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A B S T R A C T

Person identification is essential for everyday social interactions. We quickly identify people from cues such as a
person’s face or the sound of their voice. A change in sensory input, such as losing one’s vision, can alter how one
uses sensory information. We asked how people with only one eye, who have had reduced visual input during
postnatal maturation of the visual system, use faces and voices for person identity recognition. We used an old/
new paradigm to investigate unimodal (visual or auditory) and bimodal (audiovisual) identity recognition of
people (face, voice and face-voice) and a control category, objects (car, horn and car-horn). Participants learned
the identity of 10 pairs of faces and voices (Experiment 1) and 10 cars and horns (Experiment 2) and were asked
to identify the learned face/voice or car/horn among 20 distractors. People with one eye were more sensitive to
voice identification compared to controls viewing binocularly or with an eye-patch. However, both people with
one eye and eye-patched viewing controls use combined audiovisual information for person identification more
equally than binocular viewing controls, who favour vision. People with one eye were no different from controls
at object identification. The observed visual dominance for binocular controls is larger for person compared to
object identification, indicating that faces (vision) play a larger role in person identification and that person
identity processing is unique from that for objects. People with long-term visual deprivation from the loss of one
eye may have adaptive strategies, such as placing less reliance on vision to achieve intact performance, parti-
cularly for face processing.

1. Introduction

We typically experience a combination of different sensory stimuli
at the same time each day. Social interaction is often an important part
of one’s day ranging from chatting with friends to identifying whether
an approaching individual is a friend or foe. Multisensory cues, such as
seeing a person’s face and hearing their voice provide important in-
formation that contribute to distinguishing an individual person’s
identity. If all of our sensory systems are intact, we use them to our full
advantage.

Humans with complete visual deprivation have shown evidence for
changes in other sensory systems that indicate enhanced abilities with
their remaining senses following a complete loss of a sensory system.
For instance, congenitally blind individuals have shorter response times
for auditory discrimination tasks (Röder et al., 1999), faster processing
of language (Röder, Stock, Bien, Neville, Rösler, & 2002), enhanced
sound localization (Lessard, Paré, Lepore, & Lassonde, 1998) and en-
hanced tactile perception (Sathian, 2000) compared to sighted in-
dividuals. This suggests underlying physiological changes within the

systems responsible for these senses to support these behavioural en-
hancements. If visual input were reduced by half, as in people with one
functioning eye, it seems reasonable to expect that the other intact
sensory systems should function to the best of their ability in order to
adapt and compensate for the partial loss of vision.

Monocular blindness, resulting from the surgical removal of one eye
(enucleation) represents a unique human model for examining the
consequences of the loss of binocularity. It is unlike other more
common forms of monocular deprivation such as amblyopia or stra-
bismus since the removal of the end organ eliminates all forms of visual
input to the brain from that eye (Kelly, Moro, & Steeves, 2012). People
with one eye have enhanced sound processing ability compared to
controls (Hoover, Harris, & Steeves, 2012). When presented with au-
ditory stimuli along the horizontal azimuth, people with one eye have
consistently more accurate spatial localization within a field of +/- 78
degrees compared to control participants who were monocular viewing,
binocular viewing or with their eyes closed (Hoover et al., 2012).

Typically, when we are simultaneously presented with auditory and
visual stimuli, the visual information is processed preferentially over
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auditory information. This is also known as the Colavita visual dom-
inance effect (Colavita, 1974). People with one eye do not demonstrate
the Colavita effect when asked to categorize rapidly presented audio-
visual targets consisting of line drawings of common objects paired
with common sounds (Moro & Steeves, 2012). Instead, people with one
eye process auditory and visual components of audiovisual targets
equally. Together with the enhanced auditory spatial localization
(Hoover et al., 2012), these results suggest that auditory information
may be processed more reliably for people with one eye and could be a
form of sensory compensation for the loss of binocularity.

A common illusion occurs when the auditory and visual components
of an audiovisual stimulus are spatially displaced relative to one an-
other, resulting in the perception of a single event typically displaced
towards the visual component, known as the ventriloquism effect
(Welch & Warren, 1980). People with one eye show similar audiovisual
localization for spatially disparate audiovisual stimuli compared to
controls viewing binocularly or with one eye-patched (Moro, Harris, &
Steeves, 2014). However, unlike binocular and eye-patched controls,
people with one eye take longer to localize unimodal visual stimuli
compared to unimodal auditory stimuli (Moro et al., 2014).

For the most part, spatial visual ability is intact or somewhat better
than controls in people with the loss of one eye early in life despite a
50% reduction of visual input to the visual brain. For example, the
ability to discriminate low-contrast global shape, a more complex visual
process (hyperacuity), is enhanced in people with one eye compared to
eye-patched controls and controls viewing dichoptically (Steeves,
Wilkinson, González, Wilson, & Steinbach, 2004). Face processing,
however, has emerged as an exception. People with one eye do not
show the composite face effect and they take longer to process the
shape and spacing between internal facial features (Kelly, Gallie, &
Steeves, 2012). This mild impairment is face-specific and was not re-
plicated when performing the same tasks on stimuli from other visual
image categories, namely houses (Kelly et al., 2012).

Face perception is a unique and multi-faceted aspect of vision
(Leopold & Rhodes, 2010). The ability to identify a person is facilitated
when face information is integrated with voice information through
crosstalk between the unimodal visual and unimodal auditory percepts
(Campanella & Belin, 2008). Previous exposure to combined face-voice
information during person identity encoding facilitates identification of
that individual when only unimodal cues (face or voice) are available
(Ellis, Jones, & Mosdell, 1997; Schweinberger, Herholz, & Sommer,
1997; Sheffert & Olson, 2004; von Kriegstein et al., 2008). Bimodal
identity recognition shows interference effects (increased reaction time
and decreased accuracy) due to the addition of auditory information to
visual information when identifying bimodal (face-voice) stimuli
(Joassin, Maurage, Bruyer, Crommelinck, & Campanella, 2004). This
suggests that because unimodal face recognition is superior to voice
recognition, the addition of voice information interferes with the effi-
cient processing of the face (during bimodal face-voice pairings). When
face stimuli are degraded and therefore less reliable relative to the
voices, bimodal stimulus presentations led to an enhancement effect
indicating that the more reliable sensory information (face or voice) has
greater influence on person identity recognition (Joassin, Maurage, &
Campanella, 2008).

Face-voice integration effects, similar to those found in healthy
controls (Campanella & Belin, 2008), are seen in infants as young as
4months of age (Bahrick, Netto, & Hernandez-Reif, 1998) and in non-
human primates (Izumi & Kojima, 2004). This suggests that face-voice
identification improves with development and experience as older in-
fants (7 months of age) have better face-voice matching compared to
younger infants (4months of age) (Bahrick et al., 1998). People who
have had one eye removed early in life experience monocular depri-
vation during postnatal visual system maturation. The long-term con-
sequences of this abnormal visual experience during development may
result in altered use of auditory and visual sensory information when
tested later in life, as mature adults.

The current study investigates how people with one eye use audi-
tory and visual information for person and object identity recognition
compared to binocular and eye-patched viewing controls. Since people
with one eye have half of the visual input to the brain, will this alter
face-voice integration? Will audiovisual integration be affected more
generally and also alter the identification of audiovisual objects (cars
paired with horns)? Using the same paradigm as Hoover, Démonet, and
Steeves (2010) we measure visual, auditory and audiovisual recogni-
tion of people and objects in people with one eye compared to eye-
patched and binocular viewing controls. The addition of an eye-patched
control group compares whether the effects observed in people with
one eye are simply due to monocular viewing or whether they are the
result of long-term visual deprivation from eye enucleation. In Experi-
ment 1, we quantify person recognition for faces, voices and face-voice
pair combinations. We predict that people with one eye will have
poorer person identification compared to controls as a result of reduced
sensitivity to faces since previously we have shown mild face perception
impairments in this monocular group (Kelly et al., 2012). In Experiment
2, we quantify object recognition for cars, car horns and car-car horn
pair combinations. We predict no difference in object identification
between groups. We have previously shown that higher-level aspects of
spatial form vision are intact (Kelly et al., 2012) or somewhat enhanced
(Steeves et al., 2004) for this group compared to eye-patched viewing.
We also compare across experiments to assess whether person re-
cognition is unique compared to object recognition.

2. Experiment 1: Person identity recognition

2.1. Materials and methods

2.1.1. Participants
2.1.1.1. People with one eye (monocular enucleation, ME). Eleven adult
participants who had undergone early monocular eye enucleation (ME)
at The Hospital For Sick Children (Toronto) participated in this study
(mean age= 34 years, SD= 12). All ME participants had been
unilaterally eye enucleated (7 right eye removed) due to
retinoblastoma, a rare childhood cancer of the retina. Age at
enucleation ranged from 4 to 66months of age (mean age at
enucleation=22months, SD= 16).

2.1.1.2. Binocular viewing control participants (BV). Twenty-five
binocularly intact controls with a mean age of 27 years (SD=7) were
tested while viewing stimuli binocularly.

2.1.1.3. Patched viewing control participants (MV). Twenty-five
binocularly intact participants, with a mean age of 24 years (SD=3),
completed the experiments with one eye patched. Participants’ non-
preferred eye (determined using the Porta test) was patched with a
semi-opaque eye covering and translucent tape (12 right-eye covered).

All participants (ME, BV, MV) reported normal hearing and normal
or corrected-to-normal acuity as assessed by an EDTRS eye chart
(Precision Vision™, La Salle, IL) and wore optical correction if needed.
All participants gave informed consent prior to their inclusion in the
study, which was approved by York University Office of Research
Ethics.

2.1.2. Stimuli
Stimuli were previously used in Hoover et al. (2010) for assessing

face and object identities in a patient with visual agnosia. See Hoover
et al. (2010) for more detailed information on how stimuli were cre-
ated. In short, visual stimuli consisted of 110 greyscale female face
images that were cropped within an oval aperture and distinguishable
features such as beauty marks removed. Auditory stimuli were 20 s in
duration and were played through headphones. Each consisted of a
short neutral passage spoken in English by one of 110 female voices.

Participants sat 45 cm from the display in a dimly lit room with the

S.S. Moro et al. Vision Research 157 (2019) 274–281

275



head stabilized by a chin/forehead rest. All stimuli were presented with
Superlab 4.0 (Cedrus, Inc.) and participants indicated their responses
using designated keys on a keyboard.

2.1.3. Procedure
The current experimental procedure follows that used by Hoover

et al. (2010). Learning phase: Participants learned the identities of 10
individuals who were previously unknown. Each “identity” consisted of
a visual face image paired with a voice stimulus. Participants were told
that they would be tested on their ability to recognize these ten iden-
tities and that they had to learn to associate each specific face with its
corresponding voice. Participants viewed a static face image and lis-
tened to its paired voice for 20 s. A fixation-cross (500ms in duration)
appeared before the visual stimuli (Fig. 1A). Each of the ten identities
were presented four times. In total, the learning phase lasted approxi-
mately 15min.

Pre-test phase: Following the learning phase participants were given
a short pre-test to ensure an adequate level of learning of the paired
face/voice identities. During this phase participants heard one of the
learned voices and saw two of the learned faces displayed side by side,
one of which corresponded to the voice. Participants were instructed to
press a button on the response pad corresponding to which of the two
faces matched the voice that they heard. Participants were unable to
advance to the next trial until they responded correctly. The same trial
was repeated immediately after the incorrect trial until the correct re-
sponse was given. Upon selection of a correct response the trial would
end and proceed to the following one (Fig. 1B). Each voice was initially
presented twice to yield a minimum of 20 trials. In total, the pre-test
phase lasted approximately 7min.

Testing phase: This phase followed the pre-test phase and consisted
of two different blocks (unimodal visual or auditory) and bimodal (face-
voice pairs). During the unimodal block participants viewed a visual
face image alone or heard a voice stimulus alone and were asked to

identify as quickly and accurately as possible whether the identity of
the stimulus was learned or new. The ten learned face or voice iden-
tities were presented twice among 20 new (unlearned) distractor faces
and 20 new voices. The unimodal block consisted of 40 face only trials
and 40 voice only trials for a total of 80 trials presented in random
order. In the bimodal block participants heard a voice and saw a face at
the same time. Participants were asked to identify as quickly and ac-
curately as possible whether the face-voice identity was learned or new
using a designated button on a response pad. A correct learned identity
consisted of a congruent presentation of a previously learned face and
voice. 10 learned identities were presented twice each among 30 new
distractor identities for a total of 50 trials presented in random order.
The faces and voices were paired in four different combinations: (1) a
learned face with a learned voice (congruent), (2) a learned face with a
new voice (incongruent), (3) a new face with a learned voice (incon-
gruent), (4) a new face with a new voice (congruent) (Fig. 1C). In total,
the testing phase lasted a maximum of approximately 40min.

2.2. Results

Sensitivity (d′) scores were calculated for all conditions (visual only,
auditory only, overall bimodal, congruent bimodal and incongruent
bimodal) for all participants. The overall bimodal sensitivity scores
were calculated based on both congruently and incongruently paired
stimuli. Some participants had perfect performance, which was ad-
dressed by adjusting the values according to the method recommended
by Macmillan and Creelman (1991) for perfect scores.

To evaluate bimodal enhancement (or interference) we calculated
bimodal effect scores by subtracting the unimodal sensitivity score,
either visual or auditory from the congruent bimodal score. To evaluate
the effect of a unimodal stimulus preference on bimodal performance
congruency effects with the bimodal pairings were investigated. We
calculated a congruency difference score by subtracting the incongruent

Fig. 1. Schematic diagram representing the task in Experiment 1. A. Learning phase. B. Pre-test phase. C. Testing Phase Unimodal Block. D. Testing Phase Bimodal Block.
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bimodal sensitivity (false alarms from the incongruent pairings were
used in the calculation of the d′ score) score from the congruent bi-
modal sensitivity score. In general the congruency effects allow us to
evaluate the presence of a preference for unimodal stimuli (vision or
audition) in overall bimodal identity formation. For example, if bino-
cular viewing controls make their recognition judgments based on their
dominant modality (vision) then we would predict they would respond
that a learned face image paired with a new voice is a “learned”
identity.

2.2.1. Overall identity recognition performance
A 3×3 repeated measures analysis of variance (ANOVA) was

conducted to compare sensitivity scores for overall identity recognition
performance in each participant group (ME vs BV vs MV) and stimulus
condition (auditory only, visual only, overall bimodal). There was a
significant interaction, F(4, 116)= 5.228, p=0.001, ηp2= 0.153 and
main effect of condition, F(2, 116)= 49.019, p < 0.001, ηp2= 0.458.
There was a trending main effect of participant group, F(2,
58)= 3.055, p=0.055, ηp2= 0.095. Bonferroni corrected post hoc
tests for the main effect of condition indicated a significant heightened
sensitivity to voice only stimuli compared to the BV group for the MV
group (p=0.003) and ME group (p=0.008). Bonferroni corrected post
hoc tests were conducted for the interaction comparing the sensitivity
scores in each modality for each participant group. The sensitivity
scores for the BV group visual (face only) was greater compared to both
auditory (voice only) (p < 0.001) and bimodal (face/voice)
(p < 0.001). Additionally the bimodal (face/voice) was greater com-
pared to the auditory (voice only) (p < 0.001). The sensitivity scores
for the MV group visual (face only) was greater compared to the au-
ditory (voice only) (p < 0.001) but not bimodal (face/voice)
(p=0.150). Additionally the bimodal (face/voice) was greater com-
pared to the auditory (voice only) (p=0.004). The sensitivity scores for
the ME group visual (face only) was greater compared to the auditory
(voice only) (p=0.029) but not compared to bimodal (face/voice)
(p=1.000). Additionally there was no difference in bimodal (face/
voice) compared to the auditory (voice only) (p=0.270). Fig. 2 plots
the sensitivity scores for each for the BV, MV and ME groups for un-
imodal auditory, unimodal visual and bimodal conditions.

2.2.2. Bimodal effect scores
Visual effect score: A one way ANOVA comparing sensitivity to un-

imodal visual stimuli compared to bimodal stimuli (congruent bimodal
sensitivity – voice only sensitivity) in each participant group (ME vs BV
vs MV) was not significant, F(2, 60)= 2.114, p=0.130. The ME group,
MV group and BV group did not differ in sensitivity when faces and

voices were paired together compared to when voices were tested
alone. One sample t-tests were conducted to determine whether the
bimodal effect scores for each participant group indicated a significant
enhancement effect (significantly different from zero). A significant
enhancement effect was found for the BV (t(24)= 3.523, p=0.025)
and the MV group (t(24)= 2.443, p=0.022). No significant en-
hancement was found for the ME group (t(10)= 1.669, p=0.126).
Fig. 3 plots the difference in sensitivity (d′) of the visual effect scores for
each for the BV, MV and ME groups.

Auditory effect score: A one way ANOVA comparing the effect of
sensitivity to unimodal auditory stimuli compared to bimodal stimuli
(congruent bimodal sensitivity – face only sensitivity) in each partici-
pant group (ME vs BV vs MV) was significant, F(2, 60)= 3.665,
p=0.032. Bonferroni corrected post hoc tests indicate that the BV
group demonstrated increased interference compared to the MV group
(p=0.05) when faces and voices were paired together compared to
when faces were tested alone. One sample t-tests were conducted to
determine whether the bimodal effect scores from each participant
group indicated a significant interference effect (significantly different
from zero). A significant interference effect was found for all participant
groups, BV (t(24)=−4.640, p < 0.001), MV (t(24)=−4.689,
p < 0.001) and ME groups (t(10)=−2.894, p=0.016). Fig. 3 plots
the difference in sensitivity (d′) of the auditory effect scores for each for
the BV, MV and ME groups.

2.2.3. Congruency difference scores
A one way ANOVA comparing sensitivity to congruency (congruent

bimodal sensitivity – incongruent bimodal sensitivity) in each partici-
pant group (ME vs BV vs MV) was significant, F(2, 60)= 6.873,
p=0.002. Bonferroni corrected post hoc tests indicated that the BV
group had higher sensitivity compared to the MV group (p=0.014)
and ME group (p=0.006) when learned faces and voices were paired
together congruently compared to an incongruent pairing (a learned
face or voice paired with a new voice or face). One sample t-tests were
conducted to determine whether each participant group demonstrated a
preference for congruently paired bimodal stimuli (significantly greater
congruency difference compared to zero). A significant preference for
congruently paired bimodal stimuli was found for the BV group, BV (t
(24)= 4.168, p < 0.001). No significant differences were found for the
MV (t(24)= 0.794, p=0.435) and ME groups (t(10)=−0.908,
p=0.385). Fig. 4 plots the congruency difference scores for each of the
BV, MV and ME groups.

2.3. Summary of person identity recognition results

In Experiment 1, people with one eye and eye-patched controls were
more sensitive to unimodal voice stimuli compared to binocular

Fig. 2. The sensitivity scores (d′) for overall identity recognition for each of the BV
(white), MV (grey) and ME groups (black) for the unimodal auditory, unimodal visual and
bimodal conditions. Significant differences in sensitivity are indicated by * (p < 0.05).
Error bars represent standard error of the mean.

Fig. 3. Visual effect scores: congruent bimodal-unimodal auditory (first three columns)
and the auditory effect scores: congruent bimodal-unimodal visual (last three columns)
for each of the BV (white), MV (grey) and ME (black) groups. Significant differences are
indicated by * (p < 0.05). Error bars represent standard error of the mean.
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viewing participants (Fig. 2, auditory sensitivity). This suggests an
adaptation to the reduction of visual input from one eye in general. All
three participant groups demonstrated a significant interference effect
when their bimodal sensitivity score was compared to their unimodal
visual sensitivity score (Fig. 3, auditory effect score). Binocular viewing
controls showed significantly greater interference in their auditory ef-
fect score compared to eye-patched viewing controls and moreover
showed greater (but not significant) interference compared to people
with one eye (Fig. 3, auditory effect score). This indicates that the ad-
ditional information from the voice hindered identification for the bi-
nocular viewing controls. People with one eye and eye-patched controls
showed greater sensitivity to voices compared to the binocular controls,
and the addition of the voice information to a visual face did not change
sensitivity as much as it did for binocular viewing controls who had
poor voice sensitivity.

People with one eye did not show a difference in performance

compared to binocular and eye-patched viewing controls when their
bimodal sensitivity score was compared to their unimodal auditory
sensitivity score (Fig. 3, visual effect score). Furthermore, people with
one eye did not show a significant enhancement in bimodal sensitivity,
unlike both control groups. This indicates that, despite not demon-
strating an enhancement effect, the additional information from their
partially deprived sense did not hinder their performance as they did
not differ from either control group.

Binocular viewing controls demonstrated a preference for con-
gruently paired bimodal stimuli while both eye-patched controls and
people with one eye were not affected to the same extent by the in-
congruently paired bimodal stimuli (Fig. 4). This suggests that bino-
cular viewing controls likely made their recognition judgments based
on their dominant sensory modality (vision) more often than eye-pat-
ched controls and people with one eye. This conclusion can be made by
evaluating the data in conjunction with binocular viewing controls’
increased enhancement of their visual effect score and increased in-
terference in their auditory effect score.

3. Experiment 2: Object identity recognition

In Experiment 2, we sought to determine whether these audiovisual
differences were specific to person identity or whether they occurred
more generally for other audiovisual stimuli. We repeated these ex-
periments with an object stimulus: cars and horns.

3.1. Materials and methods

3.1.1. Participants
The same participants completed Experiment 1 and Experiment 2.

3.1.2. Stimuli
Stimuli consisted of 110 greyscale images of cars taken from the

Fig. 4. Difference in sensitivity (d′) for the congruency difference scores plotted for each
of the BV (white), MV (grey) and ME (black) groups. Significant differences are indicated
by * (p < 0.05) and ** (p < 0.001). Error bars represent standard error of the mean.

Fig. 5. Schematic diagram representing the task in Experiment 2. A. Learning phase. B. Pre-test phase. C. Testing Phase Unimodal Block. D. Testing Phase Bimodal Block.
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internet and resized (see Hoover et al. 2010). Auditory horn stimuli
were 20 s in duration and consisted of 110 different car horn sounds
(see Hoover et al. 2010).

3.1.3. Procedure
As in Experiment 1, participants sat 45 cm from the display in a

dimly lit room with the head stabilized by a chin/forehead rest. The
procedure was identical to that for Experiment 1 throughout sub-
stituting car images for faces and car horns for voices (Fig. 5).

3.2. Results

The same analyses were used as in Experiment 1.

3.2.1. Overall identity recognition
A 3×3 repeated measures analysis of variance (ANOVA) com-

paring sensitivity scores for overall object identity recognition perfor-
mance in each participant group (ME vs BV vs MV) and stimulus con-
dition (auditory only, visual only, overall bimodal) revealed no
significant interaction, F(4, 116)= 1.501, p=0.207, ηp2= 0.049 and
main effect of participant group, F(2, 58)= 0.705, p=0.498,
ηp2= 0.024. There was a main effect of condition, F(2, 116)= 17.708,
p < 0.001, ηp2= 0.234. Bonferroni corrected post hoc tests indicated
that the participant groups were less sensitive to auditory stimuli
(horns) compared to visual stimuli (cars) (p=0.005) and bimodal
(cars/horns) (p=0.048). The ME, MV and BV groups did not demon-
strate a difference in sensitivity across groups within any of the con-
ditions. Fig. 6 plots the sensitivity scores for each of the BV, MV and ME
groups.

3.2.2. Bimodal effect scores
Visual effect score: A one way ANOVA comparing sensitivity to un-

imodal visual stimuli compared to bimodal stimuli (congruent bimodal
sensitivity – horn only sensitivity) in each participant group (ME vs BV
vs MV) was not significant, F(2, 60)= 1.266, p=0.290. The ME group,
MV group and BV group did not differ in sensitivity when cars and
horns were paired together compared to when horns were tested alone.
One sample t-tests were conducted to determine whether the bimodal
effect scores from each participant group indicated a significant en-
hancement effect (significantly different from zero). A significant en-
hancement effect was found for the MV (t(24)= 2.548, p=0.018) and
the ME group (t(10)= 2.890, p=0.016). No significant enhancement
was found for the BV group (t(24)= 1.482, p=0.151). Fig. 7 plots the
difference in sensitivity (d′) of the visual effect scores for each of the
BV, MV and ME groups.

Auditory effect score: A one way ANOVA comparing sensitivity to
unimodal auditory compared to bimodal sensitivity (congruent bimodal
sensitivity – car only sensitivity) in each participant group (ME vs BV vs

MV) was also not significant, F(2, 60)= 2.770, p=0.071. The ME, MV
and BV groups did not differ in sensitivity when cars and horns were
paired together compared to when horns were tested alone. One sample
t-tests were conducted to determine whether the bimodal effect scores
from each participant group indicated a significant interference effect
(significantly different from zero). A significant interference effect was
found for the BV (t(24)=−3.681, p=0.001). No significant inter-
ference was found for the MV group (t(24)=−0.579, p=0.568) and
the ME group (t(10)=−0.014, p=0.989). Fig. 7 plots the difference
in sensitivity (d′) of the auditory effect scores for each of the BV, MV
and ME groups.

3.2.3. Congruency differences
A one way ANOVA comparing sensitivity to congruency (congruent

bimodal sensitivity – incongruent bimodal sensitivity) in each partici-
pant group (ME vs BV vs MV) was not significant, F(2, 60)= 3.031,
p=0.056. The BV group, MV group and ME group showed no differ-
ence in sensitivity when learned cars and horns were paired together
congruently compared to an incongruent pairing made up of a learned
car or horn and a new car or horn. One sample t-tests were conducted to
determine whether each participant group demonstrated a preference
for congruently paired bimodal stimuli (significantly greater con-
gruency difference compared to zero). A significant preference for
congruently paired bimodal stimuli was found for the BV group, BV (t
(24)= 3.676, p=0.001). No significant differences were found for the
MV (t(24)= 0.748, p=0.462) and ME groups (t(10)=−0.278,
p=0.787). Fig. 8 plots the congruency difference scores for each of the
BV, MV and ME groups.

Fig. 6. Sensitivity scores (d′) for each of the BV (white), MV (grey) and ME groups (black)
for the unimodal auditory, unimodal visual and bimodal conditions. Error bars represent
standard error of the mean.

Fig. 7. Visual effect scores: congruent bimodal-unimodal auditory (first three columns)
and the auditory effect scores: congruent bimodal-unimodal visual (last three columns)
for each of the BV (white), MV (grey) and ME (black) groups. Error bars represent
standard error of the mean.

Fig. 8. Difference in sensitivity (d′) for the congruency difference scores plotted for each
of the BV (white), MV (grey) and ME (black) groups. Error bars represent standard error
of the mean.
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3.3. Summary of object identity recognition results

In Experiment 2, there was no difference in performance between
groups for unimodal visual (car), unimodal auditory (horn) and bi-
modal (car-horn) stimuli sensitivity (Fig. 6). This indicates that the
auditory advantage demonstrated by people with one eye for auditory
only stimuli is specific to person identification and does not generalize
to object identification. The eye-patched control group and people with
one eye demonstrated a significant enhancement effect when their bi-
modal sensitivity score was compared to their unimodal auditory sen-
sitivity score (Fig. 7, visual effect score). The binocular viewing control
group demonstrated a significant interference effect when their bi-
modal sensitivity score was compared to their unimodal visual sensi-
tivity score (Fig. 7, auditory effect score). Overall, when comparing
between participant groups however, people with one eye have no in-
creased or decreased interference or enhancement for either of their
bimodal sensitivity scores (Fig. 7). All three groups did not differ in
identifying congruently paired compared to incongruently paired bi-
modal stimuli (Fig. 8).

3.4. Comparison across face-voice and car-horn tasks

Visual effect score – Face-voice vs. Car-horn: Paired samples t-tests
were conducted to compare the visual effect scores obtained in each
task (face-voice and car-horn) for each participant group (ME, BV and
MV). A significant difference in visual effect scores was found across
tasks for the BV group, t(24)= 2.093, p=0.047. No significant dif-
ferences in visual effect scores were found across tasks for both the MV
group, t(24)= 0.027, p=0.979 and ME group, t(10)=−1.326,
p=0.214. Fig. 9 plots the visual effect scores for each task for the BV,
MV and ME groups.

Auditory effect score – Face-voice vs. Car-horn: Paired samples t-tests
were conducted to compare the auditory effect scores obtained in each
task (face-voice and car-horn) for each participant group (ME, BV and
MV). A significant difference between auditory effect scores was found
across tasks for all of the participant groups: BV group, t(24)=−2.440,
p=0.022, MV group, t(24)=−2.193, p=0.038 and ME group, t
(10)=−2.249, p=0.048. Fig. 9 plots the auditory effect scores for
each task for the BV, MV and ME groups.

4. General discussion

The current study investigated how people with one eye use audi-
tory and visual information for person and object identity recognition
compared to binocular viewing and eye-patched controls. When com-
paring across tasks, only the binocular viewing controls’ sensitivity to
person recognition was enhanced by adding the visual stimulus to the
auditory stimulus (visual effect score) (Fig. 9, BV group). This effect
was limited to the person identity but not the object identity task. These
results indicate a form of visual dominance for faces consistent with
other visual dominance effects such as the Colavita effect (Moro &
Steeves, 2012; 2013). Binocular viewing controls use visual information
from faces to enhance person identification more than the visual in-
formation from cars to enhance object identification. Eye-patched
viewing controls and people with one eye did not differ across tasks on
their visual effect score suggesting a lack of visual dominance, con-
sistent with previous research (Moro & Steeves, 2012). Additional in-
formation provided by the visual stimulus did not enhance bimodal
sensitivity for either the eye-patched control group or people with one
eye, and had little effect on performance in the audiovisual condition
for either person and object identity. This is likely due to a ceiling effect
given the high sensitivity for the unimodal condition. All groups
showed greater interference on their auditory effect score, where ad-
ditional information provided by the auditory stimulus more greatly
interfered with bimodal sensitivity for the face-voice task (Experiment
1). However, only the eye-patched viewing controls and people with
one eye showed interference as per their auditory effect score for the
car-horn task (Experiment 2). This result indicates that the additional
auditory information from the voice hindered the sensitivity for person
identification greater than the additional auditory information from the
horns for object identification.

The binocular viewing controls have consistent performance with
those from other face-voice person recognition studies (Hoover et al.,
2010; Joassin et al., 2008). Unimodal face recognition is superior to
voice recognition and the addition of voice information interferes with
the efficient processing of the face during bimodal face-voice pairings in
binocular viewing controls (Joassin et al., 2008). In the current study,
people with one eye demonstrate increased sensitivity to faces com-
pared to voices, similar to binocular viewing controls however, they do
not show increased sensitivity to faces compared to bimodal face-voice
stimuli. People with one eye have mild impairments (are slower) in
processing the shape and spacing between internal facial features in-
dicating an overall subtle deficit in processing whole faces (Kelly et al.,
2012). This deficit, although minor, might play a more substantial role
in deciphering person identity and result in people with one eye taking
greater advantage of available voice information for bimodal person
identity recognition.

In the current study, the eye-patched viewing control group per-
forms more similarly to the people with one eye rather than the bino-
cular viewing control group. Our lab has previously found effects of
monocular viewing from eye patching on low level, low contrast visual
tasks (Reed, Steeves, Kraft, Gallie, & Steinbach, 1996; Steeves et al.,
2004) and this is the first time that an effect of eye patching has been
observed on higher level visual processing. The similar performance can
be attributed to the overall reduction of visual input to the brain
whether short-term from the eye-patch or long-term from early eye
enucleation in childhood. Despite the reduction of visual input, bimodal

Fig. 9. The visual effect score and auditory effect score for each task for each of the BV,
MV and ME groups comparing across the face-voice (white) and car-horn stimuli (black)
tasks. Significant differences are indicated by * (p < 0.05). Error bars represent standard
error of the mean.
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person identification is nonetheless intact in both groups. These results
support a top-down model of face and voice encoding where identifi-
cation is modulated by supramodal brain regions rather than a bottom
up model where extensive unisensory processing takes place to support
supramodal brain regions (Maguinness & von Kriegstein, 2017; Latinus,
VanRullen, & Taylor, 2010). Person identity performance may be af-
fected by a reduction of visual input, however, it is important to note
that the type of visual deprivation varies substantially between the two
visually deprived groups in this study. On one hand, people with one
eye likely undergo long-term developmental changes following early
eye-enucleation that results in permanent cortical reorganization
(Kelly, DeSimone, Gallie, & Steeves, 2015; Moro, Kelly, McKetton,
Gallie, & Steeves, 2015) that contributes to altered underlying face-
voice processing mechanisms. On the other hand, eye-patched viewing
controls only experience short-term visual deprivation at the time of
testing which appears to transiently alter the use or weighting of au-
ditory information during face/voice recognition.

People with one eye have better sensitivity to voices compared to
binocular controls. In accordance with the modality appropriateness
hypothesis, the best sensory modality at processing a specific sensory
dimension or stimulus attribute, should dominate (Welch & Warren,
1980). It is possible that the increased sensitivity in hearing voices al-
lows for more use of voices for identity recognition and serves as an
adaptive compensatory mechanism for the loss of one half of the visual
input to the brain. The result is a more “balanced” contribution of each
sense for bimodal (audiovisual) person identification and not a dom-
inance of one sense (typically vision) over another.

The increased reliance on visual face information in all three par-
ticipant groups (although greater for binocular viewing controls and
eye-patched viewing controls) for person identification compared to
object identification suggests that person identification is a unique
process that is in some ways distinct from object identification. It has
been shown that learned face-voice stimuli have underlying neural
circuits that work in conjunction with one another (FFA, fusiform face
area and TVA, temporal voice area) when comparing between sensory
redundant stimuli (faces and voices) or arbitrary multimodal combi-
nations (cell phones and ring tones) (von Kriegstein & Giraud, 2006).
Information generated from person identification has stronger, more
meaningful and ecological associations than those for object identifi-
cation (Hoover et al., 2010). Visual face information, therefore, facil-
itates person identity recognition when presented in conjunction with a
person’s voice. People with one eye, despite demonstrating a difference
between tasks, may still use audiovisual information equally for object
identification and person identification, since they are better at voice
recognition compared to binocular controls. In addition to demon-
strating mild impairments in holistic face processing (Kelly et al., 2012)
people with one eye lack typical visual dominance for non-face stimuli
(Moro & Steeves, 2012) perhaps indicating more generalized decrease
in visual dominance across higher level visual stimuli (such as both
faces and objects). It has recently been shown that people with one eye
have increases in surface area and gyrification in auditory, and multi-
sensory cortices in addition to the visual cortex (Kelly et al., 2015), as
well as, a volume asymmetry in the MGB that may represent increased
interactions between the left MGB and primary auditory cortex (Moro
et al., 2015). These subcortical and cortical adaptations could support
altered audiovisual contributions to person and object identification
mechanisms.

In conclusion, short-term visual deprivation (from eye-patching)
and long term visual deprivation (from removal of an eye early in life)
decrease the reliability of face stimuli and may yield better use of voice
information during face-voice person identification. People with one
eye demonstrate evidence for generalized altered audiovisual neural
contributions to person identification that may serve as an adaptive
compensatory mechanism for the loss of half of the visual input to the
brain.
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