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Developmental prosopagnosia is a disorder characterized by profound and lifelong difficulties with face recognition in the absence

of sensory or intellectual deficits or known brain injury. While there has been a surge in research on developmental prosopagnosia

over the last decade and a half, the cognitive mechanisms behind the disorder and its neural underpinnings remain elusive. Most

recently it has been proposed that developmental prosopagnosia may be a manifestation of widespread disturbance in neural mi-

gration which affects both face responsive brain regions as well as other category-sensitive visual areas. We present a combined be-

havioural and functional MRI study of face, object and word processing in a group of developmental prosopagnosics (N¼ 15). We

show that developmental prosopagnosia is associated with reduced activation of core ventral face areas during perception of faces.

The reductions were bilateral but tended to be more pronounced in the left hemisphere. As the first study to address category se-

lectivity for word processing in developmental prosopagnosia, we do not, however, find evidence for reduced activation of the

visual word form area during perception of orthographic material. We also find no evidence for reduced activation of the lateral

occipital complex during perception of objects. These imaging findings correspond well with the behavioural performance of the

developmental prosopagnosics, who show severe impairment for faces but normal reading and recognition of line drawings. Our

findings suggest that a general deficit in neural migration across ventral occipito-temporal cortex is not a viable explanation for de-

velopmental prosopagnosia. The finding of left hemisphere involvement in our group of developmental prosopagnosics was at first

surprising. However, a closer look at existing studies shows similar, but hitherto undiscussed, findings. These left hemisphere

abnormalities seen in developmental prosopagnosia contrasts with lesion and imaging studies suggesting primarily right hemisphere

involvement in acquired prosopagnosia, and this may reflect that the left hemisphere is important for the development of a normal

face recognition network.
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area; WLE¼word length effect

Introduction
Developmental prosopagnosia (DP) is a disorder charac-

terized by profound and lifelong difficulties with face rec-

ognition in the absence of any sensory or intellectual

deficits or known brain injury (Duchaine, 2011). The first

report of DP was made by McConachie (1976), and sev-

eral hundred cases have been reported since (Geskin and

Behrmann, 2018). Despite this, the disorder is not well

understood, and it is even debated whether the impair-

ment is confined to faces (Geskin and Behrmann, 2018;

see also a range of commentaries in the same issue).

Navigational problems, for example, perhaps due to

altered processing of topographical information, are often

associated with DP (De Haan and Campbell, 1991;

Duchaine et al., 2003; Grueter et al., 2007; Lee et al.,
2010), as is impaired perception of bodies (Righart and

de Gelder, 2007; Biotti et al., 2017; Rivolta et al., 2017).

Even though the prevalence of topographical/navigational

deficits and body perception impairments may be higher

in DP than in the typical population, body perception

deficits are not found in all DPs (Duchaine et al., 2006),

and topographical processing also dissociates from face

processing in DP (Corrow et al., 2016; Klargaard et al.,

2016). Nevertheless, perceptual impairments with topog-

raphy and bodies are of particular interest because these
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categories, just like faces, are associated with circum-

scribed brain regions: The parahippocampal place area

(Epstein and Kanwisher, 1998) and the occipital place

area (Dilks et al., 2013) for topographical processing, and

the fusiform body area (Peelen and Downing, 2005) and

the extrastriate body area (Downing et al., 2001) for

body perception. Furthermore, because of the anatomical

proximity of these category-sensitive regions to areas in

the face processing network (Haxby et al., 2000), it has

been speculated that such co-occurring deficits in DP may

reflect individual differences in white matter integrity

(Gray and Cook, 2018) or in widespread neural migration

errors during cortical development (Susilo and Duchaine,

2013), similar to what has been suggested for comorbidity

in dyslexia (ectopia and microgyria; Ramus, 2004).

The behavioural heterogeneity of DP (Schmalzl et al.,

2008; Susilo and Duchaine, 2013) is mirrored in findings

regarding the neural underpinnings of DP. Many previous

functional imaging studies have reported no significant

differences in brain activation in response to facial stimuli

between DPs and controls (Hasson et al., 2003; Avidan

et al., 2005; Van den Stock et al., 2008; Avidan and

Behrmann, 2009; Furl et al., 2011; Avidan et al., 2014).

The remaining studies have reported reduced activation in

DPs compared with controls in different, and primarily

ventral, areas of the face processing network (Hadjikhani

and de Gelder, 2002; Bentin et al., 2007; Williams et al.,

2007; Dobel et al., 2008; Minnebusch et al., 2009;

Dinkelacker et al., 2011; Rivolta et al., 2014; Zhang

et al., 2015; Lohse et al., 2016; Jiahui et al., 2018).

These areas include: the occipital face area (OFA; Haxby

et al., 1999; Gauthier et al., 2000), the fusiform face area

(FFA; Kanwisher et al., 1997), and the anterior temporal

lobe (ATL; Rajimehr et al., 2009; Nestor et al., 2011).

Similar inconsistency is seen in terms of measures of struc-

tural and functional connectivity with some studies report-

ing altered long-range connections linking anterior (ATL)

with posterior areas (Thomas et al., 2009; Avidan et al.,

2014), whereas other studies report more local alterations

in connectivity (Gomez et al., 2015; Song et al., 2015a, b;

Lohse et al., 2016; Zhao et al., 2016), and two studies

reporting alterations in both short- and long-range con-

nectivity (Rosenthal et al., 2017; Zhao et al., 2018).

Provided that face recognition can be selectively

affected in DP—a topic which is highly debated (Geskin

and Behrmann, 2018)—some of the behavioural hetero-

geneity and comorbidity observed in DP may reflect true

differences in aetiology. However, some of the variabil-

ities are also likely to reflect differences in diagnostic cri-

teria (Barton and Corrow, 2016), behavioural test

paradigms (Campbell and Tanaka, 2018) and statistical

procedures (Gerlach et al., 2018). The same is certainly

true of the diverse findings reported in the imaging litera-

ture. These inconsistencies make it very difficult to iden-

tify any common behavioural or neural pattern in DP

and even more difficult to discern how behavioural and

neural abnormalities are related. Furthermore, there are

relatively few imaging studies of DP and the ones that

exist often involve the same (sub)set of individuals

(Avidan et al., 2005; Behrmann et al., 2007; Avidan and

Behrmann, 2009; Garrido et al., 2009; Thomas et al.,

2009; Furl et al., 2011; Avidan et al., 2014; Lohse et al.,
2016; Zhao et al., 2016; Rosenthal et al., 2017; Zhao

et al., 2018) and/or are based on small samples (N� 7)

(Hadjikhani and de Gelder, 2002; Hasson et al., 2003;

Avidan et al., 2005; Behrmann et al., 2007; Bentin et al.,

2007; Williams et al., 2007; Dobel et al., 2008; Van den

Stock et al., 2008; Avidan and Behrmann, 2009;

Minnebusch et al., 2009; Avidan et al., 2014; Rivolta

et al., 2014; Gomez et al., 2015; Zhang et al., 2015).

Jiahui et al. (2018) recently addressed the neural select-

ivity of the face processing deficit in a relatively large

sample of DPs (N¼ 22). They examined activation not

only in the ventral face network (OFA and FFA) but also

in ‘body areas’ (extrastriate body area/fusiform body

area) and ‘place areas’ (occipital place area/parahippo-

campal place area) during a one-back task. Compared

with controls, the DP group showed generally reduced

activation in the OFA and FFA during face processing al-

though only the FFA activations (bilaterally) were signifi-

cantly reduced. However, the DPs also exhibited

significantly reduced activation of the parahippocampal

place area bilaterally, and the right occipital place area

and medial place area during scene processing. Reduced,

although not significantly reduced, activations during

processing of bodies in the extrastriate body area and fu-

siform body area were also reported. In comparison,

there were no general reductions for objects in ‘object

areas’ LO (lateral occipital area) and posterior fusiform

gyrus (Grill-Spector et al., 2001; Grill-Spector, 2003).

Interestingly, the reductions in activation seen for the DPs

in the face regions of interest (ROIs) were not larger

than the reductions observed during scene processing in

the right medial place area and parahippocampal place

area.

One limitation of the study by Jiahui et al. (2018) is

that it does not report whether the DPs also exhibited be-

havioural problems with processing of scenes and bodies

(in addition to faces). This makes it difficult to assess the

functional relevance of the observed reductions in cat-

egory-sensitive areas. According to the authors, the wide-

spread nature of the observed reductions might reflect

neural migration errors; an explanation that as mentioned

has also been advanced to account for comorbidity in

dyslexia. Such an account is not incompatible with

reduced activations in category-sensitive areas as white

matter structure may be important for, and perhaps even

a prerequisite for, functional specialization (Fields, 2008;

Song et al., 2015b). If this is the case, we might expect

that individuals with DPs should evince reduced activa-

tion in other visual category-sensitive areas too, such as

the visual word form area (VWFA); a patch in the left

lateral occipito-temporal sulcus (Cohen et al., 2000)

claimed to be specialized for processing of orthographic
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input (Dehaene and Cohen, 2011). To our knowledge

this has not yet been tested.

The aim of the present investigation was thus 2-fold:

(i) to gain further evidence for alterations in the ventral

face processing network (OFA and posterior and anterior

FFA) in a comparatively large group of DPs (N¼ 15),

and more specifically (ii) to examine whether DPs exhibit

reduced category sensitive activation in the VWFA during

processing of orthographic input relative to neurotypical

individuals (N¼ 34).

Materials and methods

Participants and behavioural
measures

We report data from 15 DPs [three males, mean age:

36.9 years (SD ¼ 13)] and two control groups of 34 neu-

rotypical participants each. Control Group 1 [12 males,

mean age: 37.6 years (SD ¼ 8)] served as controls in the

functional magnetic resonance imaging (fMRI) experi-

ment. Control Group 2 [10 males, mean age: 36.5 years

(SD ¼ 12)] served as controls in the behavioural assess-

ment of object recognition and reading. Control Group 2

has served in previous publications (Gerlach et al., 2016;

Hendel et al., 2019) and is included here because they

completed the same extended behavioural test battery as

the DPs. Control Group 1 was recruited for the scanning

study but also performed the face processing tests.

The DP participants and controls provided written

informed consent according to the Helsinki declaration.

The Regional Committee for Health Research Ethics of

Southern Denmark has approved the project (Project-ID:

S-20150134).

All participants with DP have independently contacted

our research group with subjective concerns about their

ability to recognize faces and have completed structured

interviews regarding everyday difficulty with facial identity

recognition and possible family history of DP. They all re-

port lifelong difficulties recognizing friends, colleagues and

sometimes even close family members and themselves by

their faces. The inclusion criteria for DP in the present

study were (i) a deficit in learning to recognize novel up-

right faces on the Cambridge Face Memory Test (CFMT;

Duchaine and Nakayama, 2006) determined as a score

that deviates significantly (P < 0.05 one-tailed Bayesian es-

timate) from the mean of a Danish reference sample

(N¼ 65) and (ii) a score on the first part of the Faces and

Emotion Questionnaire [FEQ; Face Identity Recognition

(FIR) scale: 29-items; Freeman et al., 2015] that deviates

significantly (P < 0.05 one-tailed Bayesian estimate) from

the mean of a Danish reference sample (N¼ 64). These

comparisons were made by means of the methods devel-

oped for comparing the performance of an individual with

that of a small control sample (Bayesian test for a deficit;

implemented in the program SingleBayes_ES; Crawford

et al., 2010). It should be noted that each DP also differed

significantly from Control Group 1 on both the CFMT

and the FIR-scale using the same assessment procedure

(see Supplementary Table 1). As a final index of face

processing, which was not used as an inclusion criterion,

the DPs performed the Cambridge Face Perception Test

(CFPT; Duchaine et al., 2007).

In addition to the face processing tasks, the DPs have

been assessed with a battery of other tests. Here, we re-

port the results from two of these which directly relate to

the stimulus types used in the scanning paradigm: an ob-

ject recognition task (object decision) and a reading task.

In the object recognition task, the participants were pre-

sented with 160 full line drawings and had to decide

whether they represented real objects or non-objects

(Gerlach et al., 2016). Performance in this task is meas-

ured in terms of the trimmed (2.5 SDs > < the mean of

each individual) reaction time (RT) to correct trials for

real objects, and A which is bias-free measure of discrim-

ination sensitivity (Zhang and Mueller, 2005) that varies

between 0.5 and 1.0 with higher scores indicating better

discrimination between objects and non-objects. In the

reading task, the participants were presented with 150

words, one at a time, of 5–7 letters (50 of each length

matched for word frequency and orthographic neighbour-

hood size). Reading RTs are measured by a voice key (a

microphone connected to a response box). The mean-

trimmed RT was calculated for each participant as was

the word length effect (WLE; Starrfelt et al., 2018). The

WLE was calculated using linear regression, where the

slope represents the additional time needed per additional

letter in a word.

The dependent variable in the CFMT and the CFPT is

accuracy rather than RT as neither task is based on

speeded responses. In comparison, all other experimental

tasks involve speeded responses in that the participants are

encouraged to respond as fast and as accurately as pos-

sible. Hence, for these tasks RT to correct trials is often

the most sensitive dependent variable. This is in particular

true of the reading task where (non-dyslexic) participants

often make very few errors (Starrfelt et al., 2018).

The DPs received gift certificates of 400 DKK (�60

USD) for participating in the scanning part of the present

study but did not receive remuneration for participating

in the behavioural tests.

All participants in Control Group 1 performed within

2 SDs on the CFMT evaluated by the age and sex

adjusted norms provided by Bowles et al. (2009), and

also within the normal range of the Danish reference

sample on both the CFMT and the FIR scale. For partici-

pation in the scanning part of the study, the controls

received gift certificates of 400 DKK (�60 USD).

fMRI task paradigm

To ensure that the DPs were able to perform the task at

the same level as the control group (Price and Friston,
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1999), we used a simple target detection task adapted

from Dehaene et al. (2010) and Monzalvo et al. (2012)

who kindly provided the stimuli. We chose this paradigm

because it has already proven sensitive to the kind of cat-

egory-sensitive activations we wanted to examine. While

in the scanner participants were presented with stimuli

from four main categories (faces, houses, tools and

words) as well as a baseline stimulus (revolving checker-

boards; see Fig. 1) and were instructed to press a button

when a red asterisk appeared above or below the stimu-

lus (i.e. in the periphery). The stimuli were displayed on

a screen in front of the scanner and viewed through a

tilted mirror on the head coil. All stimuli were black on

white background. The face and object stimuli (houses,

tools) were high contrast grey-scale photographs that had

been matched for size and luminance. The face images

were of unknown people (12 females and 12 males) with

neutral or happy expression, shown in frontal or slightly

lateral view and with hair and occasionally accessories

included (e.g. eyeglasses). The tools were 24 common

handheld household tools (e.g. hammer and scissors). The

houses included 24 frontal exterior views of unknown

houses and buildings. The words were 24 common six-

letter words in Danish (e.g. smykke and kontor), with

every second word presented in uppercase. The control

stimuli consisted of two circular images of a checker-

board that were presented in iteration to create the im-

pression of a moving checkerboard.

Stimuli were presented in blocks of eight images from a

category, displayed for 500 ms each with a variable ISI of

around 500 ms (average ISI¼ 500 ms). Blocks started with

a fixation cross (4 s) and an ISI of variable length (aver-

age ISI¼ 500 ms) with a total length of 12.5 s. Each

image category (i.e. faces, houses, tools and words) con-

tained 24 different images, which were divided into three

sets (A, B, C) of eight images each. Set A was repeated

three times and set B and C were each repeated six times.

The first and last blocks were always checkerboards. The

order of categories within sets as well as the order of

images was randomized. The asterisk, to which partici-

pants were asked to press a button, was randomly dis-

played either below or above the presented stimuli in two

trials out of eight trials in each block (i.e. 25% of all tri-

als). The total time of the task (not including the intro-

duction) was 14.2 min.

MRI acquisition

Scanning was conducted at Odense University Hospital,

Denmark, on a Philips Achieva 3.0 Tesla MRI scanner.

Whole-brain functional images were acquired using a gra-

dient-echo planar imaging sequence [45 axial slices with

3 mm thickness and 2.625*2.625 mm in-plane resolution,

repetition time (TR) ¼ 2.5 s, echo time (TE) ¼ 35 ms, flip

angle: 90�]. For registration and localization purposes in

this study, a high-resolution T1 weighted MPRAGE scan

was acquired (TR¼ 8.2 ms, TE¼ 3.8 ms, flip angle¼ 8�,

190 sagittal slices with 1 mm thickness, in-plane reso-

lution: 0.87*0.87 mm).

fMRI data pre-processing and
analysis

Data pre-processing was performed using FMRI Expert

Analysis Tool (FEAT) Version 6.00, from FMRIB’s

Software Library (Smith, 2004; Jenkinson et al., 2012).

Head motion was corrected using MCFLIRT (Jenkinson

et al., 2002), before linear trends and low-frequency

drifts were removed (high-pass filter of 0.011 Hz).

Brain extraction tool (Smith, 2002) was used to remove

non-brain tissue from the fMRI data. Spatial smoothing

was performed using a Gaussian kernel filter with a full

width at half maximum of 6 mm (SUSAN; Smith and

Brady, 1997). FMRIB’s Nonlinear Image Registration

tool was used to register the participant’s fMRI volumes

to Montreal Neurological Institute (MNI) 152 standard

space using the T1-weighted scan in an intermediate step

to improve alignment. The T1-weighted volume had the

skull and other non-brain tissue removed using Freesurfer

5.3 (http://surfer.nmr.mgh.harvard.edu (27 January 2019,

date last accessed); Dale et al., 1999; Fischl et al., 1999).

Statistical analysis

Behavioural data

To examine whether the DP group performed differently

than Control Group 1 on the face measures (CFMT,

FEQ-FIR and CFPT), their scores were subjected to inde-

pendent t-tests. The same procedure was applied to

examine whether the DP group differed from Control

Figure 1 Examples of the stimuli shown during image acquisition.
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Group 2 on the object recognition (RT and A) and read-

ing measures (RT and WLE). The 95% CI’s and the in-

dependent t-tests were based on bias-corrected and

accelerated bootstrapping (1000 samples). Bootstrapping

is based on taking n random samples with replacement

from the sample data and estimating properties of the

sampling distribution from these samples. As an example,

the 95% CI of the mean can be estimated by looking at

the variance of the mean found across n (bootstrap) sam-

ples of equal size to the sample data. Compared with

traditional parametric estimates, bootstrap estimates are

less affected by bias (e.g. outliers and violations of homo-

scedasticity and normality).

Functional MRI

Individual level whole-brain analysis

Individual level whole-brain fixed-effects analysis was

conducted using a general linear model with six regres-

sors of interest: faces, houses, tools, words, checkerboards

and response along with their temporal dispersion deriva-

tives, in addition to six standard motion parameters from

MCFLIRT and 18 motion derivatives (24 motion param-

eters in total) (no participants were excluded due to head

motion). All predictors were convolved with a double-

gamma canonical haemodynamic response function, and

for main effects relative to baseline (e.g. faces vs. fix-

ation, houses vs. fixation, etc.) t-contrasts were modelled

for all regressors. To examine stimulus specific process-

ing, the following three t-contrasts were conducted (i)

Faces > Objects (houses þ tools), (ii) Objects (houses þ
tools) > Words and (iii) Words > Objects (houses þ
tools). The corresponding fMRI contrasts parameter esti-

mates (COPEs) were further explored within pre-defined

ROIs. The choice to base contrasts on high-level condi-

tions only, e.g. faces vs. objects, rather on a mixture of

high- and low-level conditions, say faces vs. fixation, is

that only high-level contrasts reflect category-sensitive

activations whereas differences associated with mixed-

level contrasts could reflect, for example, reduced proc-

essing of visual complex stimuli in general. This of course

raises the possibility that group differences in, for ex-

ample, face sensitivity could reflect both reduced activa-

tion for faces or increased activation for objects in the

DP group compared with the control group. Such a pos-

sibility will always exist in fMRI studies given that the

signal measured is relative to some other condition.

Hence, it will also apply to contrasts based on fixation.

Having said this, we have no reason to suspect that DP

should be associated with a visual processing deficit caus-

ing activations to be higher for objects but lower for

faces.

Group-level effects of task condition in healthy

controls

In order to assess the validity of the experimental para-

digm, we estimated group-level effects of task conditions

in the healthy control group using general linear models,

and obtained non-parametric P-values corrected for mul-

tiple comparisons across space using randomize (Winkler

et al., 2014) with threshold-free cluster enhancement

(Smith and Nichols, 2009) and 5000 permutations for

each contrast.

Group ROI comparisons

We examined group differences in six ROIs correspond-

ing to the following ventral areas bilaterally in the face

network: OFA, posterior FFA (pFFA) and anterior FFA

[aFFA; by some also termed ATL (Jiahui et al., 2018)].

The MNI co-ordinates for these ROIs were based on the

mean co-ordinates for these areas as given in Zhen et al.
(2015). In addition, we examined group differences in ob-

ject sensitive areas LO bilaterally based on the mean co-

ordinates (averaged over the right and left hemispheres)

given in a meta-analysis by Emberson et al. (2017), and

in the left VWFA based on the mean co-ordinate in the

meta-analysis by Jobard et al. (2003). For the mean co-

ordinates associated with each ROI, see Table 1.

The ROIs were defined by creating a binary single

voxel mask centred on their respective co-ordinates.

These voxels were further smoothed with a Gaussian ker-

nel (sigma ¼ 4), and then thresholded at intensity 0.001,

creating a spherical mask surrounding their respective

centres. For illustration purposes, the ROIs were pro-

jected onto the Freesurfer fsaverage brain (see Fig. 2).

Relevant COPEs were extracted using fslmeants in

FMRIB’s Software Library, creating, for each individual,

an average COPE for each contrast for each ROI.

Statistical analyses were performed in SPSS (version

25). For each ROI, we conducted an analysis of covari-

ance with COPE as the dependent variable, group (DP

vs. control) as a fixed factor, and age and sex as covari-

ates. For the six ‘face’ ROIs (left and right OFA, pFFA

and aFFA), the relevant COPE was the contrast between

activation to faces relative to objects; for the two ‘object’

ROIs (left and right LO), the relevant COPE was the

contrast between activation to objects relative to words;

and for the ‘word’ ROI (VWFA), the relevant COPE was

the contrast between activation to words relative to

objects. We computed effect sizes in terms of Cohen’s d

Table 1 MNI co-ordinates for the nine ROIs used for

assessing activation differences between developmen-

tal prosopagnosics and controls

x y z

Left OFA �41 �80 �12

Right OFA 43 �78 �13

Left pFFA �40 �54 �20

Right pFFA 42 �52 �20

Left aFFA �42 �26 �23

Right aFFA 43 �24 �25

Left LO �42 �74 �4

Right LO 42 �74 �4

Left VWFA �44 �58 �15

6 | BRAIN COMMUNICATIONS 2019: Page 6 of 13 C. Gerlach et al.



based on the raw COPE values. We corrected for mul-

tiple tests by controlling the false discovery rate at q <

0.05 (Benjamini and Hochberg, 1995). To further assess

the robustness of the differences found, we conducted in-

dependent t-tests on the COPEs in the relevant ROIs

using bias-corrected and accelerated bootstrapping (1000

samples).

Data availability

The authors confirm that the behavioural data supporting the

findings of this study are available within the article and its

Supplementary material. The imaging data are available from

the corresponding author, upon reasonable request.

Results

Behavioural tasks

As can be seen from Table 2, the DP group was clearly

impaired on all face measures but did not differ signifi-

cantly from the controls with respect to object recogni-

tion and reading performance (for the individual scores,

see Supplementary Table 1).

Functional MRI

Group-level effects of task condition in healthy

controls

Figure 3 shows the results from the voxel-wise (whole

brain) analyses testing for main effects of task conditions

in the healthy control participants. In brief, the contrast

Words > Objects was associated with increased activa-

tion in the left inferior frontal gyrus as well as in bilat-

eral middle temporal gyrus, and decreased activation in

the visual cortex, including the occipital parts of the fusi-

form gyri, the lingual gyri and the lateral occipital cortex.

Faces > Objects was associated with increased activation

in the right inferior division of the lateral occipital cortex

and lateral parts of the right temporo-occipital fusiform

cortex, and decreased activation bilaterally in medial

parts of the temporo-occipital fusiform cortex (for a com-

plete list of activated regions, see Supplementary Table

2). All findings are corrected for multiple comparisons

using permutation testing and threshold-free cluster en-

hancement (P < 0. 05).

Group ROI comparisons

Table 3 and Fig. 4 summarize the results from the ROI-

based group comparisons (for information regarding the

contrast parameter estimates in each ROI for each par-

ticipant, see Supplementary Table 3). For the Faces >

Objects contrast, the analysis of covariance revealed sig-

nificantly higher activation in the control group in the

left and right OFA and left FFA. In comparison, there

were no significant group differences in the left and right

LO for the Objects > Words contrast or in the (left)

VWFA for the Words > Objects contrast.

As can be seen from Table 3, the effects of group were

numerically larger in the left than in the right OFA and

FFA. However, post hoc mixed factorial analyses failed

to find significant interactions between group and hemi-

sphere in these regions [OFA: F(1,47) ¼ 0.59, P ¼ 0.44/

FFA: F(1,47) ¼ 0.84, P ¼ 0.37].

Discussion

Two aspects of the present results are noteworthy: First,

developmental prosopagnosics (DPs) show reduced brain

activation in response to facial stimuli in posterior parts

of the face network. Interestingly, this reduction was seen

bilaterally and tented to be greater in the left than in the

right hemisphere. Secondly, our analyses reveal no evi-

dence of group differences in activation to orthographic

material in the VWFA in the left hemisphere or to objects

in LO bilaterally. These imaging results correspond with

the behavioural pattern observed in the included DPs,

who show preserved reading and recognition of line

drawings, but severely impaired face recognition. A recent

study suggested that DP is characterized by widespread

selectivity reductions across category selective visual cor-

tex (Jiahui et al., 2018). Our results show that this does

not apply for word selectivity in the VWFA, thus con-

straining hypotheses of a general deficit affecting category

selective visual processing in DP.

The finding of reduced activation in posterior/mid

(OFA/pFFA) rather than in anterior parts (aFFA) of the

face network in individuals with DP is similar to what

Figure 2 The nine ROIs projected onto the Freesurfer

fsaverage brain. LO and OFA had an overlap of 16% (42 out of

257 voxels) in both hemispheres. Left pFFA and VWFA had an

overlap of 39% (99 out of 257 voxels).
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has been reported in previous studies (Dinkelacker et al.,

2011; Furl et al., 2011; Jiahui et al., 2018). This may

not be surprising considering that the aFFA/ATL is asso-

ciated with processing of semantic and biographical infor-

mation (Duchaine and Yovel, 2015; Rossion, 2015);

information not accessed in the present paradigm. What

is surprising is that the activation differences in face proc-

essing included left hemisphere regions and, although not

statistically different, actually tended to be more pro-

nounced in the left (both OFA and FFA) than in the

right hemisphere (OFA only). Typically, the right hemi-

sphere is considered dominant in terms of face process-

ing, being associated with more and larger face-sensitive

clusters than the left hemisphere (Kanwisher and Yovel,

2006; Zhen et al., 2015). Likewise, unilateral lesions to

the right hemisphere also seems sufficient to cause

acquired prosopagnosia (i.e. prosopagnosia following

brain damage; Bouvier and Engel, 2006), although the

disorder is more severe following more extensive right

hemisphere damage or bilateral lesions (Barton, 2008).

Indeed, some have argued that the left hemisphere might

contribute to but is not necessary for face perception

(Rossion, 2014).

A closer look at the literature nevertheless suggest that

abnormal activation of left hemisphere regions is just as

common and pronounced in DP as involvement of right

hemisphere regions, but while reported, these findings

have largely been ignored. Dobel et al. (2008), for ex-

ample, found that reduced activity in occipito-temporal

areas in DP was especially prominent in the left hemi-

sphere, and one of the largest fMRI studies conducted on

DPs found decreased activity to faces compared with

scrambled faces in left FFA, with no evidence of abnor-

mal activation in either right FFA or right and left OFA

(Dinkelacker et al., 2011). A number of other studies

with DPs also indicate that the core ventral face regions

in the left hemisphere may be important for efficient face

processing, with DPs showing reduced activity in left

hemispheric occipito-temporal areas, e.g. in left FFA

(Avidan et al., 2005; Avidan and Behrmann, 2009;

Minnebusch et al., 2009; Furl et al., 2011; Lohse et al.,
2016) and left OFA (Minnebusch et al., 2009). Indeed,

Table 2 Behavioural differences between the DP group and the control groups on measures of face processing

(FEQ-FIR, CFMT, CFPT), object recognition (ODT RT, A) and reading (RT, WLE)

Developmental

prosopagnosics M (SD)

Control participants

M (SD)

MDif 95% CIa p-levela d

Faces and Emotion Questionnaire (FIR scale) 57.3 (7.8) 18.8 (11.3)b 38.5 32.9 to 43.9 0.001 3.81

Cambridge Face Memory Test (CFMT) 38.7 (3.6) 58.0 (7.4)b �19.3 �22.5 to �16.1 0.001 3.03

Cambridge Face Perception Test (CFPT) 61.3 (15) 38.8 (14.0)b 22.5 13.9 to 30.9 0.001 1.61

Object Decision RT 955 (416) 828 (210)c 127 �76 to 349 0.276 0.45

Object Decision A .952 (.035) .958 (.023)c �.006 �.013 to .025 0.559 0.22

Reading RT 557 (55) 545 (73)c 11.9 �25 to 47 0.524 0.18

Word length effect (WLE) 9 (11) 12 (12)c �2.2 �4.4 to 9.0 0.536 0.19

aBased on bias-corrected and accelerated bootstrap analysis (1000 samples).
bControl Group 1.
cControl Group 2.

Figure 3 The areas associated with the contrasts Words > Objects and Faces > Objects in the control participants based on

voxel-wise whole-brain analyses.
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the only study reporting abnormal fMRI activity exclu-

sively in the right hemisphere did not test for group dif-

ferences in the left hemisphere at all (Zhang et al., 2015).

The results reported by Jiahui et al. (2018) also indicate

(greater) left hemisphere involvement with similar group

differences in the left (d ¼ 0.88) and right FFA (d ¼
0.87), and slightly stronger effect sizes in the left OFA

(P ¼ 0.06, d ¼ 0.57) compared with the right (P ¼
0.28, d ¼ 0.32).

It seems, then, that the left hemisphere abnormality is

consistent enough across the literature to warrant an ex-

planation, and we suggest that this has at least two

implications. First, it challenges the proposition that the

left hemisphere is not necessary for face perception

(Rossion, 2014). While we cannot dismiss this possibility

entirely, because functional imaging alone is not suited

for identifying which areas are critical for any cognitive

process, the left > right asymmetry in DP, or at least the

bilateral involvement, does suggest that the left hemi-

sphere could be important for gaining normal efficiency

in face recognition. This is consistent with other evidence

suggesting that left FFA shows protracted development

compared with the right FFA, increasing in face special-

ization from childhood to adulthood together with the

left and right OFA (Joseph et al., 2011; Joseph et al.,
2015). Interestingly, abnormal activation of OFA bilat-

erally and left FFA but not right FFA, the pattern we ob-

serve here in DP, has also been observed in adults who

underwent removal of an eye (monocular enucleation) as

children before their fourth year (Kelly et al., 2019). On

Table 3 Activation differences between the DP group and Control group 1 in the 7 ROIs

Fa P-levela False discovery

rate significant

MDif 95% CIb P-levelb d

Faces > Objects L. OFA 19.35 0.00007 Yes 30.5 16.2 to 43.7 0.001 1.41

Faces > Objects R. OFA 9.44 0.004 Yes 25.1 6.6 to 43.2 0.008 0.92

Faces > Objects L. pFFA 6.28 0.016 Yes 17.0 6.4 to 28.0 0.009 0.77

Faces > Objects R. pFFA 1.98 0.166 No 10.1 �8.0 to 29.2 0.243 0.39

Faces > Objects L. aFFA 0.07 0.788 No �1.9 �11.9 to 6.9 0.683 0.13

Faces > Objects R. aFFA 1.46 0.233 No 3.7 �2.1 to 9.7 0.210 0.40

Objects > Words L. LO 0.31 0.578 No 2.7 �11.7 to 14.4 0.682 0.15

Objects > Words R. LO 0.00 0.979 No 1.3 �8.9 to 11.9 0.803 0.08

Words > Objects L. VWFA 0.21 0.646 No 5.6 �12.5 to 23.8 0.572 0.19

aBased on analysis of covariance with sex and age as covariates.
bBased on bias-corrected and accelerated bootstrap analysis (1000 samples).

Figure 4 Activation levels in ROIs. Plot showing the activation level for controls and DPs for the contrasts: (A) Faces > Objects in the six

‘face’ ROIs; OFA, pFFA (posterior fusiform face area) and aFFA (anterior fusiform face area), (B) Objects > Words in the two ‘object’ ROIs; LO

(lateral occipital area) and (C) Words > Objects in the VWFA.
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a speculative note, this might imply that specialization of

the right FFA in face processing is perhaps less dependent

on (continued) experience than the left FFA and the right

and left OFA. This brings us to the second implication. If

the left hemisphere is important for developing a normal

face recognition network, but is not critical for face rec-

ognition when this network has been established, this

may explain why face recognition difficulties are typically

less severe in DP than they are in acquired prosopagnosia

(Rossion, 2018): The right-sided part of the face network

may be less affected in DP than the left-sided part

whereas the reverse is clearly true in acquired prosopag-

nosia following unilateral right hemisphere lesions.

Nevertheless, while acquired prosopagnosia is most typic-

ally seen following right hemisphere lesions, it is as men-

tioned more severe with bilateral lesions (Barton, 2008),

indicating that there are processes contributing signifi-

cantly to face recognition in the left as well as the right

hemisphere. Supporting this, studies of patients with

acquired reading problems and lesions confined to left
ventral temporo-occipital cortex have shown that these

patients also have deficits in face processing (Behrmann

and Plaut, 2014; Roberts et al., 2015), although less se-

vere than those seen in acquired prosopagnosia.

The second aim of our study was to directly address

potential differences in activation in the VWFA between

DPs and controls. Activation patterns for words, and

analyses looking directly at the VWFA, have not previous-

ly been reported in DP. This comparison becomes even

more interesting as the key abnormalities we find in DP

also involve the left hemisphere. During presentation of

orthographic stimuli, however, we found no evidence of

abnormal activation in the VWFA in DPs compared with

controls. This pattern corresponds well with behavioural

reports of preserved word processing in DP (Rubino

et al., 2016; Burns et al., 2017; Starrfelt et al., 2018),

and also with the present behavioural findings showing

normal word reading RTs and WLEs in the DPs. This

suggests that DP is not associated with reduced activation

in category-sensitive areas in general; not even in areas

like the VWFA which is located quite near/partially over-

laps with the left pFFA where there was a clear difference

in activation between groups. Like Jiahui et al. (2018), we

also found no significant reductions in activation for the

DPs in left or right LO during object processing.

The present finding of within normal range neural and

behavioural responses to orthographic material in DP is

not necessarily incompatible with the notion that other

and associated deficits observed in DP may reflect indi-

vidual differences in abnormal neural migration patterns

(Susilo and Duchaine, 2013) or white matter integrity

(Gray and Cook, 2018). It does, however, highlight a

limitation of such broad-spectrum explanations of devel-

opmental disorders (Gray and Cook, 2018). They offer

no principled account of which disorders should co-occur

more frequently than others and why. It seems clear that

developmental deficits in face recognition may occur

without preventing the acquisition of normal reading

skills and development of a cerebral area supporting

word recognition (the VWFA), and this suggests that a

general deficit in neural migration across ventral occipito-

temporal cortex is not a viable explanation for DP.

The division of labour between the hemispheres in visual

processing has become a central point of dispute in recent

years, in particular with regards to development of potential

category-sensitive areas and cerebral competition/neuronal

recycling of areas involved in face and word processing

(Dehaene et al., 2010; Behrmann and Plaut, 2013; Ventura

et al., 2013). While theories diverge on the assumed degree

of category sensitivity in such areas, and the learning mecha-

nisms involved, a core hypothesis is that learning to read

may capitalize on cerebral areas involved in face recognition.

In that light, it is interesting that we find clear differences

between DPs and controls in left lateralized areas involved

in face processing, but no difference in activation for words

or in behavioural reading responses. This stands in contrast

to patterns revealed in developmental dyslexia (a disorder

affecting reading acquisition), where recent studies have

revealed behavioural impairments in recognition of faces as

well as words (Sigurdardottir et al., 2015; Gabay et al.,
2017; Sigurdardottir et al., 2018; but see Robotham and

Starrfelt, 2017). Correspondingly, using the same stimuli and

paradigm as the current study, Monzalvo et al. (2012)

found lower activation in the VWFA and right FFA, respect-

ively, in dyslexic children. In comparison, then, DP appears

as a more selective developmental deficit than dyslexia both

in behavioural and anatomical terms. Whether the left hemi-

sphere abnormalities in DP observed here are related to the

suggested cerebral competition or neuronal recycling that

may occur when learning to read will be a central question

in future research. Further characterization of the

unique contributions of left hemisphere areas in normal face

recognition will also be helpful in understanding better how

abnormalities in this part of the network may contribute to

the behavioural deficits in face recognition seen in DP.

Supplementary material
Supplementary material is available at Brain
Communications online.
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