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a b s t r a c t

A useful framework for understanding the mental representation of facial identity is face-space
(Valentine, 1991), a multi-dimensional cognitive map in which individual faces are coded relative to
the average of previously encountered faces, and in which the distance among faces represents their per-
ceived similarity. We examined whether individuals with prosopagnosia, a disorder characterized by an
inability to recognize familiar faces despite normal visual acuity and intellectual abilities, evince behav-
ior consistent with this underlying representational schema. To do so, we compared the performance
of 6 individuals with congenital prosopagnosia (CP), with a group of age- and gender-matched control
participants in a series of experiments involving judgments of facial identity. We used digital images
of male and female faces and morphed them to varying degrees relative to an average face, to create
caricatures, anti-caricatures, and anti-faces (i.e. faces of the opposite identity). Across 5 behavioral tasks,
CP individuals’ performance was similar to that of the control group and consistent with the face-space
framework. As a test of the sensitivity of our measures in revealing face processing abnormalities, we also

tested a single acquired prosopagnosic (AP) individual, whose performance on the same tasks deviated
significantly from the control and CP groups. The findings suggest that, despite an inability to recognize
individual identities, CPs perceive faces in a manner consistent with norm-based coding of facial identity,
although their representation is likely supported by a feature-based strategy. We suggest that the appar-
ently normal posterior cortical regions, including the fusiform face area, serve as the neural substrate for
at least a coarse, feature-based face-space map in CP and that their face recognition impairment arises

etwe
from the disconnection b

Face-space is a useful conceptual framework for understanding
ow we represent facial identity (Valentine, 1991). Face-space is
multi-dimensional space centered on the average of previously

xperienced faces at its origin, and with individual identities rep-
esented as unique vectors from the origin. The distance from the
rigin represents the distinctiveness of a face because, by defi-
ition, typical faces should look more like the average face and,
herefore, be located closer to the average. The direction from the
rigin represents how the face deviates from average, that is, along
hat particular facial dimension the face is distinct. These facial
imensions are ill-defined, as adults appear to use an amalgam of
acial features that cannot be easily verbalized when making facial

dentity judgments (Nishimura, Maurer, & Gao, 2009). Sensitivity
o both individual facial features as well as combinations of fea-
ures has also been reported recently in face-selective neurons of
he macaque temporal lobe (Freiwald, Tsao, & Livingstone, 2009).
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Nonetheless, such a coding scheme results in a face-space layout
such that the distance between two faces represents the perceived
similarity of those faces (the smaller the distance, the more similar
the faces), and many faces cluster around the average whereas few
faces sparsely occupy the periphery.

Face-space is a powerful and robust framework for understand-
ing the underlying coding of facial identity and it has been adopted
in many recent studies that explore the psychological and neural
substrate of face processing. For one, it can account successfully for
the apparently paradoxical effect of distinctiveness on face detec-
tion versus identification. The paradoxical finding is that adults
demonstrate faster classification of typical faces as faces but faster
individual recognition of distinctive faces (e.g., Johnston & Ellis,
1995; Lee, Byatt, & Rhodes, 2000; Rhodes, Byatt, Tremewan, &
Kennedy, 1997; Valentine, 1991; Valentine & Bruce, 1986). Accord-
ing to the face-space framework, viewing a face activates an area
of face-space that corresponds to the diagnostic dimensional val-

ues of that face. As such, distinctive faces will be better recognized
because they are in a low-density region, making it less likely that
neighboring faces will be erroneously activated. However, typical
faces will be better detected or classified as a face, because, in a
high-density region, activation may encompass several faces, lead-

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:mayunishimura@gmail.com
dx.doi.org/10.1016/j.neuropsychologia.2010.03.007
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Table 1
Performance of typical adults and individuals with prosopagnosia on a Famous Faces Questionnaire and a Face Discrimination Task (all results except for performance of MN
from Behrmann et al., 2005).

Participant Accuracy on famous face questionnaire Median RT on upright face discrimination task Median RT on inverted face discrimination task

Controls 86.5%(95% CI = ±10.4%) 2592 ms(95% CI = ±597 ms) 3549 ms(95% CI = ±962 ms)
CP mean 47.6% 4145 ms 3805 ms
IM 33.5% 4082 ms 5210 ms
MT 62.5% 8386 ms 7039 ms
WA 50% 1043 ms 5210 ms
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TD 46.7% 1635 ms
IT 33.9% 7846 ms
MN 58.9% 1880 ms
AP 17.0% 5934 ms

ng to a stronger signal indicating that the stimulus is a face. The
ace-space framework also predicts that caricaturing a face (i.e.,
nhancing some distinctive facial feature, like Jay Leno’s lower jaw),
ill enhance recognition because caricaturing moves the face away

rom the average and into an area of lower spatial density, and this is
ndeed true of adults’ performance (e.g., Rhodes, Brennan, & Carey,
987).

The current study examines the nature of “face-space” in indi-
iduals with prosopagnosia, a disorder in which face recognition
s impaired. Specifically, prosopagnosia is characterized by the
nability to recognize familiar faces despite intact low-level visual
unctions and general cognitive abilities (e.g., Behrmann & Avidan,
005; Dobel, Bolte, Aicher, & Schweinberger, 2007). Because the
ondition appears to be associated specifically with recognizing
ndividual faces, we hypothesized that the mental representation
f faces in individuals with prosopagnosia may not adhere to the
ace-space framework. In congenital prosopagnosia (CP), where the
ondition has been present presumably since birth, it is unclear to
hat extent the mental representation of faces has an underlying

tructure, and/or to what extent compensatory mechanisms have
eveloped for making facial identity judgments. The goal of this
tudy is to explore for the first time whether the underlying cod-
ng of faces in CP individuals adheres to principles of face-space.
n addition, we include a single acquired prosopagnosic (AP) indi-
idual in our sample whose performance provides a test for the
ensitivity of our measures to reveal abnormalities in face process-
ng. We compare the ability of the prosopagnosic individuals and

atched controls to make decisions about morphed faces that are
ither more or less like the average face, as a means of tapping into
he representation mediating their face perception. The nature and
xtent to which face-space is perturbed will shed important light on
ur understanding of the mechanisms giving rise to the recognition
mpairment in CPs.

We conducted three separate experiments to examine the
ental representation of facial identity in individuals with

rosopagnosia. In Experiment 1, to assess whether facial identity
ppears to be coded relative to the average or norm, we examined
acial identity aftereffects (e.g., Leopold, O’Toole, Vetter, & Blantz,
001). To assess the spatial density of the individuals’ “face-space”,
e examined the effect of caricaturing on face perception (Experi-
ent 2). Finally, to assess the underlying dimensions representing

face-space”, we collected prosopagnosics’ similarity ratings of
airs of faces and conducted multi-dimensional scaling analysis
Experiment 3).

. General methods

.1. Participants
Participants were 6 individuals with CP (age range 20–70 years),
ne individual with AP (age 34 years) resulting from a brain injury
ollowing a motor vehicle accident, and 14 typical participants

atched to each of the prosopagnosics by age (±5 years), race, and
1817 ms
5573 ms
1567 ms
5785 ms

gender (two per individual). Many of the CP individuals have par-
ticipated previously in our studies, and details of their behavioral
profiles can be found in Table 1 and in previous published reports
(e.g., Avidan, Thomas, & Behrmann, 2008; Behrmann & Avidan,
2005). The AP individual, SM, has also participated in previous
studies (Behrmann & Kimchi, 2003; Behrmann, Marotta, Gauthier,
Tarr, & McKeeff, 2005; Behrmann, Peterson, Moscovitch, & Suzuki,
2006; Behrmann & Williams, 2007). Briefly, SM sustained a lesion
centered on the right inferotemporal lobe, and, despite good recov-
ery from the accident (aside from a mild left hemiparesis), his
major symptom is a profound impairment in face recognition.
He also shows evidence of object agnosia, although this is not as
pronounced as the prosopagnosia (Behrmann & Williams, 2007;
Gauthier, Behrmann, & Tarr, 1999).

The control participants were recruited from the community.
Additionally, the performance of this matched control group was
compared to a group of approximately 20 university-aged par-
ticipants (per experiment), to assess whether our control group’s
performance differed from previously established norms for adults
because there is a wide age range in our matched control group. The
expectation is that there would be no difference between them but
this remained to be established.

1.2. Analysis

For each task, we first conducted ANOVAs to compare the
performance between our matched control group and previ-
ously collected adult norms. Upon verifying that the performance
between the two control groups did not differ, we proceeded
to compare the matched control group and the CP group using
ANOVAs. In addition, each CP and AP individual’s score was com-
pared to the matched control group, using Crawford’s modified
t-test for single cases (Crawford & Garthwaite, 2002). This last
measure is becoming increasingly popular as a robust method of
assessing whether a single individual’s score diverges significantly
from those of a control group.

2. Experiment 1: Identity aftereffects

A key characteristic of the face-space framework is that individ-
ual faces are coded relative to an average (i.e., norm-based coding).
Recent adaptation paradigms provide supporting evidence that
face-space is centered on the average face (Rhodes et al., 1987;
Rhodes, Jeffery, Watson, Clifford, & Nakayama, 2003; Valentine,
1991), and that individual identities are coded as deviations from
the average or norm (Leopold et al., 2001; Rhodes & Jeffery, 2006;
Webster & MacLin, 1999). The face identity aftereffect is demon-

strated by creating pairs of “opposite” faces relative to the average.
For example, if Dan has a large forehead (relative to average), “anti-
Dan” is created to have a proportionately smaller-than-average
forehead, and similarly all other facial characteristics in anti-Dan
are morphed simultaneously to be opposite of Dan relative to
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ig. 1. Test stimuli (100% identity strength) and adapting stimuli (80% anti-faces)
sed in examining facial identity aftereffects (for details of stimuli see Rhodes &

effery, 2006).

he average. In typical children and adults, adapting to anti-Dan
emporarily shifts the perceived identity of an identity-neutral
e.g. average) face towards Dan (e.g., Anderson & Wilson, 2005;
ishimura, Maurer, Jeffery, Pellicano, & Rhodes, 2008; Rhodes &

effery, 2006), and such aftereffects are consistent with a model
f norm-based coding of facial identity (for a review, see Tsao &
reiwald, 2006).

.1. Methods

.1.1. Stimuli
The details of the stimuli and method have been published pre-

iously (Nishimura et al., 2008; Pellicano, Jeffery, Burr, & Rhodes,
007; Rhodes & Jeffery, 2006). Briefly, 187 landmarks were defined
n each of 20 grey-scale digitized male faces and then averaged
o create an “average face”. Two out of the 20 identities used in
revious studies, Dan and Jim, were chosen as test stimuli (Fig. 1).
he faces of Dan and Jim were systematically morphed to be more
ike the average face, resulting in five identity strengths for test-
ng (0, 20, 40, 60, and 80% of the original identities) and 3 identity
trengths for training (40, 60, and 100% of the original identities).
n addition, 80% anti-faces (anti-Dan and anti-Jim, see Fig. 1) were
reated by morphing the faces away from the average face in the
irection opposite to the original faces (for details see Leopold et
l., 2001; Rhodes & Jeffery, 2006).

.1.2. Procedure
The procedure was modeled after a paradigm used previously

ith children and adults (Nishimura et al., 2008; Pellicano et al.,
007). Briefly, participants were trained to identify correctly the
00% Dan and Jim stimuli, referred to as the Team Captains, and
heir weaker 40 and 60% identity morphs, referred to as the “broth-
rs” of Dan and Jim, forming Team Dan and Team Jim. Training

ontinued for each participant until he/she correctly identified the
0 and 60% morphs as belonging to Team Dan or Jim in at least 4 out
f the 5 criterion trials, before proceeding to the testing phase. In the
esting phase, there were 3 blocks: pre-adaptation baseline, adap-
ation, and post-adaptation baseline (identical to pre-adaptation
logia 48 (2010) 1828–1841

baseline). In the pre- and post-adaptation baseline blocks, partici-
pants viewed a single face shown for 400 ms, and indicated whether
the face belonged to “Team Dan” or “Team Jim” by using one of two
key presses. Each identity strength (0, 20, 40, 60, and 80%) of Dan
and Jim was shown 6 times. The adaptation block was identical to
the baseline block except that, prior to the test face, an adapting
face was shown for 5 s. For half of the trials (30 trials), the adapt-
ing face was anti-Dan and for the other half (30 trials), the adapting
face was anti-Jim. The trials were presented in random order across
participants.

2.1.3. Initial analyses
We first compared performance between pre- and post-

adaptation baseline (i.e. time of test, a within-subjects variable) to
examine any long-lasting adaptation aftereffects. A repeated mea-
sure ANOVA on the performance of the matched control group
versus the CP individuals (between-subject variable) at each iden-
tity strength tested (within-subjects variable, 5 levels: 0, 20, 40,
60, and 80%) revealed no main effect of group, F(1, 18) = 0.50,
p = .49, indicating that the two groups learned the stimuli equally
well. There was also no main effect of time of test (pre- vs.
post-adaptation), F(1, 18) = 0.06, p = 0.82, and no significant inter-
actions of time of test with group (p = .97), identity strength (p = .81),
and no 3-way interaction of time of test × group × identity strength
(p = .42). Therefore, performance was collapsed across pre- and
post-adaptation baseline into a single variable Baseline for all sub-
sequent analyses.

For each participant, we computed the proportion of “Team Dan”
responses for each test face, separately for Baseline trials, Adap-
tation trials with anti-Dan, and Adaptation trials with anti-Jim.
We conducted nonlinear regression curve fitting with a sigmoidal
equation (with variable slope) using Prism software (version 4.0a)
to quantify the point of subjective equality (PSE; see Fig. 2). The
PSE represents the identity strength of the stimulus at which point
observers were equally likely to respond “Team Dan” and “Team
Jim”. Without any adapting stimulus (i.e. baseline condition), we
would predict the PSE to be equal to zero (0% identity strength = the
average face). For trials in which observers adapted to anti-Dan, the
PSE should shift, relative to Baseline, towards the “Jim” identity,
because a “Dan” bias in perceived identity means that for any given
face, less “Dan-ness” is required for a “Team Dan” response. Con-
versely, for trials in which observers adapted to anti-Jim, the PSE
should shift towards the “Dan” identity, because more “Dan-ness”
is required for a “Team Dan” response.

2.2. Results

The PSEs of the matched control group and CP individuals on
Baseline trials and Adaptation trials with anti-Dan and anti-Jim
stimuli are shown in Fig. 2 (group and individual plots). A repeated
measure ANOVA on the PSEs derived for each participant for each of
the three conditions (Baseline, anti-Dan Adaptation, anti-Jim Adap-
tation) revealed no main effect of group, F(1, 18) = 0.01, p = 0.93, and
no significant group × condition interaction, F(2, 36) = 1.41, p = 0.26,
which suggests that CP individuals were showing identity afteref-
fects in a manner similar to the matched control group. As expected,
there was a main effect of condition, F(2, 36) = 5.10, p < 0.05. Post
hoc analyses revealed that the PSE was significantly less than Base-
line after adapting to anti-Dan, t(19) = 3.06, p < 0.01, a result that
reveals an identity aftereffect reflecting a bias to respond “Team

Dan” after adapting to anti-Dan. However, the identity aftereffect,
after adapting to anti-Jim, failed to reach statistical significance,
t(19) = −1.24, p = 0.23, which was unexpected, but the shift in PSE
was in the expected direction and, most importantly, was similar
for both CP and control groups.
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ig. 2. The proportion of “Team Dan” responses as a function of identity strength du
or (a) matched control group (n = 14), (b) CP group (n = 6), (c) individual CPs, and
dentity strength at which the curve is equal to 0.5 on the y-axis, where observers a

To assess individual performance of the CPs, we conducted
rawford’s modified t-test on the size of the identity aftereffect

n anti-Dan trials only for each CP individual using the mean of
he matched control group, and for each control participant using

he mean of the remaining control participants. IM showed sig-
ificantly smaller aftereffects than controls (Fig. 3). The findings
uggest that the CP individuals, except IM, showed identity after-
ffects that were similar to the matched control group.1

1 Alternatively, we could assess individual performance using the average shift
n PSE from both anti-Dan and anti-Jim trials combined. This analysis also did not
eveal any group differences. One CP individual (IM) and one control participant
aseline and Adaptation trials (adapting to anti-Dan and anti-Jim shown separately)
o control participants matched to IT. The point of subjective equality (PSE) is the
ally likely to respond “Team Dan” and “Team Jim”.

As can be seen in Fig. 2c and d, not every individual showed the
expected pattern of identity aftereffects, but each participant’s data
could be fit with a sigmoidal curve. In contrast, the AP individual’s
performance (see Fig. 4) deviated significantly from the response

pattern of the matched control group and the CP group, such that a
sigmoidal curve could not be fit to the data in any of the conditions.
Although the AP individual appears to have learned transiently
the Dan and Jim identities well enough to pass our training cri-

showed significantly smaller aftereffects and one CP individual (IT) and one control
participant showed significantly larger aftereffects than the (rest of the) control
group.
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ig. 3. Mean identity aftereffect (anti-Dan trials only) for the matched control group
+1 SE) and CP individuals.

erion, performance in the Baseline condition (without feedback)
eveals that the representation was likely unstable and short-lived,
s his response pattern does not correspond in a systematic fashion
o changes in identity strength, and his response profile is rather
rratic and random.

.3. Discussion

One of the key characteristics of the face-space framework is
orm-based coding: coding of individual facial identities relative
o the average of previously encountered faces. To assess norm-
ased coding in individuals with prosopagnosia, in this study, we
xamined whether individuals with prosopagnosia would demon-
trate facial identity aftereffects. Previous research with adults have
hown facial aftereffects in the direction opposite to the adapt-
ng face, relative to an averaged face (e.g., Leopold et al., 2001;
hodes & Jeffery, 2006; Tsao & Freiwald, 2006; Watson & Clifford,
003; Webster & MacLin, 1999), as well as a lack of such an after-
ffect when anti-faces are created relative to a non-average face
Anderson & Wilson, 2005). This pattern of findings is consistent
ith norm-based coding and the special status of the average face.

he results from the current study revealed that despite their every-
ay difficulty in recognizing faces, the CP individuals could learn
o differentiate two male faces as accurately as control individu-
ls, and that they were as sensitive as the control group to subtle

hanges in identity strength as shown by their baseline perfor-
ance. Most strikingly, CP individuals showed identity aftereffects

omparable to those of the matched control group, which suggests
hat the CP individuals have some internal representation of the
verage face.

ig. 4. Mean proportion of “Team Dan” responses as a function of identity strength
or AP (n = 1). A sigmoidal curve could not be fit as in the data for the matched control
roup and the CPs.
logia 48 (2010) 1828–1841

An alternative interpretation of the findings is that the presence
of facial identity aftereffects is not a sensitive test of how facial iden-
tity per se is coded. For example, there is some evidence that facial
aftereffects are derived at least in part from adaptation of low-level,
non-specialized neurons that are sensitive to image features that
are influenced by the morphing of facial stimuli (Zhao & Chubb,
2001). A recent study has shown that simply adapting to a curved
line (e.g., resembling a frown in a schematic face) that overlapped
spatially with the position of the mouth of a subsequently viewed
face produced an aftereffect that biased the perceived facial expres-
sion as happy (Xu, Dayan, Lipkin, & Qian, 2008). In addition, the
temporal dynamics of aftereffects are similar to those of low-level
visual aftereffects (e.g., Leopold, Rhodes, Muller, & Jeffery, 2005).
Although there are several examples of face aftereffects surviving
low-level differences between adapting and test faces (Jiang, Blanz,
& O’Toole, 2006; Leopold et al., 2001; Rhodes et al., 2003; Watson
& Clifford, 2003; Zhao & Chubb, 2001), it is unclear whether the
identity aftereffects demonstrated by the CP individuals and the
matched control participants in the current study are necessarily
mediated by the same neural mechanisms. CP individuals may have
differentiated Dan and Jim based on local featural cues (such as the
size of the forehead or an eyebrow) (and, indeed, we know that
CP individuals process visual information more locally than config-
urally; Avidan, Tanzer, & Behrmann, in preparation; Behrmann et
al., 2005; and for AP see Barton, 2009), in which case their after-
effect should be characterized as a simple shape aftereffect rather
than a facial identity aftereffect. It would be informative to extend
the findings from the current study in future research by exam-
ining whether face identity aftereffects in CPs survive changes in
viewpoint between adapting and test faces. Nevertheless, the AP
individual did not show any systematic response to changes in
identity strength, which suggests that, at the very least, intact low-
level vision (as in the case of the AP individual) is not sufficient to
demonstrate facial identity aftereffects (nor shape aftereffects) as
shown by typical adults and CP individuals, and that this paradigm
is sufficiently sensitive to reveal such abnormalities.

3. Experiment 2: Caricatures and anti-caricatures

In the previous experiment, we observed that the CP individuals
showed adaptation profiles that were not differentiable from those
of the control participants, whereas the AP individual’s response
deviated significantly from that of the control group. Although this
result suggests, surprisingly, that CP individuals have some norm-
based coding capacity, identity aftereffects allow us to probe only
the transient bias in perceived identity of faces that are close to
the average (i.e., shifts in PSE), and, as discussed above, may be
indistinguishable from simple shape aftereffects. In order to assess
fully the spatial layout of face-space, it is necessary to test a wide
range of identities, and also to evaluate perception of faces that
have been morphed away from the average so as to be more distinc-
tive. Therefore, in Experiment 2, we used 100 facial identities and
a complementary approach of testing face perception at identity
strengths 50% (anti-caricatures) and 150% (caricatures).

Typically, caricatures are deformed representations of facial
identities that exaggerate the distinguishing characteristics of an
individual. According to the face-space framework, this process
does not hinder recognition, but, rather, can enhance recognition,
because it makes the face more distinctive, thereby moving the
face into a low-density region of face-space. Consistent with this
notion, previous research has shown that artist-drawn caricatures

are recognized at least as quickly as photographs and sometimes
recognized faster, even though they are, in fact, distorted repre-
sentations of the true identity (Calder, Young, Benson, & Perrett,
1996; Hagen & Perkins, 1983; Rhodes et al., 1987; Stevenage, 1995;
Tversky & Baratz, 1985). More recent studies have used digital



M. Nishimura et al. / Neuropsycho

F
c

m
a
f
w
b
a
c
T
w
h

p
n
s
t
a
u
o
t
t
e
d
d
(
a
f
i
t
p

3

3

w
m
d
d
a
a
a
f
f
b
s
a
f
e
r
D
c
t
&

ig. 5. The female average face, from which caricatures and anti-caricatures were
omputed for the caricature tasks.

orphs to produce caricatures by increasing the deviations from
verage, and anti-caricatures (faces that are more like the average
ace) by decreasing such deviations. Behavioral studies reveal that
hen the physical deviation from the veridical image is equated

etween caricatures and anti-caricatures, observers perceive the
nti-caricature to be less like the veridical image than the cari-
ature (e.g., Benson & Perrett, 1991; Lee, Byatt, & Rhodes, 2000).
his pattern of results is consistent with the face-space frame-
ork because anti-caricaturing results in moving the face into a
igh-density region, making recognition more difficult.

In the current study, we used caricatures and anti-caricatures to
robe further the nature of face-space in individuals with prosopag-
osia. If faces are coded relative to the average, then caricatures
hould be perceived as more distinctive than anti-caricatures, and
hey should also be perceived as more like the original identity than
nti-caricatures. We tested this hypothesis in 3 behavioral tasks
sing caricatures, anti-caricatures, and veridical images, by asking
bservers to: (1) rate the distinctiveness of faces, (2) choose the face
hat best resembled the original identity, and (3) decide whether
wo sequentially presented faces were the same or different. We
xamined to what extent performance on these three measures
iffered between individuals with prosopagnosia and controls,
epending on whether a face being judged was the veridical image
100% identity strength), caricature (150% identity strength), or
nti-caricature (50% identity strength). Additionally, we used 100
ace stimuli to extend the findings from the previous experiment
n which the morphed stimuli were created from two male identi-
ies. Taken together, the three tasks and the wide range of faces will
rovide a very strong probe of the abilities of the CP individuals.

.1. Methods

.1.1. Stimuli
For each of the three tasks described below, the same stimuli

ere used. Briefly, 61 male faces and 39 female faces with minimal
ake-up and no superfluous features were selected. The faces were

rawn mainly from the Psychological Image Collection at Stirling
atabase (PICS http://pics.psych.stir.ac.uk/) but we also included
few photographs of graduate students in the department. An

verage male face was created by morphing together 50 male faces
nd an average female face was created by morphing together 37
emale faces, based on shape, texture, and color (Fig. 5). Fewer
emale faces were available than male faces for our experiment,
ut a previous study has shown that a minimum of 16 faces is
ufficient to produce an identity-neutral average face, and that
dditional faces do not produce perceptible changes to the average
ace (Langlois & Roggman, 1990). We created a separate average for
ach gender as there is some evidence for gender-specific mental

epresentations of average (e.g., Baudouin & Gallay, 2006; Little,
e Bruine, & Jones, 2005). Caricatures and anti-caricatures were
reated by morphing each face to be closer to or farther away from
he average by 50% using Psychomorph software (Tiddeman, Burt,

Perrett, 2001). Briefly, the interocular distance for each face was
logia 48 (2010) 1828–1841 1833

standardized, and the shape (based on 179 structural landmarks),
color, and texture were morphed. A red fixation dot was applied to
the center of each face using Photoshop. The procedures for each
of the tasks are described below. Low-level differences across face
images were minimized by blurring and equating overall bright-
ness (see Fig. 5). Note that the three different tasks have different
dependent measures (more phenomenological, subjective ratings
in task 1 and more performance-based measures in tasks 2 and
3) as a means of providing a comprehensive assessment of the
representations in CP.

3.1.1.1. Distinctiveness ratings. Participants viewed each face indi-
vidually in the center of the screen, and rated the distinctiveness of
the face on a 10-point scale, with 0 = “most typical” and 9 = “most
distinctive”. Faces were caricatures, anti-caricatures, and veridical
images, which remained on the screen for an unlimited duration
until the participants responded with a number press on the key-
board. According to the face-space framework, caricatures should
be perceived as more distinctive than veridical images, which, in
turn, should be perceived as more distinctive than anti-caricatures.

3.1.1.2. Best likeness. Participants viewed three sequentially pre-
sented face images, and decided which of the first two faces was
“best like” the final (target) face. The target face was always the
veridical image. There were three trial types: choosing between
the veridical image and its caricature, the veridical image and its
anti-caricature, or between the caricature and anti-caricature of
the target face. The order of pairings was counterbalanced across
trials. According to the face-space framework, caricatures should
be perceived as being more like the veridical image than anti-
caricatures, so we would expect observers with an intact face-space
to choose the caricature over the anti-caricature as best resem-
bling the veridical image. Additionally, we would expect observers
to make more errors when the choice was between a caricature
and its veridical image (which is identical to the target face) than
between an anti-caricature and its veridical image.

3.1.1.3. Same versus different. Participants viewed two sequentially
presented face images, and decided whether the two images were
the same or different. The veridical image was always shown first
for 300 ms, followed by a 400 ms inter-stimulus interval showing a
mask made of scrambled faces, and then a second face for 300 ms.
Participants had 2000 ms to respond. On same trials (100 trials),
the veridical image was shown twice. On different trials, the veridi-
cal image was followed by its caricature, its anti-caricature, or the
veridical image of a different identity (100 trials per condition). To
analyze the data, we calculated d′ scores with hits defined as cor-
rectly responding “different” on different trials, and false alarms
defined as incorrectly responding “different” on same trials. Hits
were calculated separately for trials in which the “different” face
was the caricature, anti-caricature, or a different identity. Accord-
ing to the face-space framework, caricatures should be perceived
as more like the veridical image than anti-caricatures, and there-
fore we would expect observers with an intact face-space to have
lower d′ scores when the second face was a caricature than an anti-
caricature (i.e. more likely to respond incorrectly that the caricature
is the same as the veridical image). Performance was expected to
be highest for trials in which the second face was the veridical
image of a different identity, as there should be less in common
between two randomly chosen faces than a face to its caricature or
anti-caricature.
3.2. Results

3.2.1. Distinctiveness
Preliminary analyses comparing performance between our con-

trols and a control group of 34 university students revealed no main

http://pics.psych.stir.ac.uk/
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Fig. 7. Mean performance on the best likeness task of the matched controls, CP indi-

ig. 6. Mean distinctiveness ratings for anti-caricatures, caricatures, and veridical
mages (original identities), for matched controls, CP group, and the AP individual.

ffect of group or interactions with group (ps > 0.50). Therefore, we
udged our matched control group to be a representative sample of
ormal performance.

Mean distinctiveness ratings of each participant, as well as
he means of the matched control and CP groups, are shown in
ig. 6. When the distinctiveness ratings of the 6 CPs and their
atched controls (n = 12) were compared in a repeated measure
NOVA, there was a main effect of manipulation, F(2, 32) = 61.55,
< 0.01. Post hoc t-tests (p < .05) revealed that caricatures were

ated as being more distinctive than veridical images, and veridical
mages were rated as being more distinctive than anti-caricatures.
mportantly, there was no group × manipulation interaction, F(2,
2) = 0.17, p = 0.89, and no main effect of group, F(1, 16) = 3.42,
= 0.46. This pattern of findings suggests that CP individuals per-
eived distinctiveness in a manner similar to that of the control
articipants.

When the performance of individual CPs was assessed using
rawford’s modified t-test (Crawford & Garthwaite, 2002), two CP

ndividuals (WA and MT) rated caricatures to be significantly less
istinctive than controls, and WA also rated veridical images to be

ess distinctive than controls. As shown in Fig. 6, WA rated all faces
o be typical and did not use the full range of the scale, perhaps
eflecting a failure to follow instructions. Analogously, Control Par-
icipant 13 (matched to TD, shown in open square symbol in Fig. 6)
ated all faces to be highly distinctive, and her ratings for veridi-
al images and anti-caricatures were significantly higher than the
est of the control group. Surprisingly, the AP individual’s scores
ere all within the normal range and showed the expected pattern

f caricaturing. To assess a speed-accuracy trade-off, we also com-
ared each individual’s median reaction time (RT) to the matched
ontrol group mean of the individual median RTs (mean = 2727 ms)
sing Crawford’s modified t-test (Crawford & Garthwaite, 2002). All
Ps (mean = 2283 ms) and the AP individual (median RT = 1919 ms)
ere within the normal range (1208–5599 ms).

.2.2. Best likeness
Preliminary analyses comparing performance between our

atched control group and a control group of 23 university stu-
ents revealed no main effect of group or interactions with group
ps > 0.10). Therefore, we judged our matched control group to be
representative sample of normal performance.

Mean% of trials in which caricatures and anti-caricatures were

hosen as best resembling the original identity, relative to the
eridical image and relative to each other, for each individual,
s well as the control and CP group means are shown in Fig. 7.
he pattern of responses was similar for the controls and the CP
roup. The controls were more likely to choose the caricature than
viduals, and AP individual. From the left, the figures show the % of trials in which the
caricatures were chosen (erroneously) over the veridical face, the anti-caricatures
were chosen (erroneously) over the veridical face, and caricatures chosen over the
anti-caricature as best resembling the veridical face.

the anti-caricature over the (correct) veridical image, t(13) = 3.44,
p < 0.01. When forced to choose between the caricature and the
anti-caricature as best resembling the veridical image, controls
were more likely to choose incorrectly the caricature, t(13) = 4.71,
p < 0.01. Similarly, the CP individuals were more likely to choose
the caricature than the anti-caricature over the veridical image,
t(5) = 2.33, p < 0.05 (one-tailed), and when choosing between the
two incorrect options, were more likely to choose the caricature
than the anti-caricature, t(5) = 2.33, p < 0.05 (one-tailed). In con-
trast, the AP individual did not systematically favor the caricature
over the anti-caricature, choosing the caricature roughly 50% of the
time in all conditions (see Fig. 7). This pattern was unlike any CP
individual.

When Crawford’s modified t-test was applied to assess the per-
formance of individual CPs, all individuals were within the normal
range, except some individual cases: unlike controls, one CP indi-
vidual (IM) and the AP individual were equally likely to choose the
anti-caricature and veridical images, and one CP individual (MT)
was more likely to choose the anti-caricature over the caricature
(see Fig. 7). Similarly, Control Participant 13 (matched to TD) was
equally likely to choose the caricature and veridical images, and
Control Participant 4 (matched to IM) was more likely to choose
the anti-caricature over the caricature and veridical image, unlike
the rest of the control group.

3.2.3. Same versus different
Preliminary analyses comparing performance between our con-

trols and a control group of 23 university students revealed no main
effect of group or interactions with group (ps > 0.20). Therefore, we
judged our matched control group to be a representative sample of
normal performance.

D′ scores of each participant, as well as the mean control and
CP group performances, are shown in Fig. 8. A repeated measure
ANOVA comparing the performance of CPs and the matched con-
trol group revealed a main effect of manipulation, F(2, 32) = 80.43,
p < 0.01. Post hoc pairwise comparisons with a Bonferonni cor-
rection revealed higher d′ scores for veridical different faces than
anti-caricatures and caricatures (p < .001), and higher d′ scores for
anti-caricatures than caricatures (p = .01), a pattern consistent with

the predictions of the face-space framework. Lower d′ scores with
caricatures suggest that caricatures were more often perceived as
being the same as the veridical image than anti-caricatures, which
is consistent with the results from the Best Likeness task. The per-
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ig. 8. Mean d′ on same/different task for matched control group, CP group, and AP
ndividual, when the veridical face was paired with its caricature, anti-caricature,
r the veridical image of a different identity.

ormance of the CP group did not differ from that of the control
roup, with no main effect of group, F(1, 16) = 0.51, p = 0.49, and no
anipulation × group interaction, F(2, 32) = 0.22, p = 0.80.

When the performance of individual prosopagnosics was
ssessed, only the AP individual was significantly worse than the
ontrols when different identities were used, and his d′ scores
ere lower than any of the CP individuals (see Fig. 8). All CPs
erformed within the normal range, although IM and IT had the
wo lowest scores, and their scores on the Famous Faces Question-
aire (Table 1) were also the lowest of the CP group. Therefore,
he poor performance of the AP individual could potentially be due
o the severity of his condition rather than to a qualitative differ-
nce between AP and CP. This remains to be determined in future
esearch.

.3. Discussion

Collectively, notwithstanding the differences in procedures
nd dependent measures, the results from these three disparate
asks reveal that CP individuals perceived caricatures and anti-
aricatures in a manner consistent with norm-based coding and
he spatial density of a face-space layout. Like the matched con-
rols, CP individuals rated caricatures to be more distinctive than
nti-caricatures, and perceived the caricatures to be more like
he veridical face than anti-caricatures. These findings, consis-
ent with the results from Experiment 1, again suggest that CP
ndividuals have some representation of faces that resemble a face-
pace structure. Conversely, the AP individual’s performance when
aking same/different and similarity judgments did not reveal

ypical caricature effects. Surprisingly, the AP individual judged
istinctiveness of the caricatures and anti-caricatures in a manner
redicted by the face-space framework, and there did not appear
o be a speed-accuracy trade-off. The source of his perception of
istinctiveness despite his inability to perceive caricatures to be
ore like the veridical face than anti-caricatures are discussed in

ection 5.
The results also showed that there was individual variability

n perceiving caricatures and anti-caricatures. Although no single
articipant’s performance (in either the control or CP groups) devi-
ted significantly from the norm on all three tasks, in both the

istinctiveness task and the best likeness task, there were some

ndividuals who performed differently from (the rest of) the con-
rol group, which shows that there is some variability even in the
ormal population on how caricatures and anti-caricatures are per-
eived. Therefore, no one task from the present study can be used
Fig. 9. Examples of a typical face (left) and a distinctive face (right) used for multi-
dimensional scaling analysis.

as a diagnostic test for prosopagnosia, but the consistency across
tasks is highly informative.

4. Experiment 3: Similarity judgments and
multi-dimensional scaling

Studies examining face identity aftereffects and caricature
effects provide insight into norm-based coding and the spatial den-
sity of face-space, but cannot elucidate whether prosopagnosics
and controls utilize different dimensions of face-space. In his origi-
nal proposal, Valentine (1991) did not specify what the dimensions
of face-space represent, only that they represent facial characteris-
tics that are important for face discrimination and recognition. One
approach to exploring the dimensions of face-space is to use multi-
dimensional scaling (MDS), a statistical procedure that represents
perceived similarity among pairs of items as distances between
points in a multi-dimensional space, often revealing regularities
that remain hidden if the raw similarity judgments are examined
directly (Borg & Groenen, 2005). Therefore, we asked individuals
with prosopagnosia and control participants to rate the similarity
of pairs of faces, and conducted MDS on those ratings (Nishimura et
al., 2009). The previous two experiments used faces that were mor-
phed relative to a digitized average face, allowing an examination
of perceived identity as faces are moved closer to or farther away
from the average. In contrast, here, we examined how prosopag-
nosics perceive the identity of faces without morphing. The faces
were manipulated, however, to have the same hairstyle (see Fig. 9)
because individuals with prosopagnosia can sometimes success-
fully discriminate faces based solely on external hair cues (e.g.,
Duchaine & Nakayama, 2006; Schmalzl, Palermo, Green, Brunsdon,
& Coltheart, 2008; Stephan & Caine, 2009).

4.1. Methods

4.1.1. Stimuli and procedure
Participants viewed pairs of faces presented simultaneously,

and rated their similarity on a 7-point scale, ranging from 1 = “very
similar” to 7 = “very different”. All 25 faces had the same hair mor-
phed onto their heads (Fig. 9), so that similarity judgments must
necessarily be based on the internal characteristics of the faces.
Participants saw every possible pairing of 25 women’s faces, for a
total of 300 trials. The faces had been ranked on their distinctive-
ness previously by a group of university students (see Nishimura

et al., 2009). Faces remained on the screen for an unlimited dura-
tion until the participant pressed a number on the keyboard. The
procedure was self-paced and participants took breaks as needed.
The raw ratings were then subjected to multi-dimensional scaling
analysis.
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.2. Results

Prior to the MDS analysis, we compared the mean similarity
atings for each pair of faces from the matched control group
o the CP group and AP individual. There was a significant cor-
elation between the matched control group and the CP group,
(298) = 0.731, p < 0.001, which was similar in magnitude to the
plit-half correlation of the matched control group, r(298) = 0.734,
< 0.001. The correlation between the matched control group
nd the AP individual was not significant, r(298) = 0.058, p = 0.32.
lthough statistically significant, the correlation between the CP
roup and the AP individual was much lower than that between
he CP and matched control group, r(298) = 0.130, p < 0.05.

A similarity matrix was constructed for each individual from
is/her raw similarity ratings for every possible face pair, and these

ndividual matrices were subjected to multi-dimensional scaling
nalysis using the ALSCAL function in SPSS 16.0. The goodness-
f-fit for the 2–6-dimensional scaling solutions was measured by
ruskal’s Stress 1 formula (Kruskal & Wish, 1978) and is shown in
ig. 10. Lower values indicate a better fit of the MDS solutions to
he raw similarity ratings, and to help interpret the goodness-of-fit,
tress values collected previously from a group of 24 university-
ged students are also shown for comparison (Nishimura et al.,

009). The fit of all solutions was comparable across the two control
roups and the CP group. Although there are no standard guide-
ines for assessing Kruskal’s Stress values (Giguere, 2006), the fit
f the 5-dimensional solution (Stress = 0.21) and the 6-dimensional
olution (Stress = 0.18) are comparable to those previously reported

ig. 11. Two-dimensional MDS solutions for (a) matched control group, (b) CP group, an
D1–D13; D1 = most distinctive) and 12 typical faces (T1–T12; T1 = most typical). Dimen
ode for typicality/distinctiveness, whereas no such structure is observed in the solution
Fig. 10. Goodness-of-fit (assessed by Kruskal’s Stress 1 formula) of the 2–6-
dimensional scaling solutions. Lower values indicate better fit.

to be good fits (e.g., Stress = 0.14 in Johnston, Milne, & Williams,
1997; 0.19 in Lee et al., 2000; 0.26 in Yotsumoto, Kahana, Wilson,
& Sekuler, 2007), and consistent with previous findings showing
5 dimensions to be optimal to account for adults’ similarity judg-
ments (Nishimura et al., 2009). The fit of the solutions for the AP
individual was better than these values, but this was expected
because data from a single observer can be better fit with fewer

dimensions.

Because it is difficult to compare 5D solutions visually, we show
the 2D solutions in Fig. 11. Visual inspection suggests that faces
were positioned similarly in the solutions from the control and CP

d (c) AP individual. Each circle represents a face stimulus, with 13 distinctive faces
sion 1 for the matched control group and Dimension 2 of the CP group appears to
of the AP individual.
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Table 2
t-Tests comparing the distance to the origin of distinctive versus typical faces for 2–6-dimensional MDS solutions of the matched control group, CP group, and CP patient.

2D 3D 4D 5D 6D

Matched control group t(23) = 4.03
p < .01

t(23) = 6.51
p < .001

t(23) = 6.05
p < .001

t(23) = 3.49
p < .01

t(23) = 1.63
p = .12

CPs t(23) = 4.53 t(23) = 5.58 t(23) = 5.59 t(23) = 6.51 t(23) = 5.18
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p < .001 p < .001

AP t(23) = 3.98
p < .01

t(23) = 2.51
p < .05

roups, but not in the solution of the AP individual.2 Furthermore,
imension 1 of the control group and Dimension 2 of the CP group
ppear to code for typicality/distinctiveness (because distinctive
aces appear on one side of the solution and typical faces on the
ther), whereas no such structure is observed in the solution of the
P individual. Although visual inspection is easiest for the 2D solu-

ions, a previous study using the same stimuli had established the
D solution to be optimal for representing adults’ similarity ratings
Nishimura et al., 2009). Because it is impossible to represent a 5D
olution on a 2D surface for visual inspection, we conducted hier-
rchical cluster analysis using the pairwise distance among faces
n the 5D solution to assess the similarity of the relative positions
f faces across the solutions from the three groups (see Fig. 12).
y taking intermediate-size clusters of 3–6 faces (i.e. the smallest
lustering that avoids clusters with only one face), we can see that
out of 6 clusters that appeared in the solution of the control group
ere similarly present in the solution of the CP group (18/25 faces

verlap). Conversely, when the clusters of the control group were
ompared to the clusters of the AP individual, only three pairs of
aces clustered together similarly, and 3/6 clusters showed no over-
ap (see Fig. 12). These findings suggest that the coarse layout of the

DS solutions was similar between the matched control group and
he CP group, but not between the matched control group and the
P individual.

To examine the role of distinctiveness on the similarity judg-
ents, we calculated the distance of each face from the origin in

ach MDS solution (2–6 dimensions), separately for the matched
ontrol group, CP group, and the AP individual. As predicted by the
ace-space framework, t-tests revealed that the distance to the ori-
in for typical faces was smaller than the distance for distinctive
aces, for all solutions for the matched control group except the
D solution (confirming that the 6D solution is not optimal for the
ontrol group), and all solutions for the CP group (Table 2). How-
ver, only the 2D and 3D solutions of the AP individual showed the
xpected pattern of distinctiveness, which suggests that even when
he AP individual is making distinctiveness judgments in a manner
imilar to typical adults (results from Experiment 2), he is utilizing
ewer dimensions than in visually normal adults and the CP group.

.3. Discussion

Collectively, the results suggest that the CP individuals perceive
imilarity of faces in a pattern similar to that of the matched control
roup. Conversely, the AP individual’s ratings were not significantly
orrelated with those of the matched control group, and his MDS
olutions did not resemble those of the control group, as revealed

y the 2D solutions and the cluster analysis of the 5D solutions. A
revious study using the same stimuli revealed that the dimensions
f the MDS solutions likely represent adults’ use of an amalgam of
acial characteristics that cannot be easily verbalized, with empha-

2 Because only relative positions, and not absolute positions, of items in MDS
olutions are meaningful, the solution of the CP group has been rotated for ease of
omparison.
p < .001 p < .001 p < .001

t(23) = 1.53
p = .14

t(23) = 1.50
p = .15

t(23) = 1.38
p = .18

sis on the eyes and mouth (Nishimura et al., 2009). Although the
dimensions are not transparently and intuitively identifiable (i.e.,
it is not that the participants are rating the interocular distance or
roundness of the eyes, for example; see also Catz, Kampf, Nachson,
& Babkoff, 2009), what is critical here is that the CP individuals’
perceptual judgments were not differentiable from those of the
matched control group, suggesting that CP individuals were utiliz-
ing cues that were similar to those used by the control participants
to make their similarity judgments. The findings are consistent with
the interpretation that CP individuals have a mental representa-
tion of facial identity that, at the very least, coarsely resembles the
face-space of typical adults.

5. General discussion

The goal of this study was to explore the nature of the underlying
representations of faces in individuals with congenital prosopag-
nosia. The results reveal that, interestingly and indeed surprisingly,
CP individuals have a mental representation of faces that is largely
consistent with typical adult face-space. Conversely, our single AP
case revealed a pattern that differed from both the CP and matched
control groups, which, importantly, suggests that our measures
were sufficiently sensitive to reveal abnormalities in face per-
ception should they exist. Across a range of five behavioral tasks
designed to assess identity aftereffects, caricature effects (three
subtasks), and similarity judgments of facial identity, the perfor-
mance of CP individuals was statistically not differentiable from
that of a group of age- and gender-matched controls. Although
only six CPs were tested in the current study, the results from
the ANOVAs are confirmed and supported by statistical analyses
of single subject data using Crawford’s modified t-test (Crawford &
Garthwaite, 2002), which showed that individual CP performance
typically fell within the normal range. CP individuals learned to
recognize successfully two male faces and their weaker identity
morphs, showed similar identity aftereffects after adaptation, rated
caricatures to be more distinctive and more like the original identity
than anti-caricatures, and judged the similarity of non-morphed
faces in a pattern similar to control participants. The findings from
the different tasks converge robustly to support the conclusion that
the CP individuals have, at the very least, a coarse mental represen-
tation of faces with a similar structure to the mental representation
of facial identity in typical adults, at the center of which is the aver-
age of previously encountered faces. These findings are consistent
with recent studies, which show that CP individuals demonstrate
some implicit memory of famous faces (e.g., Avidan et al., 2008;
Bate, Haslam, Tree, & Hodgson, 2008; Striemer, Gingerich, Striemer,
& Dixon, 2009), which, too, indicate that they have some mental
representation of individual facial identities, even if these cannot
be accessed explicitly. The results are consistent with the interpre-
tation that CP individuals have a coarse “face-space” that suffices

under some conditions (e.g., perceiving typicality/distinctiveness
and similarity of faces) but is insufficient for explicit individual
recognition.

In contrast with the CP findings, the AP individual showed a dif-
ferent pattern: he was unable to recognize consistently the newly
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ig. 12. Local clustering of faces in the 5-dimensional MDS solutions for (a) matche
o top, with each horizontal bar indicating a clustering based on perceived similar
lustered into groups of 3–6 faces. We then visually inspected whether similar group
luster as in the solution for the control group.

earned identities even though he was able to learn them initially,
nd he was unable to perceive the difference among caricatures,
nti-caricatures, and veridical images. The local clustering of the
aces in the MDS solution also diverged significantly from the MDS
olutions of the CP and matched control groups. Collectively, the
ndings suggest that this individual with acquired prosopagnosia,
nd perhaps others too, may be unable to recognize facial identity
ecause their internal face-space has been adversely affected by the

nsult to the brain. The findings from the AP individual also suggest
hat the performance of the CP group cannot be attributed solely

o their intact low-level visual capacities nor to the poor resolution
f the particular experiments as these tasks are clearly sensitive
nough to uncover abnormalities where they exist.

Because we only had one AP individual in our sample, it is dif-
cult to assess whether his impairments revealed in the present
trol group, (b) CP group, and (c) AP individual. Charts should be read from bottom
allow comparison across groups, faces in the solution for the control group were
ed in the solution for the CP group and AP individual. *Faces that fell into the same

study are due to the severity of his prosopagnosia. As summarized
in Table 1, it is the case that the AP individual’s recognition of
famous faces was worse than any other CP individual (although his
RT is not the slowest, which suggests some speed-accuracy trade-
off, as discussed in Behrmann & Avidan, 2005). CP individuals IM
and IT had the worst recognition accuracy of the CP group, and
these two individuals had the smallest identity aftereffect in the
expected direction (Fig. 3), and the worst d′ scores when judging
veridically different faces, which suggest some predictability of our
tasks based on the severity of the face recognition deficit. However,

there was no clear pattern of atypicality in perceiving caricatures
and anti-caricatures by individuals IM and IT, which indicates that
the severity of the condition does not predict all types of perceptual
judgments. Despite the possibility that the AP individual’s perfor-
mance on the present tasks represents the severity of his condition,
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dissociation between these two types of prospagnosia has been
uggested by a previous finding in which CP, but not AP individu-
ls (matched in severity to some of the CP participants), were able
o make fine discriminations between faces with subtle emotional
xpressions (e.g., a face with 60% happiness and 40% disgust is still
dentified as ‘happy’; Humphreys, Avidan, & Behrmann, 2007).

.1. The ‘face-space’ profile of CP and its possible neural
nstantiation

One immediate question is how it is possible that CP individu-
ls possess an apparently normal face-space along with their face
ecognition impairment. The results suggest that a mental rep-
esentation of “average” can exist independently of accurate and
table representations of the individual faces that went into cre-
ting that average, because CP individuals fail to recognize even
ighly familiar faces despite normal performance in the current
tudy. How is such a mental representation of the average derived
r computed?

CP individuals can classify visual stimuli as being a face or not
face (Behrmann, Avidan, Gao, & Black, 2007; Garrido, Duchaine,
Nakayama, 2008; Lee, Duchaine, Wilson, & Nakayama, 2009),

erhaps, in part, because they can perceive the local features
Behrmann et al., 2005; Le Grand et al., 2006; Nunn, Postma, &
earson, 2001; but see also Yovel & Duchaine, 2006 for inability
o discriminate small changes to feature shapes). Many CP individ-
als have also been shown to demonstrate an inversion superiority
ffect: better discrimination of inverted than upright faces, which
an be explained by an undue reliance on local features to judge
acial identity (Behrmann et al., 2005). Therefore, one interpreta-
ion of the present findings is that the mental representation of
aces in CP individuals relies on local facial characteristics, and such
representation has a similar general structure to typical adults’

ace-space. When salient featural cues are available to discrimi-
ate faces, typical adults also rely on local characteristics such as

ace width, facial hair, and forehead size (Busey, 1998; Johnston
t al., 1997). However, when similarity and identity judgments are
equired of a homogenous set of face stimuli, typical adults appear
o utilize an amalgam of facial characteristics, including the spa-
ial relations among facial features (Mondloch, Le Grand, & Maurer,
002; Nishimura et al., 2009). The claim then is that the intact per-
eption of local features suffices to generate a coarse representation
f facial identity that is consistent with the face-space framework,
ut it is unclear to what extent the fine-grained characteristics of
he dimensions underlying this representation differ between CP
ndividuals and typical adults.

This hypothesis is then consistent with the proposal that the
ifficulty experienced by CP individuals in identifying individual
aces appears to stem from an inability to ‘glue’ such local fea-
ures together to create a whole percept representing facial identity
Avidan, Thomas, & Behrmann, 2008; Barton, Press, Keenan, &
’Connor, 2002; Bentin, DeGutis, D’Esposito, & Robertson, 2007; Le
rand et al., 2006; but see Duchaine, 2000 for a report of a CP who
as sensitive to the configurations of objects and scenes), a pro-

ess that typical adults can do automatically and effortlessly (e.g.,
ondloch et al., 2002; Tanaka & Farah, 1993; Young, Helawell, and
ay, 1987). Perhaps CP individuals have developed a compensatory
echanism that over-relies on featural cues in an effort to distin-

uish individual faces. Support for this claim comes from a study
hat shows that 10 individuals with CP do not make false alarms
n a composite face task (Avidan et al., in preparation). Typically,

n such a task, controls make errors in judging the tops of two faces
s different when they are really the same and, hence, appear to
e influenced by the difference in the two lower parts of the faces
hen the tops and bottoms are aligned. In contrast, CP individuals

ppear impervious to the status of the task-irrelevant lower part
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of the faces even when the upper and lower parts are aligned, sug-
gesting that these individuals rely on more local aspects of the face
and do not automatically process the entire configuration of the
face. Additionally, training specifically on discriminating changes to
the interrelations among facial features improved a CP individual’s
ability to recognize faces in daily life and increased the connectivity
between neural structures supporting face recognition (De Gutis,
Bentin, Robertson, & D’Esposito, 2007).

The results of the current study suggest, then, that the ability to
process local features may suffice to set up a coarse face-space rep-
resentation. For example, because the faces were morphed in such a
way that the size of all facial characteristics were changed simulta-
neously, it is conceivable that an observer who perceives the face as
a whole and an observer who attends to a specific local feature may
show similar aftereffects and caricature effects. In terms of a face-
space framework, CP individuals and controls may show similar
performance because the feature representing Dimension 1 in the
CP face-space may also be a part of the amalgam of features repre-
sented in Dimension 1 of typical adult face-space. In addition, there
must be some underlying structure to the mental representation of
local features in the CP individuals that is consistent with norm-
based coding, because the AP individual, who can process local
features if given sufficient time (Behrmann & Kimchi, 2003), per-
formed differently from the controls and CPs in the present study.

The face-space framework is a theory of the cognitive rep-
resentation of facial identities, and, therefore, makes no specific
predictions about the neural locus of face-space. The findings from
the current study, however, place some constraints on our under-
standing of the neural basis of this cognitive map. One implication
of the current findings is that face-space, or at least the repre-
sentation of “average”, is likely coded in neural areas that have
similar response dynamics in CP individuals and typical adults.
One possible candidate for this is the fusiform face area or the
FFA (Kanwisher, McDermott, & Chun, 1997), because like typical
adults, many (although not all) CP individuals demonstrate normal
face-selective activity and BOLD reduction in response to adapta-
tion in the FFA (Avidan & Behrmann, 2008; Avidan, Hasson, Malach,
& Behrmann, 2005). Furthermore, FFA appears to be involved in
the processing of local facial features, as it responds to both fea-
tural and configural manipulations to facial stimuli (Liu, Harris, &
Kanwisher, 2010; Maurer et al., 2007), and it responds to facial frag-
ments that are important for face detection (Nestor, Vettel, & Tarr,
2008). These findings suggest that the FFA activation demonstrated
by CP individuals could arise from the structural encoding of local
facial features. Furthermore, facial identity aftereffects appear to
be viewpoint-specific (Jeffery, Rhodes, & Busey, 2006; Morikawa,
2005), , which suggests that aftereffects occur before the stage
in which face representations acquire viewpoint-invariance. fMR-
adaptation in the FFA is observed with repeated presentations of
the same face in different sizes, but not with different viewpoints
(Anderson & Wilson, 2005; Andrews & Ewbank, 2004), which sug-
gests, further, that the FFA may be the neural correlate of face dis-
tortion aftereffects. Indeed a recent study has shown that when the
perceptual face adaptation aftereffect was larger, there was greater
fMR-adaptation in the FFA (Cziraki, Greenlee, & Kovacs, 2010).

However, it is also becoming increasingly recognized that the
FFA alone does not suffice for intact face recognition. For exam-
ple, there are some AP individuals who demonstrated normal
FFA activation but a lack of OFA activation (Steeves et al., 2006,
2009), a result suggesting that the FFA is not sufficient for nor-
mal face processing. Furthermore, several recent studies suggest

that face processing involves a distributed network of cortical
areas (e.g., Gobbini & Haxby, 2007; Haxby et al., 2001; Haxby,
Hoffman, Gobbini, 2000; Hoffman & Haxby, 2000; Ishai, 2008; Ishai,
Ungerleider, Martin, Schouten, & Haxby, 1999; Puce, Allison, Bentin,
Gore, & McCarthy, 1998; Rossion et al., 2003), and, therefore, future
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tudies should examine to what extent norm-based coding and
ecognition of individual facial identities are supported by different
eural mechanisms. Indeed, one related recent finding is that the
hite matter tracts that connect the posterior regions of this dis-

ributed network, including the FFA, are compromised in individu-
ls with CP (Thomas et al., 2009), perhaps resulting in decreased
olume in the anterior temporal lobe (Behrmann et al., 2007;
arrido et al., 2009), and it may be this apparent disconnection

rom the core posterior areas (which may subserve face-space) and
he more anterior areas that account for the behavioral profile of CP.

.2. The ‘face-space’ profile of AP and its possible neural
nstantiation

In contrast with some preservation of face-space in CP, the AP
ndividual evinces little evidence of sensitivity to the internal struc-
ure of this underlying mental map. Presumably, this individual had
cquired a normal face-space premorbidly. Note that this individ-
al has a lesion that implicates the right FFA but that more posterior
nd more anterior regions are preserved. Given our claim that FFA
lays a critical role in encoding the geometry of the incoming stim-
lus and perhaps computing parameters of face-space, the lesion in
his individual may have affected the structure of the internal face-
pace. However, one aspect of face processing appears to be intact,
ecause his perception of distinctiveness was not different from
he controls. One possible explanation for his performance is that
e has a stable representation of prototypical facial features, which
llows him to make typical judgments of “normality”, but that he is
nable to encode and/or retrieve individual features, which would
e necessary to show typical aftereffects or “best likeness” judg-
ents. Such a deficit in processing local features likely extends

eyond face stimuli, because this AP individual was much slower
han controls even when making judgments just about the local
etters in hierarchical letter stimuli (Behrmann & Kimchi, 2003). Of
ourse it will be essential to replicate the findings with other AP
ndividuals to verify the generalizability of the result and, more-
ver, depending on their lesion site, to begin to make more precise
nferences about the brain-behavior relationships within the face-
pace conceptual framework. Our inclusion of this participant in
ur sample served mainly to verify that our measures were suffi-
iently sensitive to reveal abnormalities where they exist, and his
ata are insufficient for making general claims about differences
etween the behavioral profiles of CP and AP. While the AP individ-
al’s data are intriguing in and of themselves, further exploration

s clearly warranted before definitive conclusions are possible.

. Conclusion

In sum, the findings suggest that CP individuals demonstrate
ace processing abilities that are consistent with the face-space
ramework, whereas the AP individual does not. This result indi-
ates that CP individuals have a coarse, perhaps feature-based
ace-space that is subserved in neural areas, such as the FFA, that
re intact, but that individual recognition of faces involves more
nterior areas beyond the FFA.

cknowledgements

This research was supported by a fellowship from the Natural
ciences and Engineering Research Council of Canada to MN and

grant from the National Science Foundation (TDLC) and James

. McDonnell Foundation to MB. The authors would like to thank
illian Rhodes and Linda Jeffery for the use of their face stimuli,
nd Galia Avidan for helpful comments. The authors would also like
o thank Vaidehi Natu and Alice O’Toole at University of Texas at
logia 48 (2010) 1828–1841

Dallas, Noa Benamotz and Thomas Palmeri at Vanderbilt University,
Katia Dalkina at Stanford University, and Stacy Cho, Lauren Lorenzi,
and Elizabeth Young at CMU for their help with data collection.

References

Anderson, N. D., & Wilson, H. R. (2005). The nature of synthetic face adaptation.
Vision Research, 45, 1815–1828.

Andrews, T. J., & Ewbank, M. P. (2004). Distinct representations for facial identity
and changeable aspects of faces in the human temporal lobe. NeuroImage, 23,
905–913.

Avidan, G., & Behrmann, M. (2008). Implicit familiarity processing in congenital
prosopagnosia. Journal of Neuropsychology, 2, 141–164.

Avidan, G., Hasson, U., Malach, R., & Behrmann, M. (2005). Detailed exploration of
face-related processing in congenital prosopagnosia: 2. Functional neuroimag-
ing findings. Journal of Cognitive Neuroscience, 17, 1150–1167.

Avidan, G., Tanzer, M., & Behrmann, M. (in preparation). Impaired holistic processing
in congenital prosopagnosia.

Avidan, G., Thomas, C., & Behrmann, M. (2008). An integrative approach towards
understanding the psychological and neural basis of congenital prosopagnosia.
In M. Jenkin, & L. R. Harris (Eds.), Cortical mechanisms of vision. New York: Cam-
bridge University Press.

Barton, J. J. S. (2009). What is meant by impaired configural processing in acquired
prosopagnosia? Perception, 38, 242–260.

Barton, J. J. S., Press, D. Z., Keenan, J. P., & O’Connor, M. (2002). Lesions of the fusiform
face area impair perception of facial configuration in prosopagnosia. Neurology,
58, 71–78.

Bate, S., Haslam, C., Tree, J., & Hodgson, T. (2008). Evidence of an eye movement-
based memory effect in congenital prosopagnosia. Cortex, 44, 806–819.

Baudouin, J. Y., & Gallay, M. (2006). Is face distinctiveness gender based? Journal of
Experimental Psychology: Human Perception and Performance, 32, 789–798.

Behrmann, M., & Avidan, G. (2005). Congenital prosopagnosia: Face-blind from birth.
Trends in Cognitive Sciences, 9, 180–187.

Behrmann, M., Avidan, G., Gao, F., & Black, S. (2007). Structural imaging reveals
anatomical alterations in inferotemporal cortex in congenital prosopagnosia.
Cerebral Cortex, 17, 2354–2363.

Behrmann, M., & Kimchi, R. (2003). What does visual agnosia tell us about perceptual
organization and its relationship to object perception? Journal of Experimental
Psychology: Human Perception and Performance, 29, 19–42.

Behrmann, M., Marotta, J., Gauthier, I., Tarr, M. J., & McKeeff, T. J. (2005). Behavioral
change and its neural correlates in visual agnosia after expertise training. Journal
of Cognitive Neuroscience, 17, 554–568.

Behrmann, M., Peterson, M. A., Moscovitch, M., & Suzuki, S. (2006). Integrative
agnosia: Deficit in encoding relations between parts. Journal of Experimental
Psychology: Human Perception and Performance, 32, 1169–1184.

Behrmann, M., & Williams, P. (2007). Impairments in part-whole representations of
objects in two cases of integrative visual agnosia. Cognitive Neuropsychology, 24,
701–730.

Benson, P. J., & Perrett, D. I. (1991). Perception and recognition of photographic
quality facial caricatures: Implications for the recognition of natural images.
European Journal of Cognitive Psychology, 3, 105–135.

Bentin, S., DeGutis, J. M., D’Esposito, M., & Robertson, L. C. (2007). Too many trees
to see the forest: Performance, event-related potential, and functional magnetic
resonance imaging manifestations of integrative congenital prosopagnosia. Jour-
nal of Cognitive Neuroscience, 19, 132–146.

Borg, I., & Groenen, P. J. F. (2005). Modern multidimensional scaling: Theory & appli-
cations (2nd ed.). New York: Springer Science & Business Media, Inc.

Busey, T. A. (1998). Physical and psychological representations of faces: Evidence
from morphing. Psychological Science, 9, 476–483.

Calder, A. J., Young, A. W., Benson, P. J., & Perrett, D. I. (1996). Self priming from
distinctive and caricatured faces. British Journal of Psychology, 87, 141–162.

Catz, O., Kampf, M., Nachson, I., & Babkoff, H. (2009). Acta Psychologica, 131, 143–152.
Crawford, J. R., & Garthwaite, P. H. (2002). Investigation of the single case in neu-

ropsychology: Confidence limits on the abnormality of test scores and test score
differences. Neuropsychologia, 40, 1196–1208.

Cziraki, C., Greenlee, M. W., & Kovacs, G. (2010). Neural correlates of high-level
adaptation-related aftereffects. Journal of Neurophysiology, 103, 1410–1417.

De Gutis, J. M., Bentin, S., Robertson, L. C., & D’Esposito, M. (2007). Functional plastic-
ity in ventral temporal cortex following cognitive rehabilitation of a congenital
prosopagnosic. Journal of Cognitive Neuroscience, 19, 1790–1802.

Dobel, C., Bolte, J., Aicher, M., & Schweinberger, S. R. (2007). Prosopagnosia without
apparent cause: Overview and diagnosis of six cases. Cortex, 43, 718–733.

Duchaine, B. (2000). Developmental prosopagnosia with normal configural process-
ing. NeuroReport, 11, 79–83.

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,
576–585.

Freiwald, W. A., Tsao, D. Y., & Livingstone, M. S. (2009). A face feature space in the

macaque temporal lobe. Nature Neuroscience, 12, 1187–1196.

Garrido, L., Duchaine, B., & Nakayama, K. (2008). Face detection in normal and
prosopagnosic individuals. Journal of Neuropsychology, 2, 119–140.

Garrido, L., Furl, N., Draganski, B., Weiskopf, N., Stevens, J., Tan, G. C., et al. (2009).
Voxel-based morphometry reveals reduced grey matter volume in the temporal
cortex of developmental prosopagnosics. Brain, 132, 3443–3455.



sycho

G

G

G

H

H

H

H

H

I
I

J

J

J

J

K

K

L

L

L

L

L

L

L

L

M

M

M

N

N

N

M. Nishimura et al. / Neurop

authier, I., Behrmann, M., & Tarr, M. J. (1999). Can face recognition really be disso-
ciated from object recognition? Journal of Cognitive Neuroscience, 11, 349–370.

iguere, G. (2006). Collecting and analyzing data in multidimensional scaling exper-
iments: A guide for psychologists using SPSS. Tutorial in Quantitative Methods for
Psychology, 2, 27–38.

obbini, M. I., & Haxby, J. V. (2007). Neural systems for recognition of familiar faces.
Neuropsychologia, 45, 32–41.

agen, M. A., & Perkins, D. (1983). A refutation of the hypothesis of the superfidelity
of caricatures relative to photographs. Perception, 12, 55–61.

axby, J. V., Gobbini, M. I., Furey, M. L., Ishai, A., Schouten, J. L., & Pietrini, P. (2001).
Distributed and overlapping representations of faces and objects in ventral tem-
poral cortex. Science, 293, 2425–2430.

axby, J. V., Hoffman, E. A., & Gobbini, M. I. (2000). The distributed human neural
system for face perception. Trends in Cognitive Sciences, 4, 223–233.

offman, E. A., & Haxby, J. V. (2000). Distinct representations of eye gaze and identity
in the distributed human neural system for face perception. Nature Neuroscience,
3, 80–84.

umphreys, K., Avidan, G., & Behrmann, M. (2007). A detailed investigation of facial
expression processing in congenital prosopagnosia as compared to acquired
prosopagnosia. Experimental Brain Research, 176, 356–373.

shai, A. (2008). Let’s face it: It’s a cortical network. NeuroImage, 40, 415–419.
shai, A., Ungerleider, L. G., Martin, A., Schouten, H. L., & Haxby, J. V. (1999).

Distributed representation of objects in the human ventral visual pathway.
Proceedings of the National Academy of Sciences, 96, 9379–9384.

effery, L., Rhodes, G., & Busey, T. (2006). View-specific coding of face shape. Psycho-
logical Science, 17, 501–505.

iang, F., Blanz, V., & O’Toole, A. J. (2006). Probing the visual representation of face
with adaptation. Psychological Science, 17, 493–500.

ohnston, R. A., & Ellis, H. D. (1995). Age effects in the processing of typical and
distinctive faces. The Quarterly Journal of Experimental Psychology A, 48, 447–465.

ohnston, R. A., Milne, A. B., & Williams, C. (1997). Do distinctive faces come from
outer space? An investigation of the status of a multidimensional face-space.
Visual Cognition, 4, 59–67.

anwisher, N., McDermott, J., & Chun, M. M. (1997). The fusiform face area: A module
in human extrastriate cortex specialized for face perception. Journal of Neuro-
science, 17, 4302–4311.

ruskal, J. B., & Wish, M. (1978). Multidimensional scaling. Beverly Hills, CA: Sage
Publications.

anglois, J. H., & Roggman, L. A. (1990). Attractive faces are only average. Psychological
Science, 1, 115–121.

e Grand, R., Cooper, P. A., Mondloch, C. J., Lewis, T. L., Sagiv, N., de Gelder, B., et al.
(2006). Brain and Cognition, 61, 139–158.

ee, K., Byatt, G., & Rhodes, G. (2000). Testing the face-space framework. Psychological
Science, 11, 379–385.

ee, Y., Duchaine, B., Wilson, H. R., & Nakayama, K. (2009). Three cases of devel-
opmental prosopagnosia from one family: Detailed neuropsychological and
psychophysical investigation of face processing. Cortex, 1–16.

eopold, D. A., O’Toole, A. J., Vetter, T., & Blantz, V. (2001). Prototype-referenced shape
encoding revealed by high-level aftereffects. Nature Neuroscience, 4, 89–94.

eopold, D. A., Rhodes, G., Muller, K. M., & Jeffery, L. (2005). The dynamics of visual
adaptation to faces. Proceedings of the Royal Society B, 272, 897–904.

ittle, A. C., DeBruine, L. M., & Jones, B. C. (2005). Sex-contingent face aftereffects
suggest distinct neural populations code male and female faces. Proceedings of
the Royal Society B: Biological Sciences, 272, 2283–2287.

iu, J., Harris, A., & Kanwisher, N. (2010). Perception of face parts and face configu-
rations: An fMRI study. Journal of Cognitive Neuroscience, 22, 203–211.

aurer, D., O’Craven, K. M., Le Grand, R., Mondloch, C. J., Springer, M. V., Lewis, T.
L., et al. (2007). Neural correlates of processing facial identity based on features
versus their spacing. Neuropsychologia, 45, 1438–1451.

ondloch, C. J., Le Grand, R., & Maurer, D. (2002). Configural face processing develops
more slowly than featural face processing. Perception, 31, 553–566.

orikawa, K. (2005). Adaptation to asymmetrically distorted faces and its lack of
effect on mirror images. Vision Research, 45, 3180–3188.

estor, A., Vettel, J. M., & Tarr, M. J. (2008). Task-specific codes for face recogni-
tion: How they shape the neural representation of features for detection and
individuation. PLoS One, 3, e3978. doi:10.1371/journal/pone.003978
ishimura, M., Maurer, D., & Gao, X. (2009). Exploring children’s face-space: A multi-
dimensional scaling analysis of the mental representation of facial identity.
Journal of Experimental Child Psychology, 103, 355–375.

ishimura, M., Maurer, D., Jeffery, L., Pellicano, E., & Rhodes, G. (2008). Fitting the
child’s mind to the world: Adaptive norm-based coding of facial identity in 8-
year-olds. Developmental Science, 11, 620–627.
logia 48 (2010) 1828–1841 1841

Nunn, J. A., Postma, P., & Pearson, R. (2001). Developmental prosopagnosia: Should
it be taken at face value? Neurocase, 7, 15–27.

Pellicano, E., Jeffery, L., Burr, D., & Rhodes, G. (2007). Abnormal adaptive face-coding
mechanisms in children with autism spectrum disorder. Current Biology, 17,
1508–1512.

Puce, A., Allison, T., Bentin, S., Gore, J. C., & McCarthy, G. (1998). Temporal cortex acti-
vation in humans viewing eye and mouth movements. Journal of Neuroscience,
18, 2188–2199.

Rhodes, G., Brennan, S., & Carey, S. (1987). Identification and ratings of carica-
tures: Implications for mental representations of faces. Cognitive Psychology, 19,
473–497.

Rhodes, G., Byatt, G., Tremewan, T., & Kennedy, A. (1997). Facial distinctiveness and
the power of caricatures. Perception, 26, 207–223.

Rhodes, G., & Jeffery, L. (2006). Adaptive norm-based coding of facial identity. Vision
Research, 46, 2977–2987.

Rhodes, G., Jeffery, L., Watson, T. L., Clifford, C. W. G., & Nakayama, K. (2003). Fit-
ting the mind to the world: Face adaptation and attractiveness aftereffects.
Psychological Science, 14, 558–566.

Rossion, B., Caldara, R., Seghier, M., Schuller, A. M., Lazeyras, F., & Mayer, E.
(2003). A network of occipito-temporal face-sensitive areas besides the right
middle fusiform gyrus is necessary for normal face processing. Brain, 126,
2381–2395.

Schmalzl, L., Palermo, R., Green, M., Brunsdon, R., & Coltheart, M. (2008). Training of
familiar face recognition and visual scan paths for faces in a child with congenital
prosopagnosia. Cognitive Neuropsychology, 25, 704–729.

Steeves, J. K. E., Culham, J. C., Duchaine, B. C., Pratesi, C. C., Valyear, K. F., Schindler,
I., et al. (2006). The fusiform face area is not sufficient for face recognition: Evi-
dence from a individual with dense prosopagnosia and no occipital face area.
Neuropsychologia, 44, 594–609.

Steeves, J., Dricot, L., Goltz, H. C., Sorger, B., Peters, J., Milner, A. D., et al. (2009). Abnor-
mal face identity coding in the middle fusiform gyrus of two brain-damaged
prosopagnosic patients. Neuropsychologia, 47, 2584–2592.

Stephan, B. C., & Caine, D. (2009). Aberrant pattern of scanning in prosopagnosia
reflects impaired face processing. Brain Cognition, 69, 262–268.

Stevenage, S. V. (1995). Can caricatures really produce distinctiveness effects? British
Journal of Psychology, 86, 127–146.

Striemer, C., Gingerich, T., Striemer, D., & Dixon, M. (2009). Covert face priming
reveals a ‘True Face Effect’ in a case of congenital prosopagnosia. Neurocase, 15,
509–514.

Tanaka, J. W., & Farah, M. J. (1993). Parts and wholes in face recognition. Quarterly
Journal of Experimental Psychology A, 46, 225–245.

Thomas, C., Avidan, G., Humphreys, K., Jung, K. J., Gao, F., & Behrmann, M. (2009).
Reduced structural connectivity in ventral visual cortex in congenital progopag-
nosia. Nature Neuroscience, 12, 29–31.

Tiddeman, B., Burt, M., & Perrett, D. (2001). Prototyping and transforming facial
textures for perception research. IEEE Computer Graphics and Applications, 21,
42–50.

Tsao, D. Y., & Freiwald, W. A. (2006). What’s so special about the average face? Trends
in Cognitive Sciences, 10, 391–393.

Tversky, B., & Baratz, D. (1985). Memory for faces: Are caricatures better than pho-
tographs? Memory & Cognition, 13, 45–49.

Valentine, T. (1991). A unified account of the effects of distinctiveness, inversion,
and race in face recognition. The Quarterly Journal of Experimental Psychology A,
43, 161–204.

Valentine, T., & Bruce, V. (1986). The effects of distinctiveness in recognizing and
classifying faces. Perception, 15, 525–535.

Watson, T. L., & Clifford, W. G. (2003). Pulling faces: An investigation of the face-
distortion aftereffect. Perception, 32, 1109–1116.

Webster, M. A., & MacLin, O. H. (1999). Figural aftereffects in the perception of faces.
Psychonomic Bulletin & Review, 6, 647–653.

Xu, H., Dayan, P., Lipkin, R. M., & Qian, N. (2008). Adaptation across the cortical high-
way: Low-level curve adaptation affects high-level facial-expression judgments.
The Journal of Neuroscience, 28, 3374–3383.

Yotsumoto, Y., Kahana, M., Wilson, H. R., & Sekuler, R. (2007). Recognition memory
for realistic synthetic faces. Memory and Cognition, 35, 1233–1244.

Young, A. W., Hellawell, D., & Hay, D. C. (1987). Configural information in face per-

ception. Perception, 16, 747–759.

Yovel, G., & Duchaine, B. (2006). Specialized face perception mechanisms extract
both part and spacing information: Evidence from developmental prosopag-
nosia. Journal of Cognitive Neuroscience, 18, 580–593.

Zhao, L., & Chubb, C. (2001). The size-tuning of the face-distortion after-effect. Vision
Research, 41, 2979–2994.


	Probing the face-space of individuals with prosopagnosia
	General methods
	Participants
	Analysis

	Experiment 1: Identity aftereffects
	Methods
	Stimuli
	Procedure
	Initial analyses

	Results
	Discussion

	Experiment 2: Caricatures and anti-caricatures
	Methods
	Stimuli
	Distinctiveness ratings
	Best likeness
	Same versus different


	Results
	Distinctiveness
	Best likeness
	Same versus different

	Discussion

	Experiment 3: Similarity judgments and multi-dimensional scaling
	Methods
	Stimuli and procedure

	Results
	Discussion

	General discussion
	The ‘face-space’ profile of CP and its possible neural instantiation
	The ‘face-space’ profile of AP and its possible neural instantiation

	Conclusion
	Acknowledgements
	References


