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There is growing evidence to suggest that facial motion is an important cue for face recognition. However, it is poorly understood whether motion is integrated with facial form information or whether it
provides an independent cue to identity. To provide further insight into this issue, we compared the
effect of motion on face perception in two developmental prosopagnosics and age-matched controls.
Participants ﬁrst learned faces presented dynamically (video), or in a sequence of static images, in which
rigid (viewpoint) or non-rigid (expression) changes occurred. Immediately following learning, participants were required to match a static face image to the learned face. Test face images varied by viewpoint
(Experiment 1) or expression (Experiment 2) and were learned or novel face images. We found similar
performance across prosopagnosics and controls in matching facial identity across changes in viewpoint
when the learned face was shown moving in a rigid manner. However, non-rigid motion interfered with
face matching across changes in expression in both individuals with prosopagnosia compared to the
performance of control participants. In contrast, non-rigid motion did not differentially affect the
matching of facial expressions across changes in identity for either prosopagnosics (Experiment 3). Our
results suggest that whilst the processing of rigid motion information of a face may be preserved in
developmental prosopagnosia, non-rigid motion can speciﬁcally interfere with the representation of
structural face information. Taken together, these results suggest that both form and motion cues are
important in face perception and that these cues are likely integrated in the representation of facial
identity.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Studies investigating the processing of both familiar and unfamiliar faces have overwhelmingly relied on the use of static
images as stimuli. These studies have consistently revealed that,
relative to familiar face recognition, the recognition, or even perception, of newly learned facial identities is poor and heavily dependant on the availability of image-based features from the original studied image (Bindemann and Sandford, 2011; Bruce, 1982;
Longmore et al., 2008; Newell et al., 1999). Speciﬁcally, recognition
declines as a consequence of changes in the visual appearance of
the face from the learned version, such as changes in viewpoint or
expression (review see Hancock et al., 2000). However, it is important to consider that faces are inherently dynamic, rather than
static stimuli and are most often seen moving outside the laboratory setting. Moreover, dynamic changes can occur across a
n
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range of viewpoints and expressions from one moment to the
next. The use of static images in studies of face perception have
helped us understand the invariant features of a face (i.e. static
form cues which remain stable over time) that are important for
recognition and to determine how these features sustain face recognition whilst ignoring changes which occur through movement
(Bruce and Young, 1986). Indeed, it was assumed that motion in
the face was relevant for the communication of social signals only,
such as expression or speech, and less relevant for face recognition
(Bruce and Young, 1986). Yet, recent evidence suggests that dynamic cues can enhance, rather than detract from, the processing
of facial identity in neurotypical younger adults (Lander and Bruce,
2000, 2003; Lander et al., 1999; Lander and Chuang, 2005; Pilz
et al., 2006; Pilz et al., 2009; Thornton and Kourtzi, 2002; for a
recent review see Xiao et al., 2014). However, how exactly motion
contributes to the processing of facial identity remains somewhat
unclear (O’Toole et al., 2002; Roark et al., 2003).
On the one hand, motion may provide a salient cue for recognition which is processed independently from facial form information; this is referred to as the ‘supplemental information'
hypothesis (SIH). Speciﬁcally, O’Toole et al. (2002) suggested that
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facial motion may provide a unique ‘dynamic identity signature’ to
a person's facial identity which can act as a stand-alone, i.e. supplemental, cue for the purpose of recognition. O’Toole et al. (2002)
proposed that these dynamic signatures are likely processed in
dorsal areas of the face processing network, such as the posterior
Superior Temporal Sulcus (pSTS) (Haxby et al., 2000). The dynamic
signatures are learned through repeated exposure to the moving
face (e.g. during speech or facial expressions) and thus the SIH
argues that facial motion may be more relevant for the recognition
of familiar faces, in which categorical representations are established in face memory (Bülthoff and Newell, 2004, 2006) rather
than the learning of new facial identities (O’Toole et al., 2002;
Roark et al., 2003). The alternative, or complimentary, proposal is
that motion is combined with relevant visual form information to
create a more robust representation of the face in memory, and
this is referred to as the ‘representation enhancement' hypothesis
(REH; O’Toole et al., 2002). According to this approach, motion
may provide additional information about the 3D structure of the
face. This enhanced structural representation may assist in perceptual constancy by maintaining the ability to recognise the
identity of the face across changes in viewpoint or facial expression. Therefore, unlike the SIH, which assumes familiarity with a
facial identity, the REH suggests that facial motion may also beneﬁt the learning of new or unfamiliar facial identities.
Several studies have provided evidence in favour of the idea
that motion information supplements the representation of faces
in memory thus providing a unique cue for face perception. Speciﬁcally, studies with neurotypical younger adults have consistently demonstrated that motion beneﬁts familiar face recognition when available form cues are degraded, e.g. through
pixelation or blurring of the image (Knight and Johnston, 1997;
Lander et al., 1999; Lander and Chuang, 2005). This dynamic enhancement of face perception appears to be modulated by the type
of facial motion, being more pronounced for non-rigid than rigid
motion and also by the degree of idiosyncrasy in the non-rigid
motion across individuals (Knappmeyer et al., 2003; Lander and
Chuang, 2005). Non-rigid motion refers to internal deformations
of the face which occur through speech or expressive gestures,
while rigid motion refers to full translations of the head, such as
when the face moves from side to side (Bülthoff et al., 2011;
Knappmeyer et al., 2003; O’Toole et al., 2002; Roark et al., 2003).
Thus face motion (i.e. non-rigid), which was once assumed to
convey purely social information, can provide a supplemental cue
to support facial identity processing. Hill and Johnston (2001) also
provided evidence in support of the SIH using a novel paradigm to
assess the role of facial motion in discriminating between unfamiliar facial identities. In that study, the authors used motion
capture to animate an ‘average face’ with different dynamic facial
identities. They observed that although the face stimuli provided
no reliable visual form cues, observers performed above chance
level in categorizing and discriminating between facial identities
based on the motion cues alone Thus, although this study provides
evidence in support of the SIH, demonstrating that facial motion
can provide a relevant, independent cue for face perception, the
results also suggest that dynamic cues are rapidly acquired and are
relevant for distinguishing and also learning new facial identities
(see also Steede et al., 2007a, 2007b).
One additional avenue of research which has also provided
support for the SIH comes from a small number of studies which
have examined dynamic face processing in individuals with prosopagnosia. Prosopagnosia is a disorder characterised by the inability to recognise the identity of an individual from their face
alone. Although the disorder can result from explicit insult to an
already established face processing system (Bodamer, 1947; Farah,
1990), more recent evidence has highlighted that atypical face
recognition can emerge during development i.e. developmental

prosopagnosia (DP) (Duchaine, Germine, and Nakayama, 2007;
Bradley Duchaine, 2008; Susilo and Duchaine, 2013). To date,
prosopagnosia has been extensively studied through the use of
static face images. These studies have demonstrated that the
processing of static structural form cues in the face is signiﬁcantly
impaired in such individuals (e.g. Bowles et al., 2009; Duchaine
et al., 2007; Duchaine and Nakayama, 2005; Németh et al., 2014;
Palermo et al., 2011; Towler et al., 2012). Interestingly, although
the encoding of structural information is impaired, a small number
of studies have found that the ability to extract idiosyncratic
motion cues to support face processing may remain, to some extent, preserved in prosopagnosia (Lander et al., 2004; Longmore
and Tree, 2013; Steede et al., 2007b).
For example, Lander et al., (2004) observed that HJA (who acquired prosopagnosia and visual agnosia following occipito-temporal damage) was unable to use dynamic cues to support familiar
face recognition or the learning of new facial identities. Nevertheless, the authors reported that HJA could match the identity of
sequentially presented dynamic faces in comparison to static faces.
In other words, HJA could use dynamic information for the purpose of face perception but not face recognition. This performance
in matching dynamic faces is consistent with studies which reported that HJA was not impaired at matching face parts, relative
to whole faces (Boutsen and Humphreys, 2002). Previous studies
have suggested that motion perception was unimpaired in HJA
(Humphreys et al., 1993), therefore HJA may have been able to
exploit motion information, independently from facial form, for
the purpose of face matching. Other evidence from studies involving developmental prosopagnosics has largely supported Lander
and colleagues original ﬁndings. Speciﬁcally, although evidence for
a beneﬁt for motion on face memory has been inconsistent (Esins
et al., 2014; Longmore and Tree, 2013; but see Steede et al., 2007b),
the ability to match moving faces has been reliably observed. For
example, Longmore and Tree (2013) reported better face matching
performance across changes in viewpoint in individuals with developmental prosopagnosia when the same idiosyncratic non-rigid motion was available in the face stimuli during the learning
and test conditions, compared to when all images were static in
nature. In addition, Steede et al. (2007b) observed that CS, a developmental prosopagnosic, could reliably discriminate between
facial identities when only motion cues in the face were available,
irrespective of whether the motion was rigid or non-rigid. Taken
together these results suggest that the ability to extract motion
information for the purpose of perceiving unfamiliar faces (i.e. to
match and discriminate newly learned facial identities) may remain relatively intact in cases of DP. However, the evidence suggests that facial motion may not facilitate memory for faces in DP,
suggesting that facial motion may be difﬁcult to represent in this
cohort (Longmore and Tree, 2013).
In contrast, supporting evidence for the REH has been less
consistent. On the one hand, a number of face matching (Pilz et al.,
2006; Thornton and Kourtzi, 2002) and face memory (Christie and
Bruce, 1998; Lander and Bruce, 2003; Pike et al., 1997) studies in
younger adults have revealed that learning a face in motion, relative to a single static image, can enhance subsequent recognition
of a novel static image of the face. However, when structural information has been equated across both static and dynamic
learning conditions (i.e. presenting multiple static images rather
than the motion sequence of image frames) this enhancement
from dynamic information has often been reduced (Christie and
Bruce, 1998; Lander and Bruce, 2003; but see Pike et al., 1997). It
has therefore been argued that the observed beneﬁt on face processing from ‘dynamic’ face cues may, to some extent, be mediated
by the additional facial form cues available in the motion sequence, rather than the dynamic information enhancing the encoding of available form cues (Lander and Bruce, 2003). Yet, we
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reported better perception in older adults of unfamiliar faces when
the face was initially learned moving relative to a sequence of
static images (Maguinness and Newell, 2014). Ageing is often associated with a decline in the ability to perceive and recognise
unfamiliar faces from static cues alone (e.g. Habak et al., 2008; Lee
et al., 2011). However, we found that when an unfamiliar face was
presented moving during learning, this motion subsequently
beneﬁted the matching of novel static images of that face. Thus,
the performance enhancement observed for learning faces in
motion suggests that facial motion may combine with available
form information to create a more robust structural representation
of the face, i.e. preserving identity matching across image transformations of the face (REH), at least over short term intervals.
This demonstrates that motion does not only act as a source of
information which is extracted independent of facial form information (SIH).
As mentioned previously, the processing of motion for the
purpose of face perception may be underpinned by unique neural
substrates such as the pSTS. The pSTS is considered an area within
the face processing network (see Haxby et al., 2000) which is
primarily concerned with processing the changeable aspects of the
face (Haxby et al., 2000; Pitcher et al., 2011; Pitcher, Duchaine, and
Walsh, 2014; Schultz and Pilz, 2009). This area exhibits enhanced
cortical activation to faces moving in both a non-rigid (Fox, Iaria,
and Barton, 2009; Pitcher et al., 2011; Schultz and Pilz, 2009) and a
rigid manner (Lee et al., 2010a), compared to static face images.
However, recent neuroimaging evidence also suggests that interactions between form and motion areas in the face processing
network may be more pronounced than previously assumed (Furl
et al., 2014; Schultz and Pilz, 2009; Schultz et al., 2013). For example, Schultz and Pilz (2009) observed that classically deﬁned
static form processing areas (e.g. fusiform gyrus) also exhibited an
enhanced functional activation proﬁle (albeit to a lesser extent
than STS) for dynamic compared to static faces, leading the authors to conclude that the integration of facial form and motion
likely occurs in both ventral and dorsal areas of the face processing
network. These interactions lend support to the REH.
However, it has been argued by Pitcher, Duchaine, and Walsh
(2014) that the dissociation between static and dynamic face
processing may be strict. Speciﬁcally, they observed that disrupting the processing of the occipital face area (OFA) in neurotypical
individuals, through the delivery of thetabusrt transcranial magnetic stimulation (TBS), did not affect the functional response
proﬁle in pSTS to moving face images, yet it did reduce the pSTS
response proﬁle to static face images. This preserved activation in
pSTS appears to be consistent with the SIH, suggesting that dynamic facial information may engage pSTS independent of available form cues. However, as there were no task demands in that
study (but see Pitcher, 2014) it is difﬁcult to conclude what speciﬁc
aspects of face processing, e.g. identity processing, may have been
sub-served through the functional activity in pSTS.
In summary, there is some evidence to suggest that facial
motion is an important source of information for face processing,
with studies suggesting that facial motion can improve the perception and recognition of both familiar and unfamiliar faces. In
the case of prosopagnosia, there is some suggestion that access to
facial motion processing may be preserved, suggesting that motion
may support identity processing in DP (Longmore and Tree, 2013;
Steede et al., 2007a). Thus, in the same way that dynamic cues can
support face recognition in neurotypical younger adults when
available form cues are degraded (e.g. Lander et al., 1999) this
processing of independent sources of information may beneﬁt face
perception in prosopagnosia. Taken together, these results support
a possible dissociation between the mechanisms involved in static
and dynamic face processing (SIH). However, the results from
Maguinness and Newell (2014) and a number of previous studies

283

(Otsuka et al., 2009; Pilz et al., 2006; Thornton and Kourtzi, 2002)
also demonstrate that learning a face in motion can enhance the
structural (i.e. form) representation of the face, suggesting that
static and dynamic cues are likely to interact when encoding facial
identity, in line with the representation enhancement hypothesis
(REH). It is therefore, unclear whether motion information will
enhance or interfere with the processing of facial information in
individuals with DP since, to the best of our knowledge, no study
has explicitly tested how facial motion may affect the representation of facial form in this population.
In a series of matching experiments reported below we examined how learning a face in motion, relative to a static sequence
presentation, may affect the subsequent ability to match an image
of that face across changes in viewpoint and expression. We tested
performance on these tasks in two developmental prosopagnosics,
UM and PL, and compared their performance to a group of agematched, neurotypical individuals (i.e. the control group). We used
a face-matching paradigm as this has been previously shown to be
sensitive to the effects of motion on face learning in neurotypical,
younger (Pilz et al., 2006; Thornton and Kourtzi, 2002) and older
(Maguinness and Newell, 2014) adults, as well as being sensitive to
detecting idiosyncratic motion processing in prosopagnosia
(Lander et al., 2004; Longmore and Tree, 2013). In separate experiments, we investigated how rigid motion (Experiment 1) and
non-rigid motion (Experiment 2) may affect face perception using
the same, immediate matching paradigm for both categories of
motion. We also examined if (non-rigid) motion cues in the face
can be used to support the perception of social information from a
face, rather than identity, in DP (Experiment 3).

2. Case reports
UM is a 76 year old female, who has a self-reported difﬁcultly in
recognising facial identity, in the absence of any history of neurological damage. This deﬁcit has been consistent throughout her
life and she has relied on compensatory strategies for recognition,
including environmental context and external facial feature
matching, such as hairstyle. UM describes her experience of
viewing faces as that she can clearly see the eyes, nose and lips,
that the features do not appear jumbled but that when viewed
together they do not make one person appear reliably different
from another. She reports that her mother and ﬁve of her siblings,
as well as her niece, also have this deﬁcit, providing further evidence for the hereditary nature of the disorder (see also Duchaine,
Germine, and Nakayama, 2007; Grueter et al., 2007; Grüter, Grüter, and Carbon, 2008; Kennerknecht et al., 2006; Lee et al., 2010b).
UM reports that she can, however, readily detect the expression,
attractiveness and sex of a face and that she has no deﬁcit in her
ability to recognise objects or animals. However, UM does report
spatial disorientation, particularly while driving or navigating
unknown environments which appears to be commonly associated with developmental prosopagnosia (see e.g. Grueter et al.,
2007).
PL is a 73 year old female, who reports a distinct deﬁcit in her
ability to recognise facial identity but has no history of brain
trauma or insult. However, unlike UM, PL is unaware of any existing relatives who may also share her condition. She reports both
a complete failure to recognise familiar faces and the incorrect (i.e.
‘false alarm’) recognition of unfamiliar faces. However, when PL is
prompted on the identity of a face she has no difﬁculty in recalling
semantic information pertaining to the individual (e.g. relationship
to, occupation etc). Again like UM she does not report a deﬁcit in
the ability to identify objects or animals and can also readily recognise the expression and sex of a face. Like UM, PL heavily relies
on environmental context for face recognition. Both UM or PL
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were identiﬁed to us as having a deﬁcit in the processing of faces
when they volunteered for a separate study which involved a
more general assessment of perceptual function in ageing. In order
to conﬁrm their self-report deﬁcit in face recognition and preserved recognition of other visual stimuli, both UM and PL were
tested on a large battery to assess visual and cognitive function, as
well as the processing of both face and non-face stimuli.

3. Participant characteristics
3.1. Sensory and cognitive function
Both UM and PL scored within the normal range Z24 of 30 on
the Montreal Cognitive Assessment (MoCA) and Mini Mental State
Exam (MMSE), both reliable indicators of global cognitive function
status (Folstein et al., 1975; Luis et al., 2009; Nasreddine et al.,
2005). Visual acuity, was acceptable for age as measured at 40 cm
(binocular LogMar score; UM¼0.06, PL ¼0.2), as was contrast
sensitivity (score UM, PL ¼1.95) measured using the Pelli–Robson
Contrast Sensitivity Test.
In order to characterise the speciﬁcity of UM and PL's face
processing deﬁcit, a large battery of face and object processing
tests were administered to each prosopagnosic and 16 age-matched controls (14 female; all right handed; mean age¼69.4 years,
SD ¼5.6 years)1. All participants in the control group scored Z24
of 30 on the MoCA, had normal visual acuity for their age as
measured at 40 cm (mean binocular LogMar score ¼ 0.13, SD¼ 0.1)
and normal contrast sensitivity (mean score¼1.94, SD ¼0.03)
measured using the Pelli–Robson Contrast Sensitivity Test. The
results for UM and PL and control performance on all administered
face and object processing tests are summarised in Table 1. UM
and PL scores on each administered test were compared to the
age-matched controls using a modiﬁed t-test described by Crawford et al., (2010). The test is designed to compare whether a single
case score is signiﬁcantly different from a control or normative
sample. This analysis was carried out using the revised statistical
package (SINGLIMS) (Crawford et al., 2010; see Crawford and
Garthwaite, 2002; Crawford and Howell, 1998 for prior versions of
statistical tests) which provides a signiﬁcance test and conﬁdence
limits on the abnormality. Note that comparing the scores for UM
and PL to existing available normative scores is problematic due to
their age. Comparison to available data will inﬂate the likelihood
of a misdiagnosis of prosopagnosia, as older age is associated with
a reduction in performance on many of the administered tests (e.g.
see Bowles et al., 2009).
3.2. Test 1. Cambridge face memory test
We ﬁrstly examined face recognition using the original Cambridge Face Memory Test (Duchaine and Nakayama, 2006), which
is considered a reliable measure of face memory performance. For
the Cambridge Face Memory Test (Duchaine and Nakayama, 2006)
the results of the prosopagnosic individuals were compared to
data from 22 age-matched controls which were collected at an
earlier stage of testing (9 female; 20 right handed; mean age 72.1,
SD ¼7.3 years). These 22 individuals did not take part in the larger
battery of testing. All 22 had normal visual acuity for their age as
measured at 4 m (mean binocular LogMar score ¼ 0.1, SD¼ 0.1) and
normal contrast sensitivity (mean score¼1.9, SD ¼0.1) and scored
Z24 of 30 on the Montreal Cognitive Assessment (MoCA). PL's
1
These 16 controls took part in the Cambridge Face Memory Test- Australian
(McKone et al., 2011) and tests 2–5. However, control performance for the original
Cambridge Face Memory Test (Duchaine and Nakayama, 2006) was based on data
collected from a different group of 22 age-matched older adults.

Table 1
Scores for developmental prosopagnosics UM and PL and age-matched controls
(with standard deviations) on the face and object test battery. Scores in bold indicate impaired performance.

Face Processing
Cambridge Face Memory Test
CFMT Total
Cambridge Face Memory TestAustralian
CFMT Total
Famous Faces Test
FFT (familiar with)
FFT (correctly identiﬁed)
Benton Facial Recognition Test
BFRT (age adjusted scores)
Cambridge Face Perception Testn
CFPT Upright
CFPT Inverted
Object Processing
Cambridge Car Memory Test
CCMT Total
Birmingham Object Recognition
Battery
BORB Picture Naming
BORB Object Decision
BORB Association Match
BORB Minimal Feature Match

UM

PL

Age-matched
Controls

N

36/72

32/72

43.0/72 (6.4)

22

51.8/72 (7.5)

16

25/72
38/40
16/40

38/40
4/40

38.4/40 (2.2)
27.7/40 (8.4)

16
16

35/54

47/54

46.9/54 (3.7)

16

72/93.3 72/93.3 50.0/93.3 (11.4)
86/93.3 80/93.3 76.9/93.3 (15.9)

16
16

45/72

46/72

45.3/72 (6.9)

16

67/76
22/32
29/30
25/25

65/76
29/32
28/30
25/25

70.3/76 (3.2)
25.7/32 (2.5)
29.7/30 (0.6)
24.8/25 (0.4)

14
14
14
14

n
93.3 is the reference point for chance performance on the CFPT, higher scores
indicate poorer performance.

overall CFMT performance was signiﬁcantly poorer than controls [t
(21) ¼-1.68, p ¼0.05, ZCC ¼  1.72, 95% CI ¼  2.38,  1.05]2. However, UM's overall CFMT performance did not reliably differ from
controls' [t(21) ¼  1.07, p¼ 0.15, ZCC ¼  1.72, 95% CI ¼  1.62,
 0.55]. In light of this, we also administered the Cambridge Face
Memory Test-Australian (McKone et al., 2011). This test is identical
in format to the original CFMT but has been shown to be more
sensitive to detecting face processing impairments in participants
from Northern European/British Isles owing to the matching ethnicity of the face stimuli used. UM's overall performance on the
CFMT-Aus was signiﬁcantly poorer than controls [t(15) ¼  3.47,
p¼ 0.002, ZCC ¼  3.57, 95% CI ¼  4.92,  2.21].
3.3. Test 2. Famous face test
We also examined face recognition using an custom-designed
version of Famous Face Test which was similar in format to that
previously reported in the literature (e.g. Duchaine et al., 2007) but
included faces which would be considered famous within Ireland.
Speciﬁcally, we presented a set of 40 faces of local and international actors, politicians and television personalities. All faces were
presented in the centre of the screen for 5 s and images were
cropped so that external features of the face, (e.g. hair or clothing)
were not visible. After each face presentation participants were
asked to report aloud the name of the face. If they could not retrieve the name, but indicated that the face was familiar, participants were encouraged to provide any unique identifying information about the individual. Unique identifying information
was scored as a correct response. For example, responses to the
face image of Daniel Day Lewis which included that “he starred in
the movie entitled ‘My Left Foot’” were accepted, however generic
responses such as ‘actor’ were not. We calculated accuracy as the
2
ZCC or ZDCC ¼Effect Size for difference between case and controls; CI ¼ Conﬁdence Interval
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number of correctly identiﬁed faces divided by the number of faces presented. We also recorded the number of identities with
which participants reported being familiar. We conﬁrmed familiarity with the face images by reading aloud a list of the names of
all the faces which were presented during testing and asking
participants to state whether they had sufﬁcient exposure to each
identity in the media. We observed that both UM and PL showed
the same level of familiarity with the list of faces (38/40) and that
their performance did not differ from that of the control group [t
(15) ¼  0.17, p ¼0.43], conﬁrming the reliability of the face stimuli
used. However, PL showed a signiﬁcant impairment in recognising
the images of famous faces [t(15) ¼  2.78, p ¼0.007, ZCC ¼  2.85,
95% CI ¼-3.97, 1.72] and UM’s performance was similar, although
a non-signiﬁcant trend for poorer recognition of famous faces was
observed [t(15) ¼  1.37, p ¼0.09, ZCC ¼ 1.41, 95% CI ¼  2.10,
0.70]. See Table 1 for a summary of these results.
3.4. Test 3. Cambridge face perception test
Face perception was also assessed using the Cambridge Face
Perception Test (Duchaine et al., 2007), a test which examines face
perception, rather than face memory. Compared to controls both
prosopagnosics were impaired to the same degree on the upright
trials in this task (72/93.3), ﬁnding it difﬁcult to detect subtle
differences across face images [t(15) ¼ 1.87, p ¼0.04, ZCC ¼ 1.93, 95%
CI ¼1.08, 2.76]. However, when images were inverted there was no
observable difference between the performance of older controls
and that of UM's [t(15) ¼0.37, p ¼0.36] or PL's [t(15) ¼0.004,
p ¼0.49]. Therefore, the deﬁcit observed in the performance of
each prosopagnosic appears to be largely speciﬁc to processing
which underpins face perception (Maurer et al., 2002; Yin, 1969)
rather than a general deﬁcit in visual perception.
3.5. Test 4. Benton face recognition test
In line with previous reports, the Benton Face Recognition Test
was sensitive only to low level face processing impairments in one
prosopagnosic; UM [t(15) ¼  3.12, p ¼0.004, ZCC ¼-3.21, 95%
CI ¼  4.44, 1.96], while compared to controls PL's performance
appeared normal [t(15) ¼0.03, p ¼0.49]. This test has been shown
to be poor at detecting face processing impairments as observers
can apply unusual strategies to complete the task, such as feature
matching using hairlines (Duchaine and Nakayama, 2006; Duchaine and Nakayama, 2004).
3.6. Test 5. Tests of object processing
In terms of object processing both UM [t(15) ¼-0.04, p ¼0.49]
and PL's [t(15) ¼0.11, p ¼ 0.46] performance on the Cambridge Car
Memory Test, an object recognition test identical in format to the
CFMT, was similar to controls. Due to time constraints 2 of the
controls did not return to complete the entire object testing battery and thus scores for the Birmingham Object Recognition Battery (Riddoch and Humphreys, 1993) are based on 14 older adults
only (see Table 1). Both prosopagnosics showed similar performance to controls on object recognition and object knowledge
using the Picture Naming test (Long Version) [UM: t(13) ¼  0.99,
p ¼0.17; PL: t(13) ¼ 1.6, p ¼0.07], the Object Decision test (Hard
Version A) [UM: t(13) ¼1.25, p¼ 0.17; PL: t(13) ¼  1.43, p ¼0.1] and
the Minimal Feature Match [UM and PL: t(15) ¼0.55, p¼ 0.30] from
the Birmingham Object Recognition Battery (BORB; Riddoch and
Humphreys, 1993). However, while performance for the Association Match Task was normal for UM [t(13) ¼ 1.17, p ¼0.30], PL's
results showed evidence of impaired performance on this task [t
(13) ¼  2.73, p ¼0.008, ZCC ¼  2.83, 95% CI ¼  4.02,  1.63]. Overall, the results from the object processing battery conﬁrm previous
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reports of relatively well preserved object processing in this population (Duchaine et al., 2006; also see Germine et al., 2011 for
further evidence of dissociations between face and object
processing).

4. Experiment 1
In Experiment 1 we tested participants' ability to match unfamiliar faces for identity depending on whether the face was initially viewed moving or not. Speciﬁcally, both UM and PL and an
age-matched group of participants ﬁrst learned an unfamiliar face
shown either moving (rigid motion of the head) or through a sequence of static images extracted from the same moving sequence.
In each trial, following the learned face, participants were then
immediately provided with two static images of faces and were
asked to identify the face image which matched the previously
learned face. The target face image was shown from a learned or a
novel viewpoint. In order to assess how motion affects the structural representation of the face, we compared matching accuracy
to novel relative to learned face images, across static and dynamic
learning conditions, for both prosopagnosics and controls. Face
recognition can be said to occur when identity can still be matched
despite changes in viewpoint or expression, as this type of
matching relies on the ability to represent the essential structure
of the face, rather than image characteristics of the learned face
(Bruce, 1982).
We predicted that if form and motion information are related
cues for perceiving faces, then matching face images may beneﬁt
from the presence of motion in the learned face. In neurotypical
individuals, the processing of faces shown moving, may enhance,
or at least not detract from, encoding the structural representation
of the face (e.g. Maguinness and Newell, 2014). On the other hand,
in the case of prosopagnosia it is not clear whether motion may
enhance or further impair face perception. For example, face
motion may provide an intact source of information for learning
faces, and can improve matching performance across moving faces, as previous studies have shown. However, given that our task
involves matching faces based on their form information only (i.e.
the test images are static), then it is possible that the presence of
motion during face learning may detract from, rather than enhance, the structural representation of facial identity in DP.
Moreover, these effects might be modulated by the type of facial
motion i.e. rigid or non-rigid (e.g. Hill and Johnston, 2001).
4.1. Method
4.1.1. Participants
Sixteen, community-dwelling, older adults were recruited for
this task. All participants were naive as to the purpose of the experiment. Data collected from two of the older adults was subsequently removed from analysis for the following reasons; one individual had cataracts at the time of testing, while the other individual showed evidence of cognitive decline and scored 20 of
303 on the Montreal Cognitive Assessment (i.e. MoCA, Nasreddine
et al., 2005). Data from the other 14 older adult participants were
included in subsequent analyses (5 female, 13 right handed, mean
age¼72.9 years; SD¼ 7.9 years). Note that the older adult group
were matched in age (mean age¼ 72.9 years) with both UM (76
years) and PL (73 years). All participants scored within the normal
range (i.e. Z24 of 30) on either the MoCA or the Mini Mental State
Exam (Folstein et al., 1975) indicating no evidence of cognitive
3
It is argued that MoCA scores of r 23 are indicative of cognitive decline (Luis
et al., 2009).
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impairment. All age-matched participants had normal visual
acuity as measured at 40 cm (mean binocular LogMar score¼0.06,
SD ¼0.1) and contrast sensitivity (mean score¼1.88, SD ¼0.1, assessed using the Pelli–Robson Contrast Sensitivity Test) for their
age. All participants wore appropriate corrective lenses, if needed,
at the time of testing. Owing to the timeline of testing these participants did not overlap with the initially recruited age-matched
controls who were used to conﬁrm a diagnosis of developmental
prosopagnosia in UM and PL. This is common practise where a
control group, or published norms, are originally used to characterise and establish the nature of the face processing deﬁcit in
individuals presenting with suspected DP. In subsequent experimental studies age-matched controls were recruited for comparative analysis with the performance of the prosopagnosic
individuals.
4.1.2. Stimuli and apparatus
The stimulus set was comprised of 20 colour videos of 20 unique faces (9 female, 11 male) taken from the Amsterdam Dynamic
Facial Expression Set (van der Schalk et al., 2011). Each video depicted an individual actor's face moving in a rigid manner between
a frontal and 45° view. Video sequences began either with the
actor directly facing the front (0°) and then turning their head to
their right (45°), or with the actor facing towards their left (45°)
and turning to face the front (0°). We refer to these conditions as
‘turn to right’ and ‘turn from left’ respectively hereafter. In each
video sequence, the actor displayed a neutral expression and the
actor's hair was visible during recording. All videos were edited in
VirtualDub open source video editing software (www.virtualdub.
org) to be 29 frames in length and were displayed at a rate of 25
frames per second. All video clips were 1125 ms in duration. Three
static stimuli were extracted from the 20 edited videos. The static
stimuli consisted of the ﬁrst frame, a mid-sequence frame (on
average frame 15) and the last frame of the video clip. The display
duration of each static image was 375 ms. The three static images
were shown in sequence (i.e. ﬁrst, mid, last frame), and an inter
stimulus interval (ISI) of 150 ms was added between image presentations to avoid potential effects from implied motion. Thus for
each facial identity a dynamic and a static sequence was created
(40 target stimuli). The videos and the static images were presented for an equal amount of time (1125 ms) during the learning
exposure. The stimulus set is also described in more detail in
Maguinness and Newell (2014).
The static test images were comprised of the ﬁrst and ﬁnal
frame of either the turn to right or turn from left video. Test images
were either shown during the static learning condition (i.e.
‘learned’) or not (i.e. ‘novel’). ‘Learned’ test images consisted of a
frontal viewpoint, as each video sequence always contained this
same frontal view. ‘Novel’ test images were that of an unseen 45°
view (either left or right-facing). In order to occlude non-facial
features such as hairstyle, a black mask was added to each static
test image using Adobe Photoshops. The experiment was programmed in and run using Presentations software and was presented on a Dell OptiPlex 755 PC and displayed on a HP L1710 17′′
LCD colour monitor. The screen resolution was set to 1024  768
pixels and the video clips and static images were presented at a
resolution of 540  432 pixels. Participants were positioned in
front of the screen at a distance of approximately 60 cm. As such,
the videos and static images subtended a visual angle of approximately 19.1° horizontally and 15.3° vertically on the screen.
The experiment was conducted on-site, in a testing laboratory.
4.1.3. Design
The experimental protocol was based on a delayed matched to
sample, two alternative forced choice paradigm (2AFC), in which a
target face was ﬁrst shown in the centre of the screen and was

followed by a pair of face images shown simultaneously, to the left
and the right of the screen. The participant was required to learn
the target face and then to choose which of the two test faces
matched the identity of the previous target face. The dependant
variable was response accuracy to match the identity of the target
and test face.
The experiment consisted of 80 trials in total. In half of the
trials the target face was presented as a video (i.e. dynamic) while
in the other half of the trials the target face was presented as
3 sequential static images. Half of the age-matched control participants were shown the turn to right sequence in the learning
phase and then presented with the 45° left view of the actor's face
as the novel viewpoint in the test, while the other half were shown
the reverse i.e. the turn from left sequence as the target face and
then the 45° right view of the actor's face as the novel viewpoint.
In age-matched controls both sequences produce similar performance (Maguinness and Newell, 2014). However, for consistency
both the prosopagnosic participants were exposed to the turn to
right sequence in the learning phase and then presented with the
45° left view of the actor's face as the novel viewpoint in the test.
The two test face images were always presented from the same
view, and one always matched the identity of the target face. In
half of the trials the test images were presented from a frontal, i.e.
learned view. In the other half of trials, test images were of a novel
45° view of the face which was not seen during the presentation of
the target face.
The 80 trials were presented in a single test block and the order
of trials was randomized across participants. One of the test faces
on the left and right side of the screen was always a correct match,
while the other was a distractor face (see Fig. 1a for an illustration
of a sample trial). The distractor face was always matched to the
sex of the target face and faces were paired by facial similarity. The
position of the correct matched face (left or right on the screen)
was counterbalanced across trials. Each face identity appeared
twice as a target face and twice as a distractor face in both the
dynamic and static conditions. The number of exposures to each
facial identity was therefore counterbalanced across learning
conditions.
4.1.4. Procedure
Participants were informed that they should learn the face
presented in the centre of the screen and, following a short delay
(500 ms), they should indicate whether the image of the left or
right of the screen matched the identity of the face they had
previously learned. Participants were instructed to press the “z”
key on the keyboard if the image on the left matched the identity
previously viewed or the “m” key if the image on the right matched the identity previously viewed. Participants were instructed
to indicate their responses as quickly and as accurately as possible.
The test images remained onscreen until a response was made. A
response triggered the offset of the current trial and the onset of
the next trial. Each trial was preceded by an inter-trial interval of
500 ms in which a ﬁxation cross was displayed.
4.2. Analysis
4.2.1. Viewpoint change cost
Due to variability in performance between age-matched controls and developmental prosopagnosic individuals, we calculated
performance on this task as the relative difference in matching
accuracy (percent correct) for the learned and novel viewpoints,
which was normalised to each individual's own ‘baseline’ accuracy
performance for matching the learned viewpoints [(learned-novel)]/learned  100]. This score was calculated for both prosopagnosics as well as each individual in the age-matched group,
and a separate score was calculated for both static and dynamic
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Fig. 1. a) An example of a trial which illustrates the face images shown in the static (upper panel) and rigid motion (lower panel) training conditions used in Experiment 1. b)
An example of a trial from Experiment 2 which illustrates face images shown in the static (upper panel) and non-rigid motion (lower panel) training conditions used in
Experiment 2. In both illustrations, the pair of images shown on the right depicts the test phase and includes an image of the target and the distractor face. In the upper panel
of a) an example of a novel view of the target face is shown whereas in the upper panel of b) a novel expression of the target face is illustrated. The lower panels of (a) and
(b) depict the learned face images.

target training conditions. We refer to this score as the viewpoint
change cost. This score more accurately reﬂects the relative cost in
performance for matching novel compared to learned views of the
face as it takes into account the cost in performance with changes
in view as a consequence of their overall performance when no
view change occurred. Similar procedures have been applied in
other face processing studies to account for variability in participant performance (e.g. Russell et al., 2012). We also applied this
normalising procedure to the data reported in Maguinness and
Newell (2014).4 The absolute accuracy scores for matching learned
and novel viewpoints of the face, across static and dynamic
learning conditions for each prosopagnosic and the age-matched
control group can be viewed in Table 2.
A paired t test was used to compare the viewpoint change cost
for both static and dynamic target face learning conditions, for the
age-matched older adult group. The Revised Standardized Difference Test (RSDT) (revised see Crawford et al., 2010; original see
Crawford and Garthwaite, 2005) was used to compare the viewpoint change cost in prosopagnosics relative to controls, for both
4
Note that the age-matched control data reported for Experiment 1 are that
reported in Maguinness and Newell (2014).

the static and dynamic learning conditions. The RSDT assesses
whether the observed difference between a case's score on two
tasks X and Y, in this case static or dynamic learning conditions,
differs from the observed difference between task scores in X and
Y in a control or normative population. It is an appropriate test
even with a modest control sample size and has been used in the
prosopagnosic literature to compare performance across different
experimental conditions, as applied in the current context (e.g.
Longmore and Tree, 2013). The test provides a t score and a point
estimate of the effect size for the difference between the case and
controls (Z-DCC) and an accompanying 95% conﬁdence interval.
4.3. Results
4.3.1. Viewpoint change cost
The cost in face matching performance with a change in
viewpoint is shown for each of the prosopagnosic individuals and
their age-matched controls in Fig. 2a. In terms of age-matched
controls performance analysis revealed that the cost associated
with matching a face across novel viewpoints was similar across
both learning conditions [t(13) ¼1.48, p ¼0.16] although it was
more pronounced for the static (M cost ¼ 8.9%) than dynamic (M
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Table 2
The mean percent accuracy performance (with standard deviations), for each
prosopagnosic and age matched controls, in matching facial identities across
learned and novel views (Experiment 1) and expressions (Experiment 2) of the
face; and matching expressions across same and different facial identities (Experiment 3).
UM

PL

Age-Matched
Controls

Static Dynamic Static Dynamic Static
Experiment 1: Rigid Motion (Identity Matching)
Learned View
90
95
95

85

Novel View

90

85

90

80

Experiment 2: Non-Rigid Motion (Identity Matching)
Learned Expression
95
95
95
90
Novel Expression

85

65

75

55

Dynamic

89.6
(10.5)
81.4
(12.0)

87.5
(10.0)
85.0
(11.9)

91.1
(8.4)
76.1
(16.4)

91.1
(6.8)
83.9
(8.1)

Experiment 3: Non-Rigid Motion (Expression Matching)
Same Identity (An)
100 100
100 100
Same Identity (Cn)
100 100
100 100
Different Identity (Bn) 100 100
100 100
Different Identity (Dn)
90 100
100 100
n

Denotes trial type; see Fig. 4 for an illustration of each trial type.

cost ¼2.8%) learning conditions. The results demonstrated that
both UM [t(13) ¼ 0.35, p ¼0.37] and PL [t(13) ¼0.96, p ¼0.18]
showed a similar pattern of performance to that of the control
group, such that the cost associated with matching the face across
a novel viewpoint was similar for both learning conditions (see
Fig. 2a and b). Note that Fig. 2a plots UM and PL's viewpoint
change cost and the mean performance of the age-matched controls. However, in Fig. 2b both UM and PL's viewpoint change cost
is plotted in relation to each individuals' score in the age-matched
control group.
4.4. Discussion
The results suggest similar face matching performance across
both age-matched controls and the prosopagnosic individuals.
Speciﬁcally, performance for matching faces across novel viewpoints was similar when the face had been learned moving in a
rigid manner or from a series of static images. Furthermore, performance was relatively good across these matching conditions in
all individuals (80% in any condition). This suggests that rigid
motion did not detract from the encoding of facial form cues in DP.
However, it is possible that this may relate to the type of motion
used. Speciﬁcally, rigid motion may still facilitate image matching
strategies as the internal features of the face remained constant.
Indeed, other studies have demonstrated that prosopagnosics can
face match, although they may engage unusual, or non-face speciﬁc strategies to do so, such as direct feature matching (e.g.
McKone et al., 2011).

Fig. 2. (a) Plot showing the mean cost in accuracy for matching a novel relative to a
learned viewpoint of the target face, across each of the prosopagnosics and their
age-matched controls tested in Experiment 1. The results are shown for each of the
static or dynamic (rigid motion) target face learning conditions. Error bars
show7 1 standard error of the mean (SEM). (b) Plot showing individual data points
for the cost in accuracy for matching a novel relative to a learned viewpoint of the
target face, for age-matched controls and prosopagnosics tested in Experiment 1
(rigid motion). The results are shown separately for the static (upper plot) or dynamic (lower plot) target face learning conditions.

5. Experiment 2
The purpose of Experiment 2 was to examine how learning a
face in non-rigid motion, compared to a static image sequence,
may affect the subsequent matching of the facial identity across
changes in expression in UM and PL, relative to age-matched
controls. It is likely that, compared to rigid motion, non-rigid
motion may present a particular challenge for DPs in the current

matching task. In contrast to the rigid motion, non-rigid motion is
characterised by the change in the internal features of the face
over time. As such it may be difﬁcult to produce normal matching
performance when the face has been learned in non-rigid motion,
compared to rigid motion, by employing an image or feature
matching strategy (Thornton et al., 2011). Indeed, while Steede
et al. (2007b) noted that developmental prosopagnosic CS could
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use facial motion for discriminating and learning identities, they
suggested that CS may have been using a learning strategy which
differed from controls; one which was particularly centred on rigid
(e.g. head shaking), compared to non-rigid motion (e.g. idiosyncrasy of a smile). As such, in comparison to the results from Experiment 1 it is possible that the presence of non-rigid motion
during face learning, may render face identity matching across
novel expressions, based on form cues only (i.e. the test images are
static), more error prone in this population.
5. Method
5.1.1. Participants
In addition to UM and PL, 17 age-matched older adults participated in this experiment, none of whom took part in the previous experiment and were therefore naïve as to the identity of
the test stimuli. However, 3 datasets were subsequently removed
as it was revealed that the individuals had cataracts at the time of
testing. Data from 14 age-matched controls5 were therefore included in subsequent analyses (11 female, 13 right handed, mean
age¼ 72.9 years; SD ¼ 6.4 years). All participants scored above the
cut off of Z24 of 30 on the MoCA. All participants had normal
visual acuity for their age, as measured at 4 meters (mean binocular LogMar score¼0.05, SD ¼0.04) and 40 cm (mean binocular
LogMar score¼ 0.02, SD ¼0.06). Contrast sensitivity was also normal for age and was assessed using the Pelli–Robson Contrast
Sensitivity Test (mean score¼ 1.9, SD ¼0.08). All participants wore
appropriate corrective lenses, if needed, at the time of testing.
5.1.2. Stimuli and apparatus
The stimulus set is as described in Experiment 1 with the exception that the actor directly faced the camera at all times (frontal
view 0°) and the facial movement involved the actor transitioning
from a neutral to a happy or angry facial expression. Note that the
3 static images extracted from the video sequence consisted of the
ﬁrst frame (i.e. neutral expression), a mid-sequence frame (usually
frame 15) and the ﬁnal frame of the video (i.e. the apex of the
happy or angry expression).
5.1.3. Design
All other details of the design are as reported in Experiment 1,
with the exception that target and test images varied by expression and not viewpoint. The two test faces were always static
images and were taken from the last frame of the video sequence.
In half of the trials the test images were of the apex of the expression shown during the target face presentation. In the other
half of trials the images were of a novel expression which was not
seen during the target face presentation. All age-matched control
and prosopagnosic participants were shown the ‘happy’ expression as the target face and the angry expression as the novel expression (with identity unchanged in the target face image). An
illustration of a trial including example stimuli is shown in Fig. 1b.
5.1.4. Procedure
The procedure was as described in Experiment 1 with the exception that participants were required to match the identity of a
previously learned face (moving or static) in face images in which
the facial expression was the same or novel.
5.1.5. Analysis
The analysis of the accuracy data is as described in Experiment
1 with the exception that a relative expression change cost was
calculated for each age-matched control and prosopagnosic
5

7 of these data sets are also reported in Maguinness and Newell (2014).
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participant. We calculated the relative difference in accuracy
for matching faces across learned and novel expressions, normalised to each individual's own ‘baseline’ accuracy performance
for learned expressions of the face i.e. [(learned-novel)]/
learned  100]. This was calculated separately for both static and
dynamic trials.
5.2. Results
5.2.1. Expression change cost
We compared the expression change cost for static and dynamic learning conditions in age-matched controls using a paired
t-test. This analysis revealed that the cost associated with
matching the face across novel expressions was signiﬁcantly reduced when the face had been learned in motion relative to static
presentation [t(13) ¼2.43, p ¼0.03]. In line with Experiment 1, the
expression change cost was also compared for each prosopagnosic
individual across each of the learning conditions (i.e. in motion or
through static images), to the expression change cost for the agematched controls performance using the RSDT (Crawford et al.,
2010). Performance across each prosopagnosic individual and the
mean performance for the control group is shown in Fig. 3a. UM
and PL's performance is also plotted with each individual's (n ¼14)
expression change score in the control group, for static and dynamic learning conditions, in Fig. 3b. These analyses revealed that
for both UM [t(13) ¼3.37, p ¼ 0.005, ZDCC ¼  3.80, 95% CI ¼  5.60,
 2.28] and PL [t(13) ¼ 3.45, p¼ 0.004, ZDCC ¼  3.88, 95%
CI ¼ 5.86,  2.21], the cost associated with matching the face
across a novel expression was signiﬁcantly increased when the
face had been learned in motion rather than through static images.
In other words, the performance of both prosopagnosic individuals
was the reverse pattern of performance to that of the control
group whose performance beneﬁtted from the provision of motion
during face learning.
5.3. Discussion
The Fig. 3a and b results from Experiment 2 demonstrate that
in neurotypical older adults the cost in accuracy performance
when matching facial identity across changes in expression can be
reduced when the face was previously learned in motion rather
than static snapshots. Indeed, the cost in performance decreased
by almost 10% (i.e. from 16.4% in the static learning condition, to
7.8% in the dynamic learning condition). Thus, it appears that
motion may promote face constancy across incidental changes in
image characteristics of the face, particularly in an older age group
(see also Maguinness and Newell, 2014). Furthermore, this dynamic enhancement appears greatest when the learned face is
presented moving in a non-rigid manner, in comparison to rigid
motion of the face (which incurred a non-signiﬁcant enhancement
of approximately 6%, as shown in Experiment 1). However, in
contrast to the performance of the control participants, non-rigid
motion signiﬁcantly interfered with matching identity across
changes in expression in both UM and PL. For both of these individuals, the number of face-matching errors increased when the
learned face was moving rather than when it was presented
through multiple static images. This ﬁnding suggests that facial
motion detracted from the encoding of facial form information in
this population. However, it is important to note that the non-rigid
motion employed in this instance depicted expressive movements
(i.e. emotion). Previous studies which have assessed the processing of dynamic face information for identity perception in prosopagnosia have typically used stimuli depicting non-rigid motion
cues associated with speech gestures (e.g. Longmore and Tree,
2013; Steede et al., 2007b, but see Lander et al., 2004). As such, it is
possible that the processing of dynamic expressive movements
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6. Experiment 3
The results from Experiment 2 suggested that non-rigid motion
interfered with prosopagnosics' ability to match facial identity
across changes in expression. As highlighted, it is possible that this
may relate to a general deﬁcit in the processing of non-rigid motion or to a speciﬁc deﬁcit in the processing of non-rigid motion
for facial identity only. We attempted to tease apart these possibilities using a similar matching paradigm to that reported in
Experiment 2 with an essential change to the task instructions: in
the following task both PL and UM were required to match the
learned expression of the face, across static and dynamic learning
conditions, and when the test face either had the same facial expression or not (irrespective of facial identity).
6.1. Method
6.1.1. Design
In line with the design of Experiment 2, both UM and PL were
presented with the ‘happy’ expression as the target expression.
Similarly, in half of the trials, faces were presented in motion
during learning, while in the remainder of the trials the target face
was displayed as a static image sequence. As before, a factorial
design was used during the test phase between facial identity and
facial expression. As such, half of the test faces (40 trials) were
matched on facial identity and facial expression, while the other
half of the test faces (40 trials) were matched on facial expression
but not on identity. When the face matched on identity and expression (i.e. matched to the target face), half the trials contained a
distractor test image of a same (20 trials, see A of Fig. 4) or different identity (20 trials, see C of Fig. 4) to the target that did not
match the facial expression of the target face. When the face did
not match on identity, but only on expression, half the trials
contained a distractor test image of a same identity (20 trials, see B
of Fig. 4) or different identity (20 trials, see D of Fig. 4). During the
test phase, faces were presented in pairs based on a 2AFC protocol
as before, and only one face in each pair matched the expression of
the learned face, irrespective of identity. There were 80 trials in
total. See Fig. 4 for an illustration of the four possible test image
combinations.
6.1.2. Procedure
The procedure is as described in Experiment 1, with the exception that the participant matched the expression (as opposed
to the identity) of the learned face by choosing from two available
static images onscreen.

Fig. 3. (a) Plot showing the mean cost in accuracy for matching a novel relative to a
learned expression of the target face, for age-matched controls and prosopagnosics
tested in Experiment 2. The results are shown for each of the static or dynamic
(non-rigid motion) target face learning conditions. Error bars show 7 1 standard
error of the mean (SEM). (b) Plot showing individual data points for the cost in
accuracy for matching a novel relative to a learned expression of the target face, for
age-matched controls and prosopagnosics tested in Experiment 2 (non-rigid motion). The results are shown separately for the static (upper plot) or dynamic (lower
plot) target face learning conditions.

may represent a particular challenge for prosopagnosics. However,
a number of studies have suggested that facial expression analysis,
at least for static face stimuli, may be intact in this cohort
(Duchaine et al., 2003, 2007; Nunn et al., 2001, but see e.g.
Duchaine et al., 2006).

6.1.3. Results and discussion
Both UM and PL found this task to be relatively easy and both
scored almost 100%, on average, in identifying the target expression across all possible test image combinations (see Table 2).
Furthermore, performance across static (M ¼97.5% and 100% for
UM and PL, respectively) and dynamic (M¼ 100% and 100% for UM
and PL, respectively) conditions (irrespective of identity i.e. same
or different) was equivalent. This ﬁnding suggests that facial motion did not interfere with the processing of social signals, such as
facial expression. Moreover, the participants' performance suggests that motion does not detract from encoding the representation of the face which is used to support expression
analysis, as both prosopagnosics could reliably match expressions
across identities even when the face had been learned as a moving
rather than static sequence.
7. General discussion
A small number of studies have investigated facial motion
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Fig. 4. An example of a trial which illustrates the face images shown in the static (upper panel) and non-rigid motion (lower panel) training conditions used in Experiment 3.
The pairs of images (A–D) shown on the right depict the different test phases and include an image of the target and the distractor expressions, with different identity
combinations. In A both test images depict the same identity as the learning condition, while in B both images depict a different identity to the learning condition. In C and D
both test images depict the same and different identities to the learning condition. Note that expression and identity overlap in C and not D.

processing in DP, with the purpose of examining whether motion
may provide a cue for identity which is accessed independently
from facial form information (Longmore and Tree, 2013; Steede
et al., 2007b). In contrast, the aim of the present study was to
examine whether facial motion and form may interact in face
processing in DP by explicitly examining how learning a face in
motion affected the structural representation of the face in this
population. Here, two developmental prosopagnosics, UM and PL,
and a group of age-matched neurotypical individuals ﬁrst learned
a novel face displaying rigid (Experiment 1) or non-rigid facial
changes (Experiment 2). Crucially, the learning condition was
manipulated such that the face was either learned in motion or
through a sequence of static snapshots extracted from the moving
sequence. Participants were then tasked with matching the face
identity from two available static images, which displayed either a
learned or a novel image of the face. The results from Experiment
1 demonstrated that matching the face across novel viewpoints
yielded similar performance when the face had been learned in
rigid motion or from a static presentation, for both prosopagnosics
and age-matched controls. In marked contrast, the presence of
non-rigid motion during learning signiﬁcantly impaired both UM
and PL's ability to match facial identity across novel expressions.
Importantly, this performance proﬁle was reversed for age-matched controls, such that learning the face displaying non-rigid
motion signiﬁcantly enhanced subsequent matching performance
for novel expressions of the face relative to when the face was
learned as static images. The results from Experiment 3 demonstrated that both UM and PL could reliably match facial expressions, both within and across identities, when the face displayed
the same non-rigid expression changes which were present during
the identity matching task in Experiment 2.
The ﬁnding that developmental prosopagnosics can reliably use
rigid motion, to the same degree as controls, when encoding
structural facial form information is consistent with previous reports of preserved matching of faces based on idiosyncratic rigid
motion in DP (Steede et al., 2007b). This similar matching performance across prosopagnosics and controls may relate to the
nature of face processing which is elicited by a rigid motion sequence of the face. For example, it has been argued that rigid

motion may bias the processing of feature based, rather than
holistic, face information (Xiao et al., 2012). Thus, it is possible that
when learning faces shown moving in a rigid manner, prosopagnosics may have been able to recover feature-based information about a face, since the internal features of the face remained
constant as the face moved from side to side. Importantly, for the
control group, the beneﬁt on matching the face across changes in
visual appearance was relatively small for faces learned moving in
a rigid, in comparison to non-rigid manner.
Matching the face across novel expressions appears to be a
harder task (see Table 2). Indeed, it is difﬁcult to produce good
performance on this task by adopting a feature matching strategy,
as internal deformations of the face render this strategy less reliable. Rather it is possible that non-rigid motion may confer an
advantage in face perception which is largely restricted to the
main mechanisms underlying face processing i.e. holistic processing (Yin, 1969). For example, Thornton et al. (2011) demonstrated
that non-rigid motion interfered with matching the sex of a face,
by increasing reaction times, when face stimuli were inverted
relative to upright. However, when the face was presented as a
static image there was no such interference. They argued that
when face images are inverted the perceptual system is biased
towards feature based processing, rather than holistic processing,
which occurs when the face is upright. However, internal deformations of the face that occur as a consequence of non-rigid
motion make it more difﬁcult to encode such features, likely resulting in the further response delay to categorise the sex of the
face.
In the current study non-rigid motion signiﬁcantly enhanced
the representation of the face in age-matched controls, resulting in
more accurate performance for matching the face across novel
expressions, compared to when the face had been learned through
a sequence of static images. However, the presence of non-rigid
motion during face learning made it difﬁcult for both prosopagnosics to recover facial form information, rendering matching
across novel expressions relatively more error prone in this condition. Taken together, these seemingly conﬂicting results give rise
to the same conclusion, that these form and motion cues likely
inﬂuence each other at the encoding stage at least. However, in the

292

C. Maguinness, F.N. Newell / Neuropsychologia 70 (2015) 281–295

case of DP, motion may detract from encoding facial form, while it
may enhance the representation of the face in neurotypical controls. This suggests that there is a behaviourally-relevant correspondence between static form and dynamic facial cues in face
processing within the neurotypical brain.
This result is consistent with recent evidence supporting the
idea that there is a signiﬁcant degree of overlap between dynamic
and static representations of identity in the neurotypical face
processing system (Jeffery et al., 2014; O’Toole et al., 2014). For
example, O’Toole et al. (2014) observed similar patterns of neural
activity in ventral and dorsal areas of the face network, in response
to faces either presented as moving or as static images. Furthermore, this pattern was bidirectional, such that the neural patterns
for representations created from static face images showed a degree of transfer to those elicited by dynamic faces and vice versa.
While the pattern of activation was transferable it is important to
note that the response magnitude of the activation varies across
face areas depending on the dynamic nature of the stimulus (i.e.
stronger activation in STS to moving relative to static face images,
see e.g. Pitcher et al., 2011). Nevertheless, O’Toole et al. (2014)
argue that there is some degree of redundancy and transfer across
representations created from static or dynamic faces. It is possible
that these effects may arise due to interactions between form and
motion processing areas (e.g. Furl et al., 2014) or due to the sensitivity of both ventral and dorsal areas to dynamic face information (see e.g. Fox et al., 2009; Schultz and Pilz, 2009; Schultz et al.,
2013). This suggests that it may be the interactions between form
and motion areas in the face processing network which may be
compromised in prosopagnosia, as both UM and PL were unable to
recover structural information to support identity processing
when the face had been learned in motion. In contrast, when the
face had been learned through static presentations, their performance for matching the face across novel expressions was comparable to controls (see Table 2).
Indeed, this conclusion is consistent with a documented case of
acquired prosopagnosia reported by Cowey and Vaina (2000).
While most cases of acquired prosopagnosia have documented the
individual's inability to recognise a face from static face images,
with a self-reported deﬁcit in recognising even the most familiar
faces, Cowey and Vaina (2000) reported the rather unique case of
AL, a 65 year old lady who suffered extensive damage to the
ventral extrastriate cortex as the result of a stroke. After the stroke
AL presented with severe object agnosia and prosopagnosia.
However, her ability to recognise facial identity gradually returned
but with a rather profound limitation: while AL could recognise
the identity of a person's face when it was static, she found it
impossible to recognise a face when it was in motion, although she
could see and describe the movement patterns (suggesting intact
processing of idiosyncratic motion in faces). As such, AL's deﬁcit in
the ability to recognise the face in motion was not related to an
inability to process its static structural form, or from an inability to
decode facial movement, rather it was the interactions between
these two sources of visual information which gave rise to her
signiﬁcant behavioural impairment. Therefore, Cowey and Vaina
(2000) concluded that AL's deﬁcit in visual perception likely arose
from a dysfunctional connectivity in the brain between motion
processing areas and areas in the temporal lobe which decode
form from motion. Indeed, others have reported that DP is associated with decreased volume of (Garrido et al., 2009), as well as
poor structural connectivity between (Avidan et al., 2014; Thomas
et al., 2008), a number of areas of the face processing network. As
such, while the processing of idiosyncratic motion in faces may
remain relatively intact in DP (Longmore and Tree, 2013; Steede
et al., 2007b), it cannot be reliably concluded that this is evidence
for a strict dissociation between static and dynamic processing, as
found in the current study.

Interestingly, the results from the expression matching task
reported above suggest a preserved ability for both prosopagnosics' to use non-rigid dynamic information for the purpose
of matching expressions both within and across facial identities.
This ﬁnding, of intact non-rigid motion processing for expression
analysis, may help reconcile recent evidence of preserved functional activation in STS to moving face images, following delivery
of TBS to visual form area OFA, reported by Pitcher et al. (2014).
Indeed, many have argued that the STS is primarily concerned
with the processing of social signals in the face, e.g. expression or
gaze direction (Haxby et al. 2002; Hoffman and Haxby, 2000;
Pitcher, 2014; Winston et al., 2004). The current results suggest
that it is conceivable that the STS may be able to represent the
changeable aspects of the face which support social signal processing, and that this process may be possibly independent of visual form areas. It is also possible that the relatively preserved
processing of non-rigid motion for expression analysis may have
modulated both prosopagnosics performance in the identity
matching task. Speciﬁcally, during learning, attention may have
been drawn towards the processing of expression, which may in
turn have detracted from the encoding of facial identity6 (see social signal hypothesis proposed by Roark et al., 2003). Importantly,
the results from Experiment 2 suggest that in neurotypical face
processing such dynamic changes in expression may enhance, or
at least not detract from, the encoding of identity (Maguinness and
Newell, 2014).
However, it is also important to note that the current expression matching task was arguably easier than the facial identity
matching task. This task involved matching for one expression
(happy) only and thus although, both UM and PL could match the
expression across identities, it is possible that they may have engaged a feature matching strategy to support this performance as
the distractor images were arguably perceptually distinct from the
matching expression (happy versus angry). Indeed, Calder and
Young (2005) argued that the apparent dissociation between
identity and expression processing in prosopagnosia may arise due
to the fact that both tasks are not equated for task difﬁculty. It may
be possible to overcome this by using expressions which are more
perceptually matched as distractor images by, for example, parametrically varying the similarity between the target and distractor
expression along a critical dimension. However, other ﬁndings
have demonstrated that developmental prosopagnosics can reliably discriminate between morphed expressions (Duchaine et al.,
2003). Moreover, in terms of the current study, it is important to
consider that even if a feature matching strategy had been engaged, non-rigid motion did not detract from encoding these
features. However, examining dynamic expression processing in
individuals with prosopagnosia using a larger range of facial expressions appears warranted (see e.g. Richoz et al., (2015)).
Nevertheless, it is likely that interactions between STS and OFA
may explain the ability to represent information relevant for facial
identity, rather than expression, which changes over time, a task at
which both prosopagnosics in the current study were impaired on
when the face was learned moving in a non-rigid manner. This
interpretation is consistent with recent ﬁndings reported by Fox
et al., (2011) for patient RST1, who presented with a lesion to pSTS
but with preserved functioning in visual form areas, OFA and FFA.
Behavioural testing indicated that the patient had impaired facial
expression perception with intact facial identity perception, but
the latter was only true when facial expression was held constant.
In marked contrast, RST1 showed poor identity discrimination
when the images of the same face varied by expression, leading
the authors to conclude that STS likely contributes in some way to
6
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identity processing across changes in expression.Thus it is likely
that STS serves some functional role in representing the changeable aspects of the face within the same identity.
The current ﬁnding that non-rigid motion detracted from the
encoding of facial form cues in DP may also offer an insight into
the ﬁndings that facial motion may not facilitate memory for faces
in cases of prosopagnosia (Lander et al., 2004; Longmore and Tree,
2013). Indeed, while individuals with prosopagnosia may be able
to extract and represent idiosyncratic motion cues in working
memory i.e. preserved ‘motion to motion’ matching (e.g. Longmore and Tree, 2013), many studies to date (e.g. Esins et al., 2014;
Lander et al., 2004; Longmore and Tree, 2013), with the exception
of Steede et al. (2007a, 2007b), have failed to observe an enhancement for dynamic faces with extended intervals between
learning and test. O’Toole and Roark (2011) argued that the STS
may possibly represent some ‘rough’ shape based information
about the face, alongside motion cues which can be used to support recognition. Speciﬁcally, O’Toole and Roark (2011) proposed
that a ‘representation enhancement’ on face processing may not
be strictly deﬁned by a subsequent beneﬁt on visual form processing, that is a motion advantage may not always feedback into
ventral based (i.e. visual form) processing. Rather they suggested
that there may be a general dynamic advantage which is harboured with the STS, such that if a face is learned in motion and
subsequently presented in motion at test, an advantage on recognition performance may be observed. However, the results
from Experiment 2 would suggest that establishing these ‘rough’
shape cues may be impaired when prosopagnosics learn a face in
motion, as both UM and PL found it difﬁcult to recover form cues
when the face had been learned in motion. It is possible that individuals with DP therefore cannot recover the basic shape cues
needed to trigger or access the corresponding dynamic representation and these effects may be particularly pronounced for
faces learned through non-rigid, rather than rigid, motion.
Taken together, the results from the series of experiments reported here demonstrate that dynamic facial cues, particularly
non-rigid motion cues, support the representation of the facial
identity in normal face processing. Furthermore, they point towards the suggestion that poor encoding of facial form information in DP may be related to the relative inability to integrate both
form and (non-rigid) motion cues. Further studies examining
these effects within larger sample sizes of prosopagnosic individuals, with a particular emphasis on examining whether the
observed integrative deﬁcits extend to younger individuals with
DP, appear warranted.
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