two somewhat larger datasets 
comprising individuals with developmental prosopagnosia (N = 21) or 
developmental dyslexia (N = 21) namely that: “… DDs [developmental 
dyslexics] will not show this [lateralization] advantage for either stimulus 
type [words/faces], while CPs [congenital prosopagnosics] will show that 
advantage for words, but not faces” (Collins et al., 2017, p. 419). We did 
this by means of a divided visual field paradigm similar to that previ-
ously used to examine lateralization for words and faces in children and 
adults (Dundas et al., 2013, 2014) and in adults with developmental 
dyslexia and developmental prosopagnosia (Collins et al., 2017; Gabay 
et al., 2017). If the predictions of the MTMA are borne out, we should 
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find no – or at least reduced – right lateralization for face processing in 
developmental prosopagnosia and no – or at least reduced – lateraliza-
tion for word and face processing in developmental dyslexia. 

2. Method 

Ethical approval was obtained by The Institutional Ethical Review 
Board, Department of Psychology, University of Copenhagen, (number 
IP-IRB/29102018). 

2.1. Dataset comprising participants with developmental prosopagnosia 
and their control participants 

This dataset comprised 21 right-handed individuals (5 males) with 
developmental prosopagnosia (age: M = 38, SD = 11), and a group of 21 
typically developing controls, matched on age (M = 38, SD = 10), 
gender, and handedness. The developmental prosopagnosics were 
selected from a larger group of self-referred individuals that we have 
tested over period of several years. They were selected based on the 
criteria that they had completed the divided visual field task and were 
right-handed. The controls were also selected from a larger sample based 
on the same criteria, and in addition they had to match the develop-
mental prosopagnosics on gender and handedness and as well as 
possible on age. 

2.1.1. The group with developmental prosopagnosia 
All participants with developmental prosopagnosia completed 

structured interviews regarding everyday difficulty with facial identity 
recognition and possible family history of developmental proso-
pagnosia. They all reported severe difficulties with face recognition in 
their everyday life, as evaluated by the first part of the Faces and 
Emotion Questionnaire (FEQ, 29-items) – (Freeman et al., 2015). The 
developmental prosopagnosia classification was ultimately based on 
abnormal scores on both the FEQ and the Cambridge Face Memory Test 
(CFMT) (Duchaine and Nakayama, 2006). This was established by 
comparing an individual’s performance with that of a Danish reference 
sample – compiled by us over a number of years – comprising 61 control 
participants. As it is less probable that a person will fall significantly 
below the mean on two measures (the FEQ and the CFMT) instead of 
only one of two, we calculated the conditional probability for a person to 
deviate significantly on both measures. This was done by taking into 
consideration the correlation between the FEQ and the CFMT in our 
reference sample, which was r = 0.12 (upper 95% CI [0.35] based on 
bias corrected and accelerated bootstrapping with 1000 samples), using 
the procedure by Crawford et al. (2007). Given the relatively small size 
of our reference sample the correlation estimate between the FEQ and 
the CFMT is not very accurate (cf. the upper 95% CI being 0.35). Hence, 
we applied a worst-case scenario in which the correlation between the 
measures was set at r = 0.35 (the higher the correlation between two 
measures (X & Y) the more likely it will be to be impaired on measure X 
if one is already impaired on measure Y). Based on these considerations, 
a participant had to obtain a performance point estimate corresponding 
to the 6.68% (- 1.5 SD) worst performing individuals in the normal 
population on both the FEQ and the CFMT in order to be classified as 
having developmental prosopagnosia. Less than 1.3% of the normal 
population will obtain scores as low as these on both measures if the 
correlation between them is r = 0.35. To obtain performance point es-
timates from a small reference sample as ours – that cannot be expected 
to yield reliable Z-scores – we used the method developed by Crawford 
et al. (2011) which is based on Bayesian point estimates that also reflect 
the size of the references sample. Using these procedures, and given the 
size of our reference sample, a person was classified as having devel-
opmental prosopagnosia if that person obtained a score of 37 or above 
on the FEQ and a score of 46 or below on the CFMT (the scores on the 
FEQ and CFMT are available in the supplementary data file which can be 
found at https://osf.io/axqgc/). 

All developmental prosopagnosics performed within the normal 
range (score of 32 or less) on The Autism-Spectrum Quotient (AQ) 
(Baron-Cohen et al., 2001). The developmental prosopagnosics did not 
receive remuneration for their participation. 

2.1.2. The control group for the group with developmental prosopagnosia 
Participants in the control group underwent that same test protocol 

as the prosopagnosic participants including the FEQ. All controls per-
formed within the normal range (not below 2 SDs) on the Cambridge 
Face Perception Test (Duchaine et al., 2007) and the CFMT, evaluated by 
the age and gender adjusted norms provided in Bowles et al. (2009). 
They also performed within the normal range on the Autism-Spectrum 
Quotient. Controls received gift certificates of ~120 DKK (~20 USD) 
per hour for their participation. 

2.2. Dataset comprising participants with developmental dyslexia and 
their control participants 

All participants were high-school students (Danish: Højere for-
beredelseseksamen). For all participants, the inclusion criteria were: a 
minimum age of 18-years, normal or corrected-to-normal vision, Danish 
as first language, no autism spectrum disorder, and no known brain 
damage based on self-report. Some control participants received a gift 
card of 150 DKK (~22 US Dollars) for their participation. The partici-
pants with developmental dyslexia and some controls did not receive 
remuneration due to school policies. 

From a total dataset of 24 participants with developmental dyslexia 
and 24 controls, we only included the right-handed participants in the 
present study (n = 21 for both developmental dyslexics and controls), as 
the likelihood of left hemisphere dominance of language decreases for 
people with mixed- or left-handedness (Gerrits et al., 2019; Knecht et al., 
2000). For additional details regarding the full dataset see Kühn et al. 
(2020). 

2.2.1. The group with developmental dyslexia 
All 21 right-handed participants (13 females; median age of 19, 

range 18–22) were from the same high school, enrolled in an educa-
tional program designed for people with developmental dyslexia. Pres-
ence of developmental dyslexia was officially verified as this was a 
requirement for attending the educational program. The diagnosis was 
informed by the official Danish test for dyslexia (Den Nationale Ord-
blindetest) (Undervisningsministeriet, 2018) or based on psychological 
assessment (e.g., by school psychologists). As comorbidity is commonly 
seen in developmental dyslexia (e.g., Sexton et al., 2012; Willcutt and 
Pennington, 2000a, 2000b), we did not exclude participants in the 
developmental dyslexia group if they had other psychiatric diagnoses 
(other than those with autism). Six of the dyslexic participants reported 
a psychiatric diagnosis other than autism spectrum disorder. They were 
not asked to specify the diagnosis or provide more details due to data 
regulations and ethical protocol. 

2.2.2. The control group for the group with developmental dyslexia 
In total, 21 right-handed participants (16 females) with a median age 

of 19 years (range: 18–21), were included. Expanded exclusion criteria 
for the participants in the control group were developmental dyslexia 
and a psychiatric diagnosis; again, based on self-report. 

2.3. General procedure 

The participants with developmental prosopagnosia and their con-
trols were tested individually over at least two test sessions, with the 
divided visual field task being performed on the second session. 

The participants with developmental dyslexia and their controls 
were tested in larger groups during 2018 and 2019. All testing took place 
in a classroom with two experimenters present. A short oral introduction 
was given by an experimenter prior to the experiment, and written 
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instructions were given on the screen as well as read out loud in head-
phones plugged in each laptop. All participants included here used their 
right hand for responding (for further information see Kühn et al., 
2020). 

2.4. The divided visual field task 

The divided visual field task was modeled over the divided visual 
field task developed by (Dundas et al., 2013). This paradigm capitalizes 
on the lateralization of the visual system where input from the right 
visual field (RVF) is initially processed by the left hemisphere (LH) and 
input to the left visual field (LVF) is initially processed by the right 
hemisphere (RH). When participants fixate their eyes centrally on the 
screen, a measure of lateralization can be obtained by means of brief 
exposure durations (below 200 ms) of stimuli in either the right or left 
side of the visual field, which prevents eye movements to the presented 
stimuli and thus exposure to the contralateral visual field (Gazzaniga 
et al., 2015). 

Participants were seated centrally in front of the screen and 
instructed to fixate the cross each time it appeared. Participants were 
instructed to decide if two succeeding stimuli were the same or different 
by pressing “1” to indicate “same” or “2” to indicate “different”. The 
experimental setup was the same for all stimulus types (cars, faces, 
cropped faces, words). On each trial, a central fixation cross appeared 
for 2000 ms, followed by a target stimulus shown centrally for 1000 ms. 
Then a central fixation cross appeared for 300 ms, followed by the 
second stimulus presented for 150 ms shown randomly to the left or the 
right side of the central fixation cross. The center of the second stimulus 
was presented approximately 3.3 degrees of visual angle off screen 
center and subtended between 3.1 and 6.1 degrees of visual angle in 
width and 1.9–6.3 degrees of visual angle in height depending on the 
stimulus category. The participants had 4000 ms to respond but were 
instructed to respond as quickly and accurately as possible (see Fig. 1). 
Failure to respond resulted in an invalid trial. There were eight experi-
mental blocks of 40 trials, that is, a total of 320 trials with an equal 
number of same (40 trials) and different trials (40 trials) for each of the 
four categories with half presented in each visual field. Stimuli from the 
different categories were mixed within blocks with small breaks be-
tween blocks. Prior to testing, a practice block of 32 trials, with eight 
items from each category, were run. Stimuli in the practice block were 
not used during actual testing. Accuracy feedback was given after each 
trial during the practice session, but no feedback was given during data 
collection. Both accuracy and reaction time (RT) were measured. For 

each category in each visual field, the maximum total correct responses 
was 40. Testing took approximately 30 min. 

2.4.1. Stimuli 
Four different categories of stimuli were presented: words, full faces, 

cropped faces and cars. There were 20 different stimuli in each category 
presented on a white screen. All stimuli were selected in pairs to ensure a 
high degree of similarity between the two stimuli in each pair, thus 10 
stimulus-pairs with high similarity were selected for each category (see 
examples in Fig. 2). The words consisted of four-letter, regular Danish 
nouns, where the two words in each word-pair only differed in one of the 
two central letters (Dundas et al., 2013). Both full faces and cropped 
faces were black-and-white photographs of male or female faces in a 
frontal view under the same light settings. Each face in a pair was of the 
same gender with a high degree of similarity. For full faces both hair and 
some clothing were visible. To produce the cropped faces, a vertical 
elliptic crop was imposed on photos of faces to remove hair, ears and 
chin, and consequently only the internal features of the face were pre-
sented. For the last category, cars, black-and-white photographs of real 
cars were shown, and in each pair the cars were photographed from the 
same angle. 

2.5. Statistical analyses 

Invalid trials were not counted in the total score. A trial was 
considered invalid if a participant failed to respond within a time win-
dow of 201–4000 ms following target onset. The mean percentage of 
invalid responses was 0.8 in the developmental dyslexia group, and 0.4 
in its control group. For the developmental prosopagnosic group it was 
0.1, and 0.9 in its control group. As stimulus exposure duration was 
limited in this experiment, we decided a priori to give most weight to 
results based on accuracy, here d-prime (d’), which was calculated for 
each condition for each participant. d’ is a bias-free measure of 
discrimination sensitivity expressed as a standardized effect size with a 
high score indicating better sensitivity (e.g., Wickens, 2002). However, 
in order to present the full picture, analyses were also performed on 
trimmed latency data. Trimming was done to obtain more stable mea-
sures of RT (Ratcliff, 1993) and was based on valid and correct responses 
only. It was performed by removal of responses that deviated more than 
2.5 SD from the mean of a specific participant in a specific condition (e. 
g., words, left visual field, same response). This resulted in an average of 
3.2 percent (range: 0.9–5) removed trials in the developmental proso-
pagnosic group and 2.9 (range: 0–4.3) in its control group. For the 

Fig. 1. Illustration of the trial structure; here with faces as stimuli. The size proportions of the stimuli relative to the frame are not representative of the 
actual experiment. 
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developmental dyslexia group the average percent removed trials was 
3.2 (range: 1.7–4.7) and 2.7 percent (range: 1.5–3.7) in its control 
group. Statistical analyses were performed in SPSS version 26. To reduce 
the impact of outliers and deviation from normality we used t-tests, and 
95% CIs, based on bias-corrected bootstrap analyses with 1000 samples. 
All t-tests were two-sided, and an alpha-level of 0.05 was applied. 

In our analyses we did not use the results from the full faces but only 
those from cropped faces because the studies we will compare our re-
sults with only used cropped faces (Collins et al., 2017; Dundas et al., 
2013, 2014; Gabay et al., 2017). We also note that of the two face 
conditions, the condition with cropped faces was judged the most sen-
sitive test of face perception because d’ was higher for full faces 
compared to cropped faces for all four groups (all p’s <. 001), and 
because there were more outliers present for full faces than for cropped 
faces. However, data from the full faces are available in the supple-
mentary material accompanying this paper (https://osf.io/axqgc/). 
With respect to the category cars, this was only included because the 
reference studies included it. Thus, we had no specific hypotheses 
regarding this category but include the results from it here for 
completeness. 

To test if the lateralization pattern was significantly different be-
tween groups for words, cropped faces or cars, we first computed two 
laterality measures based on difference scores: (i) one based on d’ (LVF 
d’ score minus RVF d’ score), and (ii) one based on RT (LVF RT minus 
RVF RT). This was done for each participant and for each category. A 
value of 0 on these measures will indicate no visual field difference/ 
laterality effect whereas higher values will indicate greater effects of 
laterality. We then examined whether the two groups – either devel-
opmental prosopagnosics vs. controls or developmental dyslexics vs. 
controls – differed on these laterality measures by means of independent 
sample t-tests. These analyses amount to testing for the presence of in-
teractions between visual field and group: Only if the lateralization 
pattern for a given stimulus category differs significantly between 
groups will the difference be significant. These comparisons are clearly 
the most important in the present context because it is only interactions 
that can provide positive evidence regarding lateralization differences 
across developmental prosopagnosics, developmental dyslexics and 
controls, cf. section 1.3. For regular mixed factorial ANOVAs with Group 
(developmental prosopagnosics vs. controls/developmental dyslexics 
vs. controls) and Visual field (LVF vs. RVF) on data for words and 

cropped faces, which yield the same results as the analyses presented 
below, please see the appendix. 

The first analyses presented below are thus targeted at between- 
group differences in the lateralization pattern (interactions). These an-
alyses are supplemented with: (i) analyses of the absolute lateralization 
patterns within each group, and (ii) between-group differences across 
visual fields. The interaction analysis is directly relevant for main hy-
pothesis tested, but the supplementary within-group comparisons 
qualify the interpretation of potential interactions: If the paradigm 
cannot reproduce the expected visual field effects in the control groups, 
lateralization differences between groups will be harder to interpret. To 
anticipate some of the results, such a concern did arise for the stimulus 
category words, which did not yield the expected RVF advantage in the 
control groups. We will discuss this anomaly at length in section 4.0. 

3. Results 

3.1. Developmental prosopagnosia 

We found no significant positive correlations (ρ) between RT and d’ 
for any of the stimulus types, computed in each visual field for each of 
the groups (all p’s > 0.05), suggesting no significant trade-offs between 
latency and discrimination sensitivity. Summarized results for d’ and RT 
for words, cropped faces, and cars in each visual field are presented in 
Table 1. 

3.1.1. Lateralization differences between groups (interaction effects) 
The analyses examining whether the individuals with developmental 

prosopagnosia differed from their controls in lateralization pattern 
revealed no significant difference for words based on d’ (Mean differ-
ence = 0.03, 95% CI = [-0.38, 0.36], p = .89), but a significant differ-
ence for RT (Mean difference = 61, 95% CI = [23, 101], p = .02). The RT 
difference reflected that responses to words were faster in the RVF/LH 
than in the LVF/RH for the developmental prosopagnosics but the 
reverse for the control group. There were no significant differences be-
tween the two groups for cropped faces on d’ (Mean difference = 0.20, 
95% CI = [-0.13, 0.55], p = .24), or RT (Mean difference = 42, 95% CI =
[− 15, 101], p = .21), or for cars on d’ (Mean difference = − 0.06, 95% CI 
= [-0.41, 0.27], p = .72), or RT (Mean difference = − 35, 95% CI = [− 83, 
16], p = .15). Hence, except for the finding that the group with 

Fig. 2. Examples of matched stimulus pairs for the divided visual field task for: (a) cars, (b) cropped faces, (c) non-cropped faces, and (d) words.  
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developmental prosopagnosia revealed a pattern more towards the ex-
pected lateralization pattern for words, no differences were found be-
tween the groups in lateralization effects neither in sensitivity nor 
latency. 

3.1.2. Lateralization effects within each group 
The results of the within-group supplementary analyses are sum-

marized in Table 2. In the control group, the only significant difference 
found was for cropped faces in RT, with faster responses to cropped faces 
presented in the LVF/RH. In the developmental prosopagnosic group, 
the only significant difference found was also for cropped faces but in 
terms of d’, with higher discrimination sensitivity to faces presented in 
the LVF/RH. Thus, each group exhibited the expected lateralization 
pattern for faces but not for words albeit reflected in different measures. 
See also Fig. 3 for an illustration of the main results across both devel-
opmental prosopagnosics, developmental dyslexics and controls for 
faces and words. 

3.1.3. Between-group differences in average performance across visual 
fields 

The results from the supplementary analyses are summarized in 
Table 3. There were no significant RT differences between the groups for 
any of the stimulus categories. For d’, there was an effect of group for 
cropped faces with discrimination sensitivity being lower for the group 
with developmental prosopagnosia. Hence, as could be expected, the 
individuals with developmental prosopagnosia performed worse than 
the controls with faces but not with the other stimulus types. 

3.2. Developmental dyslexia 

We found no significant positive correlations (ρ) between RT and d’ 
for any of the stimulus types, computed in each visual field for each of 
the groups (all p’s > 0.05), suggesting no significant trade-offs between 
latency and discrimination sensitivity. Summarized results for d’ and RT 
for words, cropped faces, and cars for each visual field are presented in 

Table 1 
Results for d’ and reaction time (RT) in ms for each stimulus type in each visual field for individuals with developmental prosopagnosia and their controls.   

Developmental Prosopagnosics Controls 

Mean BCa 95% CI SD BCa 95% CI Mean BCa 95% CI SD BCa 95% CI 

Words LVF 
d’ 2.91 2.63 : 3.17 0.55 0.41 : 0.65 3.01 2.70 : 3.28 0.67 0.42 : 0.85 
RT 856 794 : 945 183 94 : 262 816 756 : 875 141 117 : 156 
Words RVF 
d’ 3.11 2.81 : 3.42 0.65 0.50 : 0.74 3.24 2.91 : 3.55 0.76 0.56 : 0.90 
RT 816 768 : 877 129 80 : 171 837 775 : 907 157 115 : 186 
Cropped faces LVF 
d’ 1.58 1.34 : 1.84 0.60 0.39 : 0.75 1.96 1.70 : 2.23 0.62 0.49 : 0.70 
RT 836 770 : 907 173 104 : 219 825 759 : 894 152 123 : 169 
Cropped faces RVF 
d’ 1.29 1.01 : 1.54 0.56 0.34 : 0.71 1.88 1.57 : 2.16 0.68 0.52 : 0.78 
RT 880 817 : 953 162 95 : 216 911 828 : 988 187 150 : 212 
Cars LVF 
d’ 1.97 1.78 : 2.17 0.52 0.36 : 0.65 2.02 1.77 : 2.28 0.60 0.43 : 0.72 
RT 771 722 : 832 131 68 : 181 841 774 : 913 154 118 : 175 
Cars RVF 
d’ 2.20 1.97 : 2.42 0.54 0.41 : 0.64 2.18 1.86 : 2.50 0.80 0.65 : 0.92 
RT 803 743 : 876 157 94 : 204 838 774 : 898 147 123 : 161 

Note. The mean and standard deviation (SD) with bootstrapped bias corrected and accelerated (BCa) 95% CIs listed for d’ and reaction time (RT) for left visual field 
(LVF) and right visual field (RVF). 

Table 2 
Results from the analyses examining within-group lateralization effects for words, cropped faces and cars.   

Mean diff. S.E. 95% CI p Mean diff. S.E. 95% CI p 

Developmental prosopagnosics Developmental prosopagnosic controls 

Words LVF-RVF 
d’ -.2 .17 -.54: .14 .26 -.23 .14 -.51: .06 .13 
RT 39 16 − 13 : 66 .11 − 21 14 − 53 : 8 .14 
Cropped faces LVF-RVF 
d’ .28 .09 .08: .47 .008 .08 .14 -.18: .34 .54 
RT − 43 25 − 91 : 9 .09 ¡86 18 ¡121: 49 .002 
Cars LVF-RVF 
d’ -.23 .13 -.50: .4 .09 -.16 .13 -.38: .05 .22 
RT − 32 15 − 67 : 1 .07 3 18 − 34 : 39 .86  

Developmental dyslexics Developmental dyslexic controls 

Words LVF-RVF 
d’ -.01 .12 -.25: .22 .92 -.11 .12 -.34: .14 .38 
RT ¡40 15 ¡72: 14 .046 4 7 − 10 : 18 .58 
Cropped faces LVF-RVF 
d’ .32 .17 -.01: .65 .076 .40 .17 .06: .72 .03 
RT ¡70 15 ¡100: 42 .006 ¡37 11 ¡56: 19 .004 
Cars LVF-RVF 
d’ -.37 .13 -.62: .12 .01 -.16 .14 -.49: .14 .28 
RT − 10 15 − 42 : 17 .50 − 12 8 − 28 : 5 .18 

Note. The mean difference (Mean diff.), standard error (S.E.), bootstrapped bias corrected and accelerated (BCa) 95%, and p-value (p) for the two-tailed bootstrapped 
paired t-test. Significant effects (p < .05) are given in bold. 
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Table 4. 

3.2.1. Lateralization differences between groups (interaction effects) 
The analyses examining whether the individuals with developmental 

dyslexia differed from their controls in lateralization pattern revealed no 
significant difference for words based on d’ (Mean difference = 0.10, 
95% CI = [-0.23, 0.44], p = .57), but a significant difference for RT 
(Mean difference = − 43, 95% CI = [− 81, − 12], p = .03). The RT dif-
ference indicated reverse lateralization effects for the two groups with 
the developmental dyslexics showing an unexpected pattern with faster 
RT to words presented in the LVF/RH and the controls slightly faster 
responses to words presented in the RVF/LH. There were no significant 
differences for cropped faces on d’ (Mean difference = − 0.08, 95% CI =
[-0.56, 0.36], p = .72), or RT (Mean difference = − 33, 95% CI = [− 72, 
4], p = .1), or for cars on d’ (Mean difference = − 0.21, 95% CI = [-0.56, 
0.18], p = .3), or RT (Mean difference = 2, 95% CI = [− 40, 36], p = .92). 
Hence, the group with developmental dyslexia revealed an altered 
pattern of lateralization for words compared with controls, but not for 
the other stimulus types. 

3.2.2. Lateralization effects within groups 
The results of the within-group supplementary analyses are sum-

marized in Table 2 and Fig. 3. In the control group, the only significant 
differences found were for cropped faces for both d’ and RT. The results 
were in the same direction with more efficient processing of faces in 
LVF/RH than in the RVF/LH. 

In the developmental dyslexia group, RTs for cropped faces were 
significantly faster in the LVF/RH compared to the RVF/LH, and though 
it did not reach significance (p = .08), the difference in d’ also indicated 
better performance in the LVF/RH. For words, a significant difference 
was found for RT, with faster responses to words presented in the LVF/ 
RH. For cars a significant difference was found for d’, indicating that the 
sensitivity score was higher for cars presented in the RVF/LH than cars 
presented in the LVF/RH, but RT did not indicate any significant 
difference. 

In sum, both the developmental dyslexics and the controls showed 
the expected lateralization pattern for faces with more efficient pro-
cessing in LVF/RH than in the RVF/LH. For words, however, neither 
group showed the expected RVF/LH advantage. In fact, the 

Fig. 3. Illustration of the results found for the 
developmental prosopagnosics, the developmental 
dyslexics, and their respective controls in the divided 
field task for cropped faces and words. The graphs 
show the mean value on the two laterality measures 
derived: the d’ index (d’ left visual field (LVF) – d’ 
right visual field (RVF)) and the reaction time (RT) 
index (RT RVF – RT LVF). A value of 0 on these 
measures indicate no visual field difference/laterality 
effect whereas higher values indicate greater effects 
of laterality. The error bars signify the 95% confi-
dence interval of the means. Please note that the RT 
indexes in this figure are based on the contrasts RT 
RVF – RT LVF whereas the indexes listed in Table 2 
are based on the reverse contrasts (RT LVF – RT RVF). 
This change makes it easier to compare the d and the 
RT indexes visually because positive values then 
signify a LVF/right hemisphere advantage for both 
measures whereas negative values signify a RVF/left 
hemisphere advantage.   
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developmental dyslexics showed a LVF/RH advantage in terms of RT. 

3.2.3. Between-group differences in average performance across visual 
fields 

The results from the supplementary analyses are summarized in 
Table 3. For d’ there were no significant effects of group for any of the 
stimulus categories. For RT, there was an effect of group for words with 
the developmental dyslexia group having slower RTs. Hence, the in-
dividuals with developmental dyslexia performed worse than the con-
trols with words but not with the other stimulus types. 

4. Discussion 

It has been suggested that the degree of lateralization observed in 
face processing may be a product of competition between abilities in the 
demand they place on cerebral resources (Behrmann and Plaut, 2020; 
Dundas et al., 2013), and more specifically that acquisition of literacy 
induces a rightward shift in the cerebral areas supporting face recog-
nition (Dehaene et al., 2010; Dundas et al., 2013). This raises the 
question of whether developmental disorders like developmental pro-
sopagnosia and developmental dyslexia give rise to altered patterns of 
lateralization? According to the many-to-many account (MTMA) of ce-
rebral organization (Behrmann and Plaut, 2020) – which suggests that 
reading acquisition is a key determinant in lateralization of face 

processing – the answer is ‘yes’. According to this account we should 
find no – or at least reduced – right lateralization for face processing in 
developmental prosopagnosia and no – or at least reduced – lateraliza-
tion for word and face processing in developmental dyslexia (Behrmann 
and Plaut, 2020; Collins et al., 2017). 

In the present study we tested these rather specific hypotheses in 
individuals with either developmental prosopagnosia or developmental 
dyslexia. In the group with developmental prosopagnosia we found no 
evidence of an altered pattern of lateralization for faces. In fact, both the 
developmental prosopagnosics and their controls showed the expected 
left visual field (LVF)/right hemisphere (RH) advantage for face pro-
cessing, and the magnitude of this difference did not differ between the 
groups (i.e., there was no significant interaction between VF and group). 
This replicates, and does so in a positive manner, the finding by Collins 
et al. (2017) who ‘merely’ found a trend towards a LVF/RH advantage 
for faces in their group of developmental prosopagnosics. The finding of 
a LVF/RH advantage for faces within the normal range in developmental 
prosopagnosia is rather interesting because acquired prosopagnosia is 
typically associated with RH damage (Rossion, 2014, 2015); presumably 
because of the RH dominance in face processing in normal subjects. 
Consequently, if developmental prosopagnosia also primarily reflected a 
RH anomaly one would expect the normal LVF/RH for face processing to 
be abolished in developmental prosopagnosia. Given that we do find a 
LVF/RH advantage in developmental prosopagnosia this could therefore 

Table 3 
Results from the between-group differences (developmental prosopagnosics vs. controls & developmental dyslexics vs. controls) in average performance across visual 
fields for each stimulus type measured by d’ and reaction time (RT) in ms   

Developmental prosopagnosics Developmental dyslexics  
Mean diff. S.E. 95% CI p Mean diff. S.E. 95% CI p 

Words 
d’ -.22 .21 -.62: .21 .32 -.38 .20 -.77: .01 .07 
RT 9 46 − 71 : 107 .84 115 38 44 : 187 .008 
Cropped faces 
d’ -.52 .18 ¡85: .16 .008 -.28 .20 -.64: .17 .16 
RT − 9 49 − 101 : 88 .86 − 68 36 − 4 : 138 .06 
Cars 
d’ .04 .18 -.35: .36 .84 -.14 .19 -.51: .21 .45 
RT − 53 43 − 137 : 35 .24 73 38 − 5 : 145 .06 

Note. The mean difference (Mean diff.), standard error (S.E.), bootstrapped bias corrected and accelerated (BCa) 95% CIs, and p-value (p) for the two-tailed boot-
strapped paired t-test. Significant effects (p < .05) are given in bold. 

Table 4 
Results for d’ and reaction time (RT) in ms for each stimulus type in each visual field for the individuals with developmental dyslexia and their controls   

Developmental dyslexics Controls 

Mean BCa 95% CI SD BCa 95% CI Mean BCa 95% CI SD BCa 95% CI 

Words LVF 
d’ 2.58 2.27 : 2.92 0.75 0.57 : 0.86 2.90 2.63 : 3.12 0.62 0.42 : 0.77 
RT 730 674 : 792 134 85 : 175 637 602 : 673 85 62 : 102 
Words RVF 
d’ 2.60 2.38 : 2.83 0.53 0.39 : 0.62 3.01 2.75 : 3.25 0.64 0.44 : 0.78 
RT 769 696 : 853 176 98 : 243 634 603 : 668 78 66 : 85 
Cropped faces LVF 
d’ 2.05 1.79 : 2.36 0.72 0.53 : 0.86 2.39 2.11 : 2.68 0.73 0.56 : 0.84 
RT 696 655 : 740 109 66 : 140 644 602 : 688 117 59 : 156 
Cropped faces RVF 
d’ 1.73 1.37 : 2.11 0.84 0.66 : 0.97 1.99 1.78 : 2.19 0.54 0.42 : 0.63 
RT 766 714 : 825 145 91 : 184 681 642 : 720 104 73 : 123 
Cars LVF 
d’ 1.96 1.67 : 2.25 0.64 0.46 : 0.80 2.18 1.93 : 2.44 0.58 0.44 : 0.67 
RT 710 662 : 761 116 78 : 145 636 588 : 687 119 82 : 144 
Cars RVF 
d’ 2.32 2.07 : 2.60 0.60 0.43 : 0.71 2.34 2.03 : 2.71 0.70 0.45 : 0.86 
RT 719 670 : 773 130 71 : 165 647 604 : 694 115 71 : 144 

Note. The mean and standard deviation (SD) with bootstrapped bias corrected and accelerated (BCa) 95% CIs listed for d’ and reaction time (RT) for left visual field 
(LVF) and right visual field (RVF). 
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indicate LH anomalies in developmental prosopagnosia. This is supported 
by a recent functional imaging study that indicated greater left than 
right hemisphere abnormalities in developmental prosopagnosia (Ger-
lach et al., 2019). It must be noted that this piece of converging evidence 
needs qualification given that some of the developmental prosopagno-
sics examined in the present study also participated in the functional 
imaging study. However, when these nine individuals are removed from 
the present analysis, we still find a reliable LVF/RH advantage in the 
remaining 12 individuals (Mean d’ LVF-RVF difference = 0.4, 95% CI =
[0.13, 0.65]). Consequently, the effect is not driven by the subset of 
developmental prosopagnosics who also participated in the imaging 
experiment. 

With respect to the group with developmental dyslexia, we did not 
find an altered lateralization for faces, contrary to the prediction of the 
MTMA. Just like the developmental prosopagnosics, the developmental 
dyslexics also showed a significant LVF/RH advantage for faces, and of a 
magnitude within the normal range (for a similar finding in dyslexic 
children see Pirozzolo and Rayner (1979)). It is important to note that 
this is not merely a null finding. Both the dyslexics and the controls 
showed a LVF/RH advantage for faces, and this advantage was numer-
ically larger for the developmental dyslexics than for the controls (in 
terms of RT). This suggests that the LVF/RH advantage in face pro-
cessing is not contingent on reading related functional restructuring of 
the LH. 

Finally – and again in contrast to the predictions of the MTMA – we 
did not find equally (in)efficient processing of words if the LVF and RVF 
in the group with developmental dyslexia. Rather, the developmental 
dyslexics showed more lateralization than the controls in word pro-
cessing, but in the opposite direction where word processing was more 
efficient in the LVF/RH than in the right visual field (RVF)/left hemi-
sphere (LH). We note, however, that this finding was not based on our 
primary measure d’ but rather on latency (RT), and it departs from 
previous findings of a normal RVF advantage (Collins et al., 2017) or no 
visual field differences for words in the developmental dyslexia (Gabay 
et al., 2017). Moreover, we failed to find the normal RVF/LH advantage 
for words in the control group, which we will discuss further below. For 
these reasons, the present finding of a significant LVF/RH advantage for 
words in developmental dyslexia should be treated carefully. Despite 
these reservations the finding does seem compatible with a 
meta-analysis showing decreased activation in left hemisphere regions 
supporting visual word recognition in developmental dyslexia (Richlan 
et al., 2011). 

Our failure to find a significant RVF/LH advantage for words in the 
two independent groups of controls contrasts with the earlier studies 
using the same paradigm (Collins et al., 2017; Dundas et al., 2013, 2014; 
Gabay et al., 2017). Only when the data from our two control groups are 
pooled do we find a marginally significant difference in the expected 
direction for discrimination sensitivity (d’) (Mean difference = − .17, 
95% CI = [-0.35, 0.01], p = .065) but not for RT (Mean difference = − 9, 
95% CI = [− 26, 9], p = .32). One aspect that differs between the present 
and previous studies is that the previous studies (Collins et al., 2017; 
Dundas et al., 2013, 2014; Gabay et al., 2017) presented the stimuli at 
greater eccentricity (5.3◦ from fixation) than the present study (3.3◦

from fixation). It is not the case, however, that the word stimuli in the 
present study were presented partly in foveal vision as they subtended 
3.1◦ of visual angle and did not differ in the first and last letter position. 
In fact, only the car stimuli extended somewhat into foveal vision (1.5◦). 
Hence, the lack of a RVF/LH advantage for words does not reflect that 
the stimuli in general were presented too near central vision to produce 
effects of laterality per se. Indeed, we obtained clear and expected lat-
erality effects for the face stimuli. We do think, however, that the lower 
eccentricity of the present study may have caused discrimination to be 
easier here than it was in the previous studies (Collins et al., 2017; 
Dundas et al., 2013, 2014; Gabay et al., 2017). In the previous studies, 
that did report the expected RVF/LH advantage for words, the accuracy 
was in the range of 82–88% correct responses. In comparison, the range 

was 92–93% for our groups except for the developmental dyslexics 
whose accuracy was on average 88% correct. Consequently, the word 
condition may have been too easy for the control participants to reveal 
an effect of visual field. As an example, the magnitude of the RVF/LH for 
word processing increases with word length (Chiarello, 1988) and the 
present words were only four letters. It must be noted, however, that 
even if it is true that the present word condition was too easy to reveal 
the normal RVF/LH advantage this has no direct bearing on the positive 
findings we report; the LVF/RH advantage for words in the group with 
developmental dyslexia. This might have become more pronounced 
with a more sensitive design that could have picked up the expected 
RVF/LH advantage for words in the control participants. 

In conclusion, the findings from the present study of lateralization 
effects in developmental prosopagnosia and developmental proso-
pagnosia do not support the part of the MTMA that assumes that later-
alization of face processing is induced by acquisition of literacy. Nor do 
we find evidence for the proposition that developmental prosopagnosia 
is associated with altered lateralization of face processing. These find-
ings are in keeping with a recent in-depth study which suggests that 
there is little evidence in favor of an interdependency between the 
acquisition of reading skills and lateralization of face recognition (Ros-
sion and Lochy, 2021). 

Credit author statement 

Christian Gerlach: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Data curation, Writing – original draft, Writing – 
review & editing, Visualization, Supervision, Project administration, 
Funding acquisition. Christina D. Kühn: Formal analysis, Investigation, 
Data curation, Writing – original draft, Writing – review & editing. Mads 
Poulsen: Methodology, Formal analysis, Writing – review & editing. 
Kristian Bjerre Andersen: Investigation, Writing – review & editing. 
Heikamp Lissau: Investigation, Writing – review & editing. Randi 
Starrfelt: Conceptualization, Methodology, Data curation, Writing – 
original draft, Writing – review & editing, Supervision, Project admin-
istration, Funding acquisition. 

Declaration of competing interest 

None. 

Acknowledgements 

We wish to thank all participants and all high schools for their 
collaboration during data collection. This work was supported by a grant 
from The Independent Research Fund Denmark under grant no.: 4001- 
00115. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.neuropsychologia.2022.108208. 

References 

Asperud, J., Kühn, C.D., Gerlach, C., Delfi, T.S., Starrfelt, R., 2019. Word recognition and 
face recognition following posterior cerebral artery stroke: overlapping networks 
and selective contributions. Vis. Cognit. 27 (1), 52–65. https://doi.org/10.1080/ 
13506285.2019.1599481. 

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., Clubley, E., 2001. The autism- 
spectrum quotient (AQ): evidence from Asperger syndrome/high-functioning 
autism, males and females, scientists and mathematicians. J. Autism Dev. Disord. 31 
(1), 5–17. 

Barton, J.J., Sekunova, A., Sheldon, C., Johnston, S., Iaria, G., Scheel, M., 2010. Reading 
words, seeing style: the neuropsychology of word, font and handwriting perception. 
Neuropsychologia 48 (13), 3868–3877. https://doi.org/10.1016/j. 
neuropsychologia.2010.09.012. 

C. Gerlach et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.neuropsychologia.2022.108208
https://doi.org/10.1016/j.neuropsychologia.2022.108208
https://doi.org/10.1080/13506285.2019.1599481
https://doi.org/10.1080/13506285.2019.1599481
http://refhub.elsevier.com/S0028-3932(22)00067-7/sref2
http://refhub.elsevier.com/S0028-3932(22)00067-7/sref2
http://refhub.elsevier.com/S0028-3932(22)00067-7/sref2
http://refhub.elsevier.com/S0028-3932(22)00067-7/sref2
https://doi.org/10.1016/j.neuropsychologia.2010.09.012
https://doi.org/10.1016/j.neuropsychologia.2010.09.012


Neuropsychologia 170 (2022) 108208

10

Behrmann, M., Plaut, D.C., 2013. Distributed circuits, not circumscribed centers, mediate 
visual recognition. Trends Cognit. Sci. 17 (5), 210–219. https://doi.org/10.1016/j. 
tics.2013.03.007. 

Behrmann, M., Plaut, D.C., 2014. Bilateral hemispheric processing of words and faces: 
evidence from word impairments in prosopagnosia and face impairments in pure 
alexia. Cerebr. Cortex 24 (4), 1102–1118. https://doi.org/10.1093/cercor/bhs390. 

Behrmann, M., Plaut, D.C., 2015. A vision of graded hemispheric specialization. Ann. N. 
Y. Acad. Sci. 1359, 30–46. https://doi.org/10.1111/nyas.12833. 

Behrmann, M., Plaut, D.C., 2020. Hemispheric organization for visual object recognition: 
a theoretical account and empirical evidence. Perception 49 (4), 373–404. https:// 
doi.org/10.1177/0301006619899049. 

Bowles, D.C., McKone, E., Dawel, A., Duchaine, B., Palermo, R., Schmalzl, L., Yovel, G., 
2009. Diagnosing prosopagnosia: effects of ageing, sex, and participant-stimulus 
ethnic match on the Cambridge face memory test and Cambridge face perception 
test. Cogn. Neuropsychol. 26 (5), 423–455. https://doi.org/10.1080/ 
02643290903343149. 

Braga, W., Amemiya, E., Tauil, A., Suguieda, D., Lacerda, C., Klein, E., Dehaene, S., 2017. 
Tracking adult literacy acquisition with functional mri: a single-case study. Mind, 
Brain, and Education 11 (3), 121–132. https://doi.org/10.1111/mbe.12143. 

Burns, E.J., Bennetts, R.J., Bate, S., Wright, V.C., Weidemann, C.T., Tree, J.J., 2017. 
Intact word processing in developmental prosopagnosia. Sci. Rep. 7 (1), 1683. 
https://doi.org/10.1038/s41598-017-01917-8. 

Cantlon, J.F., Pinel, P., Dehaene, S., Pelphrey, K.A., 2011. Cortical representations of 
symbols, objects, and faces are pruned back during early childhood. Cerebr. Cortex 
21 (1), 191–199. https://doi.org/10.1093/cercor/bhq078. 

Centanni, T.M., Norton, E.S., Park, A., Beach, S.D., Halverson, K., Ozernov-Palchik, O., 
Gabrieli, J., 2018. Early development of letter specialization in left fusiform is 
associated with better word reading and smaller fusiform face area. Dev. Sci. 21 (5), 
e12658 https://doi.org/10.1111/desc.12658. 

Chiarello, C., 1988. Lateralization of lexical processes in the normal brain: a review of 
visual half-field Research. In: Whitaker, H.A. (Ed.), Contemporary Reviews in 
Neuropsychology. Springer, New York, NY, pp. 36–76 (New York).  

Cohen, L., Dehaene, S., 2004. Specialization within the ventral stream: the case for the 
visual word form area. Neuroimage 22 (1), 466–476. https://doi.org/10.1016/j. 
neuroimage.2003.12.049. 

Cohen, L., Dehaene, S., Naccache, L., Lehericy, S., Dehaene-Lambertz, G., Henaff, M.A., 
Michel, F., 2000. The visual word form area: spatial and temporal characterization of 
an initial stage of reading in normal subjects and posterior split-brain patients. Brain 
123 (Pt 2), 291–307. 

Cohen, L., Martinaud, O., Lemer, C., Lehéricy, S., Samson, Y., Obadia, M., Dehaene, S., 
2003. Visual word recognition in the left and right hemispheres: anatomical and 
functional correlates of peripheral alexias. Cerebr. Cortex 13 (12), 1313–1333. 
https://doi.org/10.1093/cercor/bhg079. 

Collins, E., Dundas, E., Gabay, Y., Plaut, D.C., Behrmann, M., 2017. Hemispheric 
organization in disorders of development. Vis. Cognit. 25 (4–6), 416–429. https:// 
doi.org/10.1080/13506285.2017.1370430. 

Corballis, M.C., 1991. The Lopsided Ape. Oxford University Press, New York.  
Crawford, J.R., Garthwaite, P.H., Gault, C.B., 2007. Estimating the percentage of the 

population with abnormally low scores (or abnormally large score differences) on 
standardized neuropsychological test batteries: a generic method with applications. 
Neuropsychology 21 (4), 419–430. https://doi.org/10.1037/0894-4105.21.4.419. 

Crawford, J.R., Garthwaite, P.H., Ryan, K., 2011. Comparing a single case to a control 
sample: testing for neuropsychological deficits and dissociations in the presence of 
covariates. Cortex 47 (10), 1166–1178. https://doi.org/10.1016/j. 
cortex.2011.02.017. 

de Heering, A., Rossion, B., 2015. Rapid categorization of natural face images in the 
infant right hemisphere. Elife 4, e06564. https://doi.org/10.7554/eLife.06564. 

Dehaene-Lambertz, G., Monzalvo, K., Dehaene, S., 2018. The emergence of the visual 
word form: longitudinal evolution of category-specific ventral visual areas during 
reading acquisition. PLoS Biol. 16 (3), e2004103 https://doi.org/10.1371/journal. 
pbio.2004103. 

Dehaene, S., Cohen, L., 2011. The unique role of the visual word form area in reading. 
Trends Cognit. Sci. 15 (6), 254–262. https://doi.org/10.1016/j.tics.2011.04.003. 

Dehaene, S., Pegado, F., Braga, L.W., Ventura, P., Nunes Filho, G., Jobert, A., Cohen, L., 
2010. How learning to read changes the cortical networks for vision and language. 
Science 330 (6009), 1359–1364. https://doi.org/10.1126/science.1194140. 

Dien, J., 2009. A tale of two recognition systems: implications of the fusiform face area 
and the visual word form area for lateralized object recognition models. 
Neuropsychologia 47 (1), 1–16. https://doi.org/10.1016/j. 
neuropsychologia.2008.08.024. 

Duchaine, B., 2011. Developmental prosopagnosia. In: Calder, A.J., Rhodes, G., 
Johnson, M.K., Haxby, J. (Eds.), The Oxford Handbook of Face Perception. Oxford 
University Press, Oxford, pp. 821–838. 

Duchaine, B., Germine, L., Nakayama, K., 2007. Family resemblance: ten family 
members with prosopagnosia and within-class object agnosia. Cogn. Neuropsychol. 
24 (4), 419–430. 

Duchaine, B., Nakayama, K., 2006. The Cambridge Face Memory Test: results for 
neurologically intact individuals and an investigation of its validity using inverted 
face stimuli and prosopagnosic participants. Neuropsychologia 44 (4), 576–585. 
https://doi.org/10.1016/j.neuropsychologia.2005.07.001. 

Dundas, E.M., Plaut, D.C., Behrmann, M., 2013. The joint development of hemispheric 
lateralization for words and faces. J. Exp. Psychol. Gen. 142 (2), 348–358. https:// 
doi.org/10.1037/a0029503. 

Dundas, E.M., Plaut, D.C., Behrmann, M., 2014. An ERP investigation of the co- 
development of hemispheric lateralization of face and word recognition. 

Neuropsychologia 61, 315–323. https://doi.org/10.1016/j. 
neuropsychologia.2014.05.006. 

Ellis, H.D., 1983. The role of the right hemisphere in face perception. In: Young, A.W. 
(Ed.), Functions of the Right Cerebral Hemisphere. Academic Press, London, 
pp. 33–64. 

Farah, M.J., 2004. Visual Agnosia, second ed. MIT Press, Cambridge, MA, US.  
Freeman, P., Palermo, R., Brock, J., 2015. Faces and Emotion Questionnaire. https://doi. 

org/10.6084/m9.figshare.1501441.v1. Retrieved from.  
Gabay, Y., Dundas, E., Plaut, D., Behrmann, M., 2017. Atypical perceptual processing of 

faces in developmental dyslexia. Brain Lang. 173, 41–51. https://doi.org/10.1016/j. 
bandl.2017.06.004. 

Gaillard, R., Naccache, L., Pinel, P., Clémenceau, S., Volle, E., Hasboun, D., Cohen, L., 
2006. Direct intracranial, FMRI, and lesion evidence for the causal role of left 
inferotemporal cortex in reading. Neuron 50 (2), 191–204. https://doi.org/10.1016/ 
j.neuron.2006.03.031. 

Gazzaniga, M.l.S., Ivry, R.B., Mangun, R., 2015. Cognitive Neuroscience : the Biology of 
the Mind, fifth ed. W. W. Norton & Company, Inc, New York.  

Gerlach, C., Klargaard, S.K., Alnæs, D., Kolskår, K.K., Karstoft, J., Westlye, L.T., 
Starrfelt, R., 2019. Left hemisphere abnormalities in developmental prosopagnosia 
when looking at faces but not words. Brain Communications 1 (1). https://doi.org/ 
10.1093/braincomms/fcz034. 

Gerlach, C., Marstrand, L., Starrfelt, R., Gade, A., 2014. No strong evidence for 
lateralisation of word reading and face recognition deficits following posterior brain 
injury. J. Cognit. Psychol. 26 (5), 550–558. https://doi.org/10.1080/ 
20445911.2014.928713. 

Gerrits, R., Van der Haegen, L., Brysbaert, M., Vingerhoets, G., 2019. Laterality for 
recognizing written words and faces in the fusiform gyrus covaries with language 
dominance. Cortex 117, 196–204. https://doi.org/10.1016/j.cortex.2019.03.010. 

Kanwisher, N., 2010. Functional specificity in the human brain: a window into the 
functional architecture of the mind. Proc. Natl. Acad. Sci. U. S. A. 107 (25), 
11163–11170. https://doi.org/10.1073/pnas.1005062107. 

Kanwisher, N., McDermott, J., Chun, M.M., 1997. The fusiform face area: a module in 
human extrastriate cortex specialized for face perception. J. Neurosci. 17 (11), 
4302–4311. 
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