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Abstract
Right or bilateral anterior temporal damage can impair face recognition, but whether this is an associative variant of
prosopagnosia or part of a multimodal disorder of person recognition is an unsettled question, with implications for cognitive
and neuroanatomic models of person recognition. We assessed voice perception and short-term recognition of recently heard
voices in 10 subjects with impaired face recognition acquired after cerebral lesions. All 4 subjects with apperceptive
prosopagnosia due to lesions limited to fusiform cortex had intact voice discrimination and recognition. One subject with
bilateral fusiform and anterior temporal lesions had a combined apperceptive prosopagnosia and apperceptive phonagnosia,
the first such described case. Deficits indicating a multimodal syndrome of person recognition were found only in 2 subjects
with bilateral anterior temporal lesions. All 3 subjects with right anterior temporal lesions had normal voice perception and
recognition, 2 of whom performed normally on perceptual discrimination of faces. This confirms that such lesions can cause a
modality-specific associative prosopagnosia.
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Introduction
Subjects with prosopagnosia do not realize that faces they have
seen before are familiar. Prosopagnosia is a family of conditions,

rather than a single entity. It can be caused by a variety of occipi-

tal and temporal lesions (Barton 2008) and, though there are dis-

senting opinions (Busigny et al. 2014), it has long been proposed

that there are functional variants (Hécaen 1981; Damasio et al.

1990; de Renzi et al. 1991). These proposals reflect cognitivemod-

els in which face recognition proceeds through a hierarchy of op-

erations, progressing from coding of facial structure, matching of

the structural code to stored facial memories, and access to se-

mantic information andnames (Bruce andYoung 1986). In apper-

ceptive prosopagnosia, there is a failure of structural coding of

faces, whereas in the associative/amnestic form the defect lies

in matching the percept to facial memories (Damasio et al.
1990; de Renzi et al. 1991; Davies-Thompson et al. 2014).

Structure/function correlations suggest that the apperceptive
variant is associated with occipital and fusiform lesions and the
associative variant with anterior temporal lobe damage (Barton
2008). However, anterior temporal damage has also been asso-
ciated with a multimodal person recognition disorder that also
affects other means of recognizing people, such as names and
voices (Ellis et al. 1989; Hanley et al. 1989; Gainotti et al. 2008;
Busigny et al. 2009). Although previous studies have shown that
prosopagnosic subjects can recognize names (Barton et al. 2001),
it has recently been argued that, since name recognition is a left
hemisphere function while voice and face recognition may both
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lateralize to the right hemisphere (Gainotti 2013a, 2013b), voice
processing needs to be examined to exclude a multimodal
problem in subjects with right anterior temporal lobe damage
(Gainotti 2010, 2013a, 2013b). Whether voice processing and
face processing converge is a theoretically important issue for
cognitive models of people recognition, and has rarely been
addressed in prior patient studies (Gainotti and Marra 2011).

The hierarchy of face processingmodels is reflected in a logic-
al sequence of testing, from stimulus coding, to recognizing a
stimulus as familiar, to identifying it by name or semantic infor-
mation. (To avoid ambiguity, wewill use the term ‘recognition’ as
equivalent to familiarity, with the term ‘identification’ referring
to the ability to name or provide semantic data about the stimu-
lus.) Coding of facial structure is tested by face discrimination, by
having subjects match unfamiliar faces (Benton and van Allen
1972), or detects changes in facial structure (Barton et al. 2002;
Barton 2008; Ramon et al. 2010). Face recognition can be probed
by asking subjects to indicate which of a set of famous and an-
onymous faces are familiar (Albert et al. 1979; Barton et al.
2001), but this depends on premorbid acquaintance with celebri-
ties andmay confound familiarity for the facewith familiarity for
the person (Haslam et al. 2001). Consequently, though represen-
tations of newly encountered facesmay not be as rich and robust
as those of famous or personally familiar faces (Burton et al. 2011;
Natu and O’Toole 2011), assessments of familiarity for recently
viewed faces have become the diagnostic standard (Warrington
1984; Duchaine andNakayama 2006). The status of facialmemor-
ies can also be probed by tests of facial imagery, which asks
subjects questions that they must answer by recalling the
image of faces they have seen in the past (Barton and Cherkasova
2003; Davies-Thompson et al. 2014).

To identify parallel apperceptive and associative defects
in voice perception, we developed 2 tests: first, a match-to-
sample test for voice discrimination to detect apperceptive
defects in voice processing and second, a test of short-term
memory for recently heard voices. We applied these tests to
a series of subjects with impaired face recognition from vari-
ous lesions. We asked whether these subjects would have a
pattern of impaired voice processing that mirrored their defi-
cits in face processing. Specifically, in the case of patients with
right anterior temporal lesions, the possibility of a multimodal
recognition disorder would be supported by parallel findings of
impaired voice and face recognition, despite normal voice and
face discrimination.

Methods
Participants

All subjects had normal or corrected-to-normal vision, and pro-
vided informed consent to a protocol approved by the University
of British Columbia and Vancouver General Hospital Ethics Re-
view Board. We recruited 73 healthy control subjects, who were
compensated for their participation. No control subject had a his-
tory of neurological or psychiatric diseases, or visual or auditory
complaints. Ages ranged from 19 to 70 years [mean 33.6, standard
deviation (SD) 15.5]. To match our prosopagnosic cohort, we
required subjects to be born in North America, to have English
as their first language, and to have lived in North America for
5 years or more. All 73 subjects performed the voice discrimin-
ation test, and 54 subjects (mean 37.2 years, SdD 16.4, range
19–70) also performed the voice recognition test, which was
developed after the voice discrimination test.

Ten subjects diagnosed with complaints of impaired face
recognition after brain lesions participated, with an age range
of 23–61 years (Table 1). These subjects were recruited as part of
an ongoing study of prosopagnosia through the www.faceblind.
org website, and all had extensive neuropsychological testing of
vision and memory (Table 2).

Neuroimaging

Structural Imaging
Patients were scanned in a Philips 3.0-T scanner at the UBC MRI
Research Centre. A high-resolution T1-weighted anatomical
image and a T2-weighted FLAIR image were collected from each
patient (Fig. 1). Four patients had inferior occipitotemporal
lobe lesions (designated as IOT), 5 had anterior temporal lobe
lesions (AT), and 1 had right anterior temporal and bilateral
occipitotemporal lesions (ATOT). The nomenclature for these
subjects follows the evidence for tissue loss or hypointensity on
T1-weighted images. Some had additional complexities to their
lesions. B-ATOT2 had bilateral fusiform lesions and a right anter-
ior temporal lesion, as well as posterior periventricular hyperin-
tensity on FLAIR sequences. L-IOT2, who had resection of the left
fusiform gyrus for epilepsy, also had atrophyof the right fusiform
gyrus and failed to showactivation of the right fusiform face area.
FLAIR sequences in R-AT3 revealed left medial temporal lobe
hyperintensity. Finally, R-AT5 also suffered unilateral right
deafness from radiation treatment.

Table 1 Patient demographics

Subject Current age Onset age Etiology Lesion(s)

R-IOT1a,b,c 54 37 Vascular malformation Right fusiform
R-IOT4b,c 62 57 Stroke Right fusiform
B-IOT2c 60 27 Hemorrhage Bilateral fusifom
L-IOT2c 59 39 Resection, epilepsy Left fusiform resection, right fusiform atrophy
B-ATOT2 23 10 Herpes encephalitis Bilateral fusiform, right anterior temporal
R-AT2b,c 34 26 Herpes encephalitis Right anterior temporal
R-AT3c 37 30 Herpes encephalitis Right anterior temporal
R-AT5 60 32 Tumor resection Right anterior temporal
B-AT1a,b 25 21 Herpes encephalitis Bilateral anterior temporal
B-AT2c,d 47 24 Trauma Bilateral anterior temporal

aReported in Fox et al. (2011, 2013).
bReported in Barton et al. (2009) and Dalrymple et al. (2011).
cReported in Davies-Thompson et al. (2014).
dReported as subject 1 in Barton et al. (2002), subject 8 in Barton et al. (2001); Barton and Cherkasova (2003); Iaria et al. (2008), and TS in Barton et al. (2003).
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Volumetric Analysis of Lesions
Lesions were mapped as regions of interest from T1-anatomical
images, and their volumes were measured using MRIcron. The
anterior tip of the middle fusiform sulcus (Weiner et al. 2014),
which roughly falls at the midpoint between the anterior tem-
poral and occipital poles, was used as the demarcation line
(Talairach y =−30). Regions anterior to the anterior tip of themid-
dle fusiform sulcus were designated as anterior temporal and
regions posterior were designated as occipitotemporal. The su-
perior borders of occipitotemporal cortex are not precise: Because
face-selective areas such as the anterior inferior temporal region,
fusiform face area, and occipital face area are located in inferior
cortex, we restricted analysis to regions in slices below that con-
taining the first appearance of the posterior horn of the lateral
ventricles (Table 3).

Functional Neuroimaging
All subjects had functional magnetic resonance imaging to local-
ize the core components of the face processing network, using
the HVEM dynamic face localizer protocol (Fox et al. 2009).
T2*-weighted functional scans were used to collect data from 36
interleaved axial slices (time repetition = 2000 ms, time echo = 30
ms, field of view = 240 × 216 mm, 3 mm thickness with 1 mmgap,
voxel size 3 × 3 mm, 128 reconstruction matrix, reconstructed
voxel size = 1.875 × 1.65 mm). The functional slices were coregis-
tered onto a T1-weighed anatomical image for each patient.

The HVEM dynamic face localizer scan consisted of grayscale
video clips of faces and objects. Each stimulus block included 6
video clips lasting 1.5 s each, separated by a 500-ms blank screen.
Stimulus blockswere separated bya 12-sfixation block. Each con-
dition (faces or objects) was repeated 8 times per run. Attention
was sustained by asking the patients to press a button on an
MRI-compatible button-box when the same video was presented

twice in a row. Functional data were analyzed using the Brain-
Voyager QX software. Preprocessing steps included slice time
correction (cubic spline interpolation), 3D motion correction
(trilinear/sinc interpolation), and high-pass temporal filtering
(GLM-Fourier, 2 sines/cosines). Face-selective regionswere deter-
mined for each patient individually with the contrast Faces >
Objects at P < 0.05. Subjects with an OT designation did not
show activation by faces of the right fusiform face area, whereas
those with an AT designation alone showed activation of all core
areas, namely the fusiform face area, occipital face area, and
superior temporal sulcus (STS), with the exception of R-AT5,
who did not show activation of the right STS (Fig. 2 and Table 4).

Evaluation of Face and Name Processing

The accuracy of perception or structural coding of the face was
evaluated with 2 discriminative tests involving anonymous
faces. These were the Benton Face Recognition Test (Benton
and van Allen 1972) and a test of the perception of the spatial re-
lationships and features in faces (Barton et al. 2002). In the latter,
perception of interocular distance has been shown to be a reliable
marker of impaired structural coding of the face in subjects with
occipitotemporal lesions (Barton 2008), perhaps reflecting a
particular vulnerability of the eye region in apperceptive proso-
pagnosia (Caldara et al. 2005). Thus, we used the interocular
accuracy score as the index for perception of facial configuration,
though on any given trial in the test subjects were not aware
whether the altered aspect of the face was feature color or
spacing, or if it was located in the eye or mouth region.

Face recognition was evaluated with 2 standard tests of
short-term familiarity with anonymous faces, the Warrington
Recognition Memory Test (Warrington 1984) and the Cambridge
Face Memory Test (Duchaine and Nakayama 2006), and a Fam-
ous Faces Test (Barton et al. 2001).

Table 2. Neuropsychological test results.

Test Max R-IOT1 R-IOT4 B-IOT2 L-IOT2 B-ATOT2 R-AT2 R-AT3 R-AT5 B-AT1 B-AT2

Attention
Trails A - 39 48# 80 54# 30 21 22 43 18 30
Trails B - 61 102# 142 117# 93# 44 37 78 25 40
Star Cancellation 54 54 54 53 53 54 54 54 54 54 54
Visual Search 60 54 n/a 56 60 59 59 59 52 59 56

Memory
Digit span-forward 16 12 8 14 10 7 13 16 10 12 9
Spatial span-forward 16 9 10 8 10 8# 9 12 6 10 9
Word list 48 28 37 35 27 27 35 31 24 27 23#

Visuo-perceptual
Hooper Visual Organization 30 27 22 22.5 9 12 28 27.5 22 20 28
Benton Judgment of Line Orientation 30 29 24 29 23 22 28 30 21 28 28
Visual Object and Spatial Perception

Object: Screening 20 20 18 20 20 20 20 20 17 20 20
Incomplete Letters 20 19 19 19 17 19 20 19 20 19 19
Silhouettes 30 21 18 12 3 4.5 18 22 19 10 25
Object Decision 20 16 19 14 13 10 20 17 14 16 18
Progressive Silhouettes 20 9 13 15 10 4 10 11 17 17 8

Spatial: Dot Counting 10 10 9 10 10 9 10 10 10 10 10
Position Discrimination 20 20 19 19 19 15 20 19 18 19 20
Number Location 10 10 10 10 10 8 9 10 10 10 10
Cube Analysis 10 10 10 10 10 9 10 10 8 10 9

Imagery
Mental Rotation 10 10 10 10 7 10 9 10 10 10 5

Note: Underlining denotes impaired values.
#Denotes borderline performance.
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The status of facialmemorieswas probedwith an imagery test
that presented subjects with the names of 2 celebrities and asked
them to make a judgment about their facial appearance, such as
which one had the rounder face (Barton and Cherkasova 2003).

Familiarity with names was evaluated by a test that asked
subjects to indicate which of 2 names were familiar, one belong-
ing to a celebrity and the other not (Barton et al. 2001). The ability
to access semantic knowledge from names was evaluated by

Figure 1. Lesions of subjects. Axial FLAIR MR images are shown.
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having subjects sort names by occupation, namely acting or
politics (Barton et al. 2001).

Apparatus for Testing Voice Processing

All tests were presented on an IBM Lenovo laptop with 1280 × 800
pixels resolution, using Superlab (www.superlab.com) software.
Participants wore a Panasonic RP-HTX7 headset, which provides
adequate sound insulation. Subjects sat 57 cm away from the
display screen, in a dimly lit and quiet room, and wore the head-
set throughout the entire test.

Stimuli

Auditory stimuli were created from volunteers between the ages
of 20–31. For the discrimination test, a set of stimuli were gener-
ated from 20 male and 20 female volunteers. For the voice recog-
nition test, another set of stimuli were generated from 21 male
and 21 female volunteers. For all tests, each stimulus was used
no more than once as a target or as a distractor.

Voice Discrimination
This used a match-to-sample strategy. Audio stimuli for each in-
dividual consisted of 2 different texts that the volunteers read.
For the initial sample, the subjects read the phrase: “This is by
far one of the most amazing books I have ever read, it tells the
story of a Colombian family across generations.” For the target
and distractor stimuli that followed, both voices read the phrase:
“After a hearty breakfast, we decided to go for a walk on the
beach. It was a lovely morning with the crisp smell of the ocean
in the air.”Volunteers were asked to speak both texts at the same
speed. All recordings were 10 s in duration.

Voice Recognition
Two sets of audio stimuli were made, with each volunteer con-
tributing 2 samples to both sets, one of which could be used in
a learning phase and the other in a recognition phase. The “ques-
tion component” was recorded in interview style, where all indi-
viduals were asked to read silently 2 questions and voice their
personal responses to these questions. For the learning phase
of the question component, we asked, “What was your favorite
childhood activity?” For the testing phase, we asked, “What was
your favorite vacation?”

The “passages component”was recorded in narrative style, so
that for the learning phase all individuals read a passage chosen

at random from the short story collection “Too Much Happiness”
and for the testing phase another randomly chosen passage from
the short story collection “Friend of My Youth,” both by Alice
Munro. All individuals read different passages. For both the ques-
tion and passages components, stimulus duration for audio clips
was set at 12.5 s.

Protocol

Voice Discrimination
Each trial beganwith a screen that read “Target Voice.” Simultan-
eously, the subject heard the sample voice for 10 s. After a 1.5-s
pause, there was a ring tone lasting 875 ms, which served as an
auditory mask and to separate the sample from the match
choices. Next, a screen that displayed “Choice 1”, at which time
the subject heard simultaneously the first of the 2 choice voices.
After this was completed, the screen displayed “Choice 2,” and
the subject heard the second choice voice at the same time.
One of the 2 choice voices was the match voice, from the same
person as the sample voice, and the other was a distractor
voice of the same gender. Matches and distractors were given
in a random order. Both sample and choice voices began with
1 s of silence, ran for 10 s of the voice, and ended with 1.5 s of
silence. Following the 2 choice voices, a screen prompted the
subjects to indicatewhich of the 2 choice voicesmatched the tar-
get voice, by a key press. Therewere a total of 40 trials divided into
2 blocks, one block of 20 trials with male voices and one block of
20 trials with female voices.

Voice Recognition
The voice recognition test had learning and testing phases. The
test was designed so that subjects had to retain memory of a
voice over a short interval and with intervening interference
from stimuli, in a manner similar to standard tests of face famil-
iarity. However, slight differences in design are unavoidable.
First, voices need to be presented sequentially: Hence, choice dis-
plays cannot show multiple items simultaneously, as is usually
done with faces. Second, because of their temporal dynamics,
voices requiremore time for stimulus presentation. Third, testing
difficulty needs to be adjusted because humans are poorer at
voice than face recognition (Latinus and Belin 2011), probably re-
flecting the fact that the visual modality is themain source of in-
formation for identifying biological objects (Gainotti et al. 2013).
Even when exposure is carefully matched, face identification re-
mains superior to voice identification (Barsics and Bredart 2012).

Table 3 Volumetric analysis of lesions

Patient Right hemisphere Left hemisphere

Anterior temporal Inferior occipitotemporal Anterior temporal Inferior occipitotemporal

Lesion size (cm3) % loss Lesion size (cm3) % loss Lesion size (cm3) % loss Lesion size (cm3) % loss

L-IOT2 12.4 30.2
R-IOT1 11.0 24.8
R-IOT4 3.1 3.8 20.3 45.5
B-IOT2 12.4 30.3 22.0 54.7
B-ATOT2 6.1 14.4 7.7 37.7 4.1 15.8
R-AT2 29.0 59.2
R-AT3 44.5 84.8
R-AT5 53.1 70.1
B-AT1 25.5 47.4 22.5 45.9
B-AT2 27.3 48.7 3.3 10.3 10.4 21.8 3.4 8.0
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The inferiority of voice perception is evident in the control data of
some reports that have studied both face and voice processing in
subjects (Hailstone et al. 2010; Hoover et al. 2010). In our pilot

work, we found that healthy subjects performed close to chance
when asked to recall 5 unfamiliar voices sequentially. Also, while
the mechanisms for short- and long-term voice familiarity are

Figure 2. Results of functional MRI in subjects. Activations of the 6 core regions of the face-processing network are depicted in orange and overlaid on coronal T1-weighted

images. These include the occipital face area (OFA), fusiform face area (FFA), and superior temporal sulcus (STS), in the left and right hemispheres. In subjects inwhomno

activation was found in a given region, a representative slice at the approximate expected location is given to show the lesion. Inset in the top right corner shows in a

representative intact right hemisphere anatomic landmarks, namely the inferior occipital gyrus (yellowarrow), the STS (green arrow), and the fusiformgyrus (blue arrow).
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not completely identical, healthy subjects perform poorly on
tests with famous voices. On one extensive test of famous voice
recognition, controls could only name on average about 50% of 79
voices (Meudell et al. 1980), and on another only 19% of 96 voices
(Garrido et al. 2009), which contrasts with a mean hit rate of 85%
on one test of famous faces (Barton 2008), for example.

Because of the foregoing, the test was divided into sets of 3
trials. Each set began with a screen that displayed “Learning
Phase” for 3 s. During the learning phase, the subject heard 3 tar-
get voices. With the first target voice, the screen simultaneously
displayed “Voice A,” during the second target voice, the screen
read “Voice B,” and during the third target voice, the screen
read “Voice C.” The audio clip of each voice began with 200 ms
of silence followed by 12.5 s of the person speaking. This was
then followed by 700 ms of silence and finally a ring tone lasting
875 ms. After completion of this learning phase, which lasted
about 45 s, the screen displayed “Testing Phase” for 3 s. Partici-
pants then heard 3 pairs of choice voices. In the first pair, one
of the 2 choice voices was the same as “Voice A” in the learning
phase, while the other was a distractor of the same gender. The
temporal order of matches and distractors was randomized.
While the first choice voice was playing, the screen displayed
“VoiceAChoice 1,” andwhile the second choice voicewas playing
it displayed “Voice A Choice 2.” Each of these choice clips lasted
12.5 s, and, like the target voice, was preceded by 200 ms of
silence and followed by 700 ms of silence, and then a ring tone
lasting 875 ms. A screen then prompted the subjects to indicate

by a key press which of the 2 choice voices matched the Voice
A they had heard in the learning phase. This was then followed
by the choices for Voice B, and finally by the choices for Voice
C. Each set of 3 trials had at least one trial for each gender. Sub-
jects completed 7 sets (21 trials) with stimuli from the “question
component,” and then 7 sets (21 trials) with stimuli from the
“passages component,” to give a total of 42 trials.

All subjects completed the voice discrimination test first, with
subjects randomized to start with either male or female stimuli,
and the option for a short break between the two. For the 49 con-
trol subjects who also performed the voice recognition test, there
was a break of at least 10 min before they did this second test. The
voice recognition test presented the “question component” first
and the “passages component” second.

Data Collection and Analysis

For each subject, the accuracy score (percent correct) in each test
was calculated. For healthy controls we compared the effects of
gender by t-tests for each of the 2 tests. For age, we performed a
linear regression of scores against age, after our inspection of the
data did not reveal any inflection that suggested a better fit froma
non-linear function. To evaluate subjects, we performed an age-
adjusted analysis by regressing out the variance due to age, and
used the residual variance in the function to calculate the 95%
prediction intervals appropriate for single-subject comparisons
for the regression against age.

Table 4 Functional MRI results

Patient Region Peak t-value Cluster size Coordinates Patient Region Peak t-value Cluster size Coordinates

X Y Z X Y Z

L-IOT2 rOFA 6.66 146 43 −65 −5 R-AT2 rOFA 3.48 51 29 −86 −9
rFFA – rFFA 8.34 626 38 −41 −22
rpSTS 4.54 48 40 −32 −6 rpSTS 12.59 1825 43 −38 3
lOFA 3.43 5 −28 −92 −15 lOFA 8.10 184 −32 −79 −11
lFFA Lesion lFFA 6.02 97 −43 −43 −22
lpSTS 3.72 10 −57 −56 −8 lpSTS 7.79 343 −58 −44 4

R-IOT1 rOFA Lesion R-AT3 rOFA 8.76 187 45 −78 −11
rFFA Lesion rFFA 8.11 289 40 −55 −20
rpSTS 5.52 146 57 −40 13 rpSTS 5.74 462 59 −44 12
lOFA 4.98 51 −36 −79 −14 lOFA 3.78 84 −39 −72 −19
lFFA 6.71 281 −33 −68 −23 lFFA 12.82 491 −41 −54 −17
lpSTS 6.32 785 −57 −28 −2 lpSTS 3.42 5 −58 −47 8

R-IOT4 rOFA 4.54 88 27 −89 −5 R-AT5 rOFA 4.63 7 26 −74 −15
rFFA Lesion rFFA 4.13 7 35 −50 −18
rpSTS 4.34 194 51 −36 3 rpSTS –

lOFA 9.01 786 −32 −83 −13 lOFA 5.88 49 −34 −76 −15
lFFA 7.34 169 −33 −43 −20 lFFA 4.04 5 −34 −47 −19
lpSTS 7.47 414 −57 −38 2 lpSTS 5.2 259 −44 −61 −5

B-IOT2 rOFA 5.45 45 26 −81 −14 B-AT1 rOFA 12.37 3956 30 −88 −5
rFFA Lesion rFFA 13.09 1064 39 −52 −20
rpSTS 10.37 966 58 −42 1 rpSTS 9.67 329 46 −49 −2
lOFA Lesion lOFA 9.43 1543 −30 −85 −8
lFFA Lesion lFFA 5.96 57 −39 −55 −26
lpSTS 9.94 731 −50 −51 1 lpSTS 5.90 50 −60 −46 4

B-ATOT2 rOFA 4.57 439 25 −88 −14 B-AT2 rOFA 6.77 359 43 −68 −13
rFFA Lesion rFFA 12.76 679 39 −46 −19
rpSTS 3.82 93 47 −45 8 rpSTS 11.64 1464 50 −29 3
lOFA 4.94 132 −29 −92 −23 lOFA 8.32 738 −42 −76 −26
lFFA 4.25 123 −29 −55 −10 lFFA 5.81 175 −44 −46 −30
lpSTS 7.08 252 −59 −51 2 lpSTS 4.54 396 −55 −43 −7
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Questionnaire About Face and Voice Identification

Many prosopagnosic subjects state that they rely on voice to
identify people, but objective tests do not always corroborate
this (Boudouresques et al. 1979). To determine how our subjects’
experience related to our testing, we administered a question-
naire about face and voice identification in daily life. There
were 5 questions about identifying people by face and 5 similar
questions for identification by voice (Supplementary Material,
Appendix), with subjects asked to indicate responses on a
7-point Likert scale. Forty-eight control subjects (mean age 37.9
years, SD 15.7, range 19–70) and all prosopagnosic subjects com-
pleted the questionnaire. Scores from the 5 face questions and
from the 5 voice questions were summed separately to give a
face and a voice score out of 35, with a higher score indicating
more difficulty.

Additional Testing

Because B-ATOT2 had problems discriminating voices, we per-
formed more testing to exclude a primary auditory problem or
a general auditory agnosia. First, she had standard clinical pure
tone audiometry. Second, we created an on-line sound recogni-
tion test that presented 27 audio clips of a variety of animal,
object, environmental, or human non-verbal sounds, taken
from the internet, ranging in duration from 1 to 9 s (http://www.
neuroophthalmology.ca/UBCNeuroOp/JBarton/soundquizHVEM/
soundintroduction.html). Subjects had to write down what they
had heard.

Results
Prosopagnosic Subjects, Face, and Name Processing

All subjects were impaired on the Famous Faces Test (Table 5),
and on either the faces component of the Warrington Recogni-
tion Memory Test or the Cambridge Face Memory Test, most on
both. In contrast, all subjects performed normally on the word
component of the Warrington Recognition Memory Test.

Assessments of structural coding of faces showed that dis-
crimination of facial configuration cosegregated most reliably
with lesion site, being impaired in all subjects with right fusiform
damage, and spared in all but one subject with anterior temporal

damage alone (R-AT5, whose damage extended to the anterior
fusiform cortex). The Benton Face Recognition Test was less sen-
sitive, with performance impaired in only 2 subjects. This is con-
sistent with concerns expressed by others about the adequacy of
the Benton Face Recognition Test as a probe of face perception
(Farah 1990; Gainotti 2010).

All subjects with anterior temporal lesions were impaired on
the test of facial imagery. B-AT1 could not do the test because he
did not recognize enough of the celebrity names. All subjects
with inferior occipitotemporal lesions alone had normal scores,
with the exception of L-IOT2.

All subjects except B-AT1 had high familiarity with celebrity
names and could sort them by occupation, thus demonstrating
intact ability to access semantic information from names.

In summary, these data indicate an apperceptive prosopagno-
sia in all subjects with occipitotemporal lesions, and in R-AT5.
The remaining subjects with anterior temporal lesions have in-
tact face discrimination but impaired face familiarity, consistent
with an associative prosopagnosia, which is also supported
by their impaired imagery for faces. Of these, only B-AT1 has
impaired familiarity with names, raising the possibility of a
multimodal problemwith person recognition even before testing
of voice perception.

Control Subjects and Voice Processing

There was no effect of gender in the voice discrimination test
(male mean score = 34.5, SD 2.81, female = 34.9, s.d. 3.57, t(71) =
0.57, p = 0.57) or the voice recognition test (male mean score =
33.5, s.d. 4.05, female = 33.1, s.d. 3.95, t(42) = 0.30, p = 0.76).
Performance declined with age on voice discrimination (r = 0.32,
slope = −.07, F(1,72) = 8.15, p < 0.006) and voice recognition
(r = 0.33, slope =−.08, F(1,53) = 6.33, p < 0.015, Figure 3). Hence we
collapsed control data across gender and derived age-adjusted
95% prediction intervals.

Prosopagnosic Subjects and Voice Processing

On voice discrimination, only 2 subjects were impaired, B-ATOT2
and R-AT5, who had right-sided deafness as a complication of
radiation therapy (Fig. 3, top).

On voice recognition (Fig. 3, bottom), 3 subjects were
impaired, B-ATOT2, B-AT1, and B-AT2. Because B-ATOT2 was
impaired in both voice discrimination and recognition, her

Table 5. Results on tests of face and name processing.

R-IOT1 R-IOT4 B-IOT-2 L-IOT2 B-ATOT2 R-AT2 R-AT3 R-AT5 B-AT1 B-AT2

FACES
Structural coding
Eye configuration 0.39 0.44 0.28 0.28 0.28 1.00 1.00 0.56 1.00 0.94
BFRT 45 46 38 31 37 47 38 33 45 40

Familiarity
Famous faces d’ 1.96 1.29 1.31 0.00 -0.15 0.65 0.90 1.52 -0.36 0.68
WRMT face 33 39 21 27 19 27 31 28 27 31
WRMT word 41 50 42 42 39 47 47 46 45 46
CFMT 44 27 24 21 24 33 31 35 30 31

Face imagery 0.82 0.84 0.86 0.41 0.48 0.73 0.49 0.81 * 0.50
NAMES
familiarity 1.00 0.95 1.00 0.95 0.90 0.95 1.00 0.95 0.65 1.00
occupation sorting 1.00 0.98 1.00 0.88 0.73 1.00 0.98 1.00 0.54 1.00

Note: Underlining indicates an abnormal result.

BFRT: Benton face recognition test; WRMT: Warrington recognition memory test; CFMT: Cambridge face memory test.

*B-AT1 did not recognize enough celebrity names to perform the imagery test.
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difficulties are consistent with an apperceptive phonagnosia. B-
AT1 and B-AT2 have the pattern of preserved voice and face dis-
crimination and impaired voice and face recognition that could
point to a multimodal person recognition disorder. None of the
3 subjects with unilateral right anterior temporal lesions had im-
paired voice recognition. (Interestingly, R-AT5, who had right
hearing loss and an impaired score for voice discrimination, per-
formed normally on voice recognition. We can only speculate
that some of the auditory cues that aid immediate discrimination
may not contribute to the encoding of short-term voice represen-
tations, and that perception of those cues are more impaired by
her hearing loss.)

We also compared the severity of the voice recognition deficit
with scores on 2 standard tests of short-term memory for faces.
We converted all accuracy scores into age-adjusted z-scores, and
plotted voice recognition against face recognition (Fig. 4). Only
subject B-AT2 had a deficit in voice recognition that was of
similar severity to her difficulty with face recognition.

Questionnaire

Control subjects showed no effect of age or gender. They reported
better identification by face than by voice (t(42) = 6.31, P < 0.0001).
Compared with 95% prediction limits, all prosopagnosic subjects
indicated difficulty with face identification (Table 6), and only
B-AT1 reported difficulty with voice identification.

Additional Tests for B-ATOT2

B-ATOT2 had normal hearing thresholds of 0–10 dB for all fre-
quencies between 250 and 8000 Hz, in either ear. On a 27-item
test of recognition of sounds made by animals, objects, or envir-
onments, 7 control subjects (6 female, age 23–36 years) obtained a
mean score of 92% correct (SD 6.5%), whereas B-ATOT2 scored
85% correct, well above the lower 95% prediction limit of 75%. In-
spection of herMRI (Fig. 1) shows lesions of right and left fusiform
gyri, right lateral temporo-occipital cortex, and right medial occi-
pitoparietal cortex, damage to the medial aspect of the temporal
pole and inferior temporal cortex, and hyperintensity of the
whitematter around the posterior horns of both lateral ventricles
and the periventricular white matter underlying the lateral
temporal cortex.

Discussion
Our study produced 3main findings. First, subjects with occipito-
temporal lesions causing loss of the right fusiform face area have
an apperceptive prosopagnosia, consistent with prior work
(Damasio et al. 1990; Barton 2008; Fox et al. 2011). These subjects
have both intact name familiarity and semantic access from
names, and intact voice discrimination and recognition (Fig. 5):
Hence, their problem is modality-specific. Investigating voice
processing in these subjects is important because functional
neuroimaging studies show that familiar voices are associated

Figure 3.Voice scores plotted as a function of age. Top graph shows voice discrimination, and bottomgraph shows voice recognition. Control subjects (small black discs) in

both tests showa significant declinewith age. Solid line shows the linear regression and the dotted line shows the age-adjusted lower 95%prediction limit. Subjects falling

below the dotted line are impaired. Subject B-ATOT2 is impaired on both voice discrimination and recognition. Only B-AT1 and B-AT2 are impaired on recognition, but

normal on voice discrimination. L: left; R: right; IOT: inferior occipitotemporal lesion; AT: anterior temporal lesion; ATOT: anterior temporal and bilateral occipitotemporal

lobe lesions.
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with signal changes in the fusiform face area, possibly through
top-down activation from supramodal regions (von Kriegstein
et al. 2005), and tractography with diffusion tensor imaging has
shown connections between the fusiform face area and temporal
voice areas (Blank et al. 2011). Along with behavioral (von Krieg-
stein et al. 2006) and electrophysiological (Schweinberger et al.
2011) evidence for face–voice interactions, these have led to the
inclusion of interconnectivity between face and voice processing
streams in some recentmodels (Gainotti 2014). Hence, these sug-
gest at least a theoretical possibility that fusiform lesions could
adversely affect familiarity for voices. Our results show that
they do not.

Second, the data of our 3 subjects with right anterior temporal
damage address the question of whether such lesions cause a
modality-specific prosopagnosia (Gainotti 2010, 2013a, 2013b).
Voice testing had seldom been done in older reports, and it was
noted (Gainotti 2010) that an older case of purported associative

prosopagnosia had an asymptomatic voice recognition deficit
(Boudouresques et al. 1979). However, none of our 3 subjects
with right anterior temporal damage alone showed impaired
name or voice familiarity. Furthermore, both R-AT2 and R-AT3
had the pattern of preserved face discrimination with impair-
ments in face familiarity and face imagery that points to an asso-
ciative/amnestic variant of prosopagnosia. Our data on R-AT2
and R-AT3 thus establish an important theoretical point, that
right anterior temporal damage can cause a modality-specific
associative prosopagnosia.

Third, problems with familiarity across multiple modalities
occurred in 3 subjects, all with bilateral lesions. B-ATOT2 had
impaired voice and face discrimination, indicating apperceptive
defects. As it is implausible that an apperceptive voice defect
has the same basis as an apperceptive face defect, these are likely
independent impairments. Only the 2 subjects with bilateral
anterior temporal lesions had a pattern of spared voice and
face perception with impaired voice and face recognition that
would be consistent with either combined associative deficits
for face and voice or a multimodal post-perceptual disorder.

Testing of both voice discrimination and recognition was
important to discriminate apperceptive from associative defects.
Only a few studies (Neuner and Schweinberger 2000; Garrido et al.
2009; Hailstone et al. 2010) have probed the cognitive hierarchy of
voice processing in the manner done for face processing. In par-
ticular, voice discrimination has rarely been assessed. Somehave
noted normal perception of the speaker’s gender, size, or age
(Gentileschi et al. 2001; Hailstone et al. 2010), but given that per-
ception of facial gender and age can be dissociated from percep-
tion of facial identity (Tranel et al. 1988), this may not be an
adequate indicator of intact coding of voice identity. Better has
been the use of a same/different task with unfamiliar voices
(Van Lancker and Kreiman 1987; Neuner and Schweinberger
2000; Garrido et al. 2009; Hailstone et al. 2010).

Otherwise, most studies reported on voice identification
alone, with or without an assessment of familiarity, and the de-
gree of detail in these reports varies. There are anecdotal

Figure 4. Comparison between voice recognition and face recognition in prosopagnosia. Scores on our voice recognition and standard neuropsychological face tests have

been converted into age-adjusted z-scores, where a more negative z-score indicates greater impairment. Left graph shows voice recognition plotted against Warrington

Recognition Memory Test (face component—WRMT). Right graph shows voice recognition plotted against Cambridge Face Memory Test (CMFT). Horizontal and vertical

lines show the upper limits of normal scores, while the diagonal line indicates equivalent performance on face and voice recognition. Only B-AT2 shows deficits of similar

severity on both face and voice recognition in both graphs.

Table 6. Questionnaire results (score 0-35).

Faces Voices

Control mean 10.08 13.06
s.d. 3.72 4.10
95% upper limit 18.87 22.75
R-IOT1 27 11
R-IOT4 21 9
B-IOT2 35 7
L-IOT2 31 22
B-ATOT2 35 14
R-AT2 28 18
R-AT3 30 16
R-AT5 29 19
B-AT1 28 32
B-AT2 35 7

Note: Underlining denotes impaired values.
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comments that subjects could identify people by voice (Evans
et al. 1995; Mendez and Ghajarnia 2001; Joubert et al. 2003), or
that voices did not help (De Renzi 1986). Some have constructed
tests with the voices of family members to probe both familiarity
and identification (Boudouresques et al. 1979; Gentileschi et al.
1999, 2001; Nakachi et al. 2007; Busigny et al. 2009). These invari-
ably suffer from having few test items and either no control data
(Gentileschi et al. 1999; Busigny et al. 2009) or a single family con-
trol (Gentileschi et al. 2001; Nakachi et al. 2007). Other studies
have turned to famous voices: 2 case reports (Ellis et al. 1989;
Hanley et al. 1989) assessed identification with a standardized
famous voice test (Meudell et al. 1980), while smaller samples
of famous voices have been used to test naming (Boudouresques
et al. 1979; Gainotti et al. 2003) or familiarity and identification
(Gainotti et al. 2008), but with no anonymous foils and only one
or no controls. Only 3 investigations comprehensively assessed
both familiarity and naming with larger samples of famous and
anonymous voices, data from multiple control subjects, as well
as same/different tests of voice discrimination (Neuner and
Schweinberger 2000; Garrido et al. 2009; Hailstone et al. 2010).

Less is known about the neural substrate of voice than face
recognition (Belin et al. 2004; Latinus and Belin 2011). Functional
neuroimaging has revealed “temporal voice areas” that respond
more to vocal than environmental sounds in the middle and an-
terior STS, bilaterally but more on the right (Belin et al. 2000).
Adaptation fMRI studies have revealed sensitivity to voice
identity in the right anterior (Belin and Zatorre 2003) or bilateral
posterior STS (Warren et al. 2006). Familiarity for voices corre-
lated with signal changes in more anterior parts of the STS and
the superior middle temporal gyrus (Bethmann et al. 2012). In a
training study, long-term sensitivity to voice identity localized
to the anterior STS (Andics et al. 2010). Functional imaging
in monkeys has shown analogous voice-sensitive areas in

the superior temporal plane (Petkov et al. 2008), and single-cell
recordings confirm voice-selective cells in these regions
(Perrodin et al. 2011).

The anatomic relation of voice-selective to face-selective
areas in the anterior temporal lobe is important. Studies show
a face-selective area in the anterior inferior temporal cortex
that is sensitive to facial identity (Kriegeskorte et al. 2007; Tsao
et al. 2008; Rajimehr et al. 2009). One study of face familiarity
found adaptation effects in the right anterior middle temporal
gyrus, left anterior STS, and bilateral temporal poles (Sugiura
et al. 2001). However, these face-selective regions are more ven-
tral than the location of temporal voice areas (Belin et al. 2000).
Studies that have examined both face and voice stimuli have
not found overlap in the anterior temporal cortex (Shah et al.
2001; Joassin et al. 2011).

Neuropsychological studies also support independence of
face and voice recognition. One study found among 9 subjects
with right hemispheric damage, 3 with deficits in naming either
faces or voices, but one with a deficit in face naming alone and
one with impaired voice naming alone (Van lancker and Canter
1982). Another large study concluded that recognition deficits
for faces, voices, and names are dissociable (Neuner and
Schweinberger 2000): Only one subject was impaired on all
three. Four had impaired voice but normal face recognition, 3
with normal voice matching: These could be considered as hav-
ing a modality-specific associative phonagnosia. One subject
with a right-sided lesion (case 22) was impaired on face familiar-
ity, but did well on face matching, voice matching, and voice rec-
ognition: This subject is the most similar to R-AT2 and R-AT3,
although he also had impaired name familiarity.

The evidence for independence of voice and face familiarity
from prior case reports is highly variable in quality. Subject SO,
with developmental prosopagnosia and intact face-matching

Figure 5. Schematic of the subjects’ deficits in a person-processing hierarchy for faces, voices, and names. The first level, coding, is assessed by discriminative tests,

namely the perception of facial configuration and our match-to-sample voice test. The output of the recognition units (FRU, VRU, and NRU for faces, voices, and

names respectively) level is stimulus familiarity, as assessed by the Warrington Recognition Test for faces, our voice recognition test, and our name familiarity test.

Identification of names, as indexed by occupation sorting, is represented by the arrow showing access from NRUs to person identity nodes (PINs). Green shades

indicate normal performance, and red shades indicate impairment: the first appearance of a red shade indicates the primary impairment. Pink-shaded FRUs indicate

impaired familiarity but preserved face imagery, suggesting that the familiarity defect is a downstream consequence of impaired face discrimination, rather than

damage to FRUs. The pink shade of voice coding in R-AT5 reflects the fact that it is not certain whether her impaired voice discrimination is all or partly due to her

unilateral deafness.
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consistent with an associative variant (Kress and Daum 2003),
had impaired short-term memory for voices (von Kriegstein
et al. 2006). Subject SB with acquired prosopagnosia from age 3
actually showed superior voice recognition (Hoover et al. 2010);
however, he had severe apperceptive defects and more general-
ized visual agnosia due to bilateral occipital lesions. Subject MT
with acquired prosopagnosia due to temporal atrophy could
still recognize and identify personally familiar voices (Nakachi
et al. 2007), but was not tested on face discrimination to prove
that his prosopagnosia was associative. The same is true for
subject MS, who had prosopagnosia from bilateral fusiform
and anterior temporal pole lesions, and yet had preserved ability
to discriminate familiar from unfamiliar voices (Arnott et al.
2008). Subject KH with developmental phonagnosia had in-
tact voice discrimination, face perception, and face recognition
(Garrido et al. 2009), consistent with a modality-specific associa-
tive deficit in voice recognition. On the other hand, there are at
least 6 subjects with impaired familiarity for both voices and
faces, 5 of whom had temporal atrophy (Gentileschi et al. 1999,
2001; Gainotti et al. 2008; Hailstone et al. 2010), the other with
encephalitis (Boudouresques et al. 1979). However, in some of
these subjects, voice discrimination was either not tested
(Boudouresques et al. 1979; Gentileschi et al. 1999; Gainotti
et al. 2008) or may have been affected (Gentileschi et al. 2001),
whereas intact face discrimination was claimed mainly on the
basis of performance on the Benton Face Recognition Test,
which as we have seen in our subjects may not be definitive.

The question of whether right anterior temporal lesions al-
ways cause a combined voice and face processing deficit raises
the important issue ofwhat ismeant byamultimodal person rec-
ognition disorder. The use of the singular form would suggest a
defect in one amodal cognitive operation. In cognitive models,
this might correspond to the person identity node (Bruce and
Young 1986; Burton et al. 1999). On the other hand, the proximity
of neural substrates for voice and face processing suggests the
potential for co-occurrence of modality-specific voice and face
processing disorders. In this case, the better termmay be amulti-
modal person recognition syndrome, with impairments in separ-
ate, modality-specific operations. In the cognitive models, these
would correspond to face and voice recognition units. The dis-
tinction is critical on empirical and theoretical grounds. Empiric-
ally, only a syndromewould allow for dissociations between face
and voice recognition beyond apperception. Theoretically, in a
syndrome, the mechanism underlying a primary defect in face
familiarity would not differ whether voice familiarity was also
impaired or not.

Highly relevant to this issue is the debate about where famil-
iarity for people is generated. In the model of Bruce and Young
(1986), familiarity was viewed as a product of successful match-
ing to modality-specific recognition units. An alternative model
placed familiarity decisions at a supramodal level, in person
identity nodes (Burton et al. 1990 1999). The possibility that famil-
iarity might be generated for both the stimulus and the person
has also been entertained (Haslam et al. 2001; Gainotti 2007),
and one might indeed serve to reinforce the other. Nevertheless,
it has been argued that the neuropsychological data are incon-
sistent with familiarity arising in amodal person identity nodes
(Gainotti 2007). First, since person identity nodes are also respon-
sible for access to name and semantic data, this would suggest a
close correlation between familiarity and identification. How-
ever, it is clear that familiarity can occur without identification
in neuropsychological cases (Warrington and McCarthy 1988;
Geva et al. 1997; Haslam et al. 2001; Mendez and Ghajarnia
2001). Second, since person identity nodes are amodal,

familiarity in one modality should correlate with familiarity in
another, and dissociations should not occur. However, cases 5
and 24 of Neuner and Schweinberger (2000) show an associative
phonagnosia with sparing of face and name recognition, while
case 22 (Neuner and Schweinberger 2000), MT (Nakachi et al.
2007), and our cases R-AT2 and R-AT3 show the reverse, an asso-
ciative prosopagnosiawith sparing of voice recognition. Such dis-
sociations support an attribution of familiarity to modality-
specific recognition units rather than amodal person identity
nodes.

What arewe tomake of our 3 subjects with impaired familiar-
ity for both faces and voices? In B-ATOT2, impaired familiarity is
likely secondary to a combined apperceptive prosopagnosia and
apperceptive phonagnosia, due to separate auditory and visual
processing defects. We are aware of one other subject with a pat-
tern indicative of apperceptive phonagnosia, case 1 of Neuner
and Schweinberger (2000). As with that case, our additional
tests confirmed that B-ATOT2 has intact hearing and recognition
of sounds other than voices. Hence, she does not have a general
auditory agnosia, a potential consequence of childhood herpes
simplex encephalitis (Kaga et al. 2000, 2003). Rather, her phonag-
nosia is a selective auditory agnosia, just as her apperceptive
prosopagnosia is a selective visual agnosia. While fusiform dam-
age likely accounts for her apperceptive prosopagnosia (Barton
et al. 2002; Fox et al. 2011), it is less clear which aspects of her
complex lesions account for apperceptive phonagnosia. Adapta-
tion fMRI studies show signals relevant to voice discrimination in
the right STS (Belin and Zatorre 2003; Warren et al. 2006), while a
morphometric analysis of Alzheimer’s disease suggests that
voice discrimination impairments are associated with right in-
ferior parietal and right parahippocampal cortical loss (Hailstone
et al. 2011).

B-AT2 and B-AT1 have intact discrimination of voices and
faces, consistent with associative deficits. B-AT2 had normal fa-
miliarity and identification for names, and thus ismost similar to
QR (Hailstone et al. 2010) and case 37 (Neuner and Schweinberger
2000). We would argue that these 3 cases likely have a combined
associative prosopagnosia/phonagnosia, particularly given their
preserved ability to recognize names and/or identify people from
their names. On the other hand, B-AT1, like KL (Hailstone et al.
2010), Emma (Gentileschi et al. 2001), and case 13 (Neuner and
Schweinberger 2000), has a familiarity problem that affects
faces, voices, and names. Although thismight suggest an amodal
dysfunction, a key point is that it is familiarity rather than iden-
tification alone that is affected in these subjects, and familiarity
can be dissociated between faces, voices, and names in other
subjects with associative deficits. Thus, the most parsimonious
explanation is that they too have a multiple modality syndrome
of person recognition, rather than a single cognitive dysfunction.
Perhaps indirectly supporting this conclusion is the observation
that all but one (case 37) of the above subjects with associative
defects inmultiplemodalities had either bilateral lesions or fron-
totemporal degeneration, a rare condition that even when asym-
metric is almost certain to have diffuse bilateral effects, and
therefore highly likely to affect multiple cognitive operations.

Our data and the anatomic, neuropsychologic, and imaging
findings reviewed above suggest that voice and face recognition
are independent functions. Given the proximity of their neural
substrates, though, it would not be surprising tofind anoccasion-
al subject with impairments of both, but that would not prove
that a single cognitive deficit causes both, any more than
would the frequent association between achromatopsia and
apperceptive prosopagnosia imply a common origin for those 2
deficits. Subjects like R-AT2, R-AT3, case 22 (Neuner and
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Schweinberger 2000), and possibly MT (Nakachi et al. 2007) show
that impaired face recognition with spared face perception can
occur with normal voice recognition, indicating that associative
prosopagnosia is not just theoretical but a real entity, and, in
the case of R-AT2 and R-AT3, can follow right anterior temporal
damage. Conversely, cases of impaired voice recognition with
spared voice perception and normal face recognition show that
associative phonagnosia also exists and can be similarly modal-
ity-specific (Neuner and Schweinberger 2000; Garrido et al. 2009).
Such findings raise questions about whether multimodal pro-
blems of person familiarity should be viewed as a single amodal
disorder or rather as the co-occurrence of differentmodality-spe-
cific deficits in one syndrome, due to anatomic proximity of their
neural substrates.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/
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