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PURPOSE. In the United States, AMD is a leading cause of low vision that leads to central
vision loss and has a high co-occurrence with hearing loss. The impact of central vision
loss on the daily functioning of older individuals cannot be fully addressed without
considering their hearing status. We investigated the impact of combined central vision
loss and hearing loss on spatial localization, an ability critical for social interactions and
navigation.

METHODS. Sixteen older adults with central vision loss primarily due to AMD, with or
without co-occurring hearing loss, completed a spatial perimetry task in which they
verbally reported the directions of visual or auditory targets. Auditory testing was done
with eyes open in a dimly lit room or with a blindfold. Twenty-three normally sighted,
age-matched, and hearing-matched control subjects also completed the task.

RESULTS. Subjects with central vision loss missed visual targets more often. They showed
increased deviations in visual biases from control subjects as the scotoma size increased.
However, these deficits did not generalize to sound localization. As hearing loss became
more severe, the sound localization variability increased, and this relationship was not
altered by coexisting central vision loss. For both control and central vision loss subjects,
sound localization was less reliable when subjects wore blindfolds, possibly due to the
absence of visual contextual cues.

CONCLUSIONS. Although central vision loss impairs visual localization, it does not impair
sound localization and does not prevent vision from providing useful contextual cues for
sound localization.

Keywords: spatial localization, vision impairment, hearing impairment, cross-modal
perception

Low vision affects 5.7 million people in the United
States, with more than 70% over age 65.1 Low vision

is frequently accompanied by hearing loss (dual sensory
impairment [DSI]) in older adults. It is estimated that for
people over the age of 65, 50% of the individuals with low
vision also have hearing loss.2 DSI introduces unique func-
tional challenges that need special rehabilitation approaches
to address the joint impact of vision and hearing impairment,
but these have received very little attention.3–6 In partic-
ular, the most common form of vision loss that co-occurs
with hearing loss is AMD, which is also a leading cause of
low vision in the United States.7–9 Advanced AMD is accom-
panied by central vision loss, including decreased acuity,
decreased contrast sensitivity, and field loss. Past literature
has consistently shown the impact of central vision loss on
reading and mobility.10 However, the impact of central vision
loss on the everyday functioning of these individuals cannot

be fully addressed without considering the individual’s hear-
ing status.

The current article deals with spatial localization, an
important ability for both safe navigation and social inter-
actions. Spatial localization refers to judgement of the direc-
tion and distance of people and objects around us. Although
other senses such as haptic, olfaction, and propriocep-
tion can also provide location information and are increas-
ingly important for people with sensory impairment, vision
and hearing remain the most important senses for the
spatial localization of targets beyond arm length.11 Here,
we recruited subjects with combined central vision loss and
hearing loss, central vision loss only, hearing loss only, and
controls with normal vision (NV) and hearing to perform
a spatial perimetry task in which they verbally report the
directions of visual or auditory targets. In an earlier report,
we validated this task in testing older individuals and
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showed that it is a sensitive test that reveals age-related
changes in visual and auditory localization.12 Our goal is to
build a theoretical understanding of how central vision loss
and hearing loss interact during the localization of visual
and auditory targets.

A first question to be answered by this study is the
impact of central vision loss on egocentric visual localiza-
tion. Central vision is critical for orientation and mobility
tasks, and central vision loss affects the individuals’ perfor-
mance on mobility tasks such as obstacle course navigation
and street crossing decision-making.13–15 Here we focus on
the egocentric localization of simple visual targets, which
is critical for judging the directions of obstacles in rela-
tion to oneself in real-life tasks. Egocentric representation
of external space is a basis for more complex tasks such
as forming cognitive maps.16 AMD often results in central
scotomas, and the patients often adapt by developing a
preferred retinal locus (PRL) as their new fovea.17,18 Due
to these characteristics of central vision loss, we asked how
the scotoma size and PRL sites influence visual localization
performance.

Our second question involves the cross-modal impact
of central vision loss on sound localization. There has
been extensive research into the impact of blindness (ie,
lack of form vision), either congenital or acquired in early
life, on various sound localization tasks (eg, reference19,20);
however, research into the impact of vision loss with resid-
ual form-vision on sound localization is sparse,21–25 and
to our knowledge there has been no study looking into
the interaction between vision and hearing impairment on
sound localization. It is tempting to predict the impact of
partial vision loss on sound localization based on two theo-
ries proposed in the case of blindness. The compensa-
tion theory proposes that blind individuals develop supe-
rior auditory abilities to compensate for their vision loss,26

whereas the deficit theory proposes that blind individuals
have deficits in sound localization because vision plays a
fundamental role in calibrating auditory spatial perception.27

However, it is not straightforward to apply these theories to
the case of impaired central vision with retained peripheral
vision.

Here we explore the impact of central vision loss on
sound localization from two perspectives. First, hearing
impairment alone can affect sound localization perfor-
mance.28–30 Does central vision loss pose an additional
impact on sound localization that interacts with the impact
of hearing impairment? If this is true, we would expect to see
a quantitatively different relationship between sound local-
ization performance and hearing threshold among subjects
with NV and those with coexisting central vision loss.
Second, sound localization has been found to be more
precise and accurate when normally sighted subjects are not
blindfolded, suggesting a benefit of visual context on sound
localization.31–33 Is this important benefit of vision retained
for people with central vision loss?

METHODS

Subjects

Thirty-nine subjects (25 women, aged 59–94 years) were
recruited from the Retiree Volunteer Center at the University
of Minnesota, the Vision Loss Resources in Minneapolis, and
the Minnesota Laboratory for Low Vision Research. Twenty-
three subjects had no known vision disorders (NV group)
with normal hearing or age-related sensorineural hearing

loss. Sixteen subjects had central vision loss due to macular
disorders (vision impairment [VI] group) with normal hear-
ing or age-related sensorineural hearing loss. The presence
and types of hearing loss were obtained from the self-reports
of each subject. Sensorineural hearing loss was confirmed by
a typical audiometric result that showed increasing loss from
low to high frequencies. According to the International Orga-
nization for Standardization, it is considered age appropriate
if an individual shows normal thresholds (≤20 dB hearing
level [HL]) at low frequencies (125–2 kHz) but mild hear-
ing loss at high frequencies (4 k–8 kHz).34 Normal cogni-
tive status was verified by the Mini-Mental State Examination
(score of >24).

This study was approved by the University of Minnesota
Institutional Review Board and followed the Declaration of
Helsinki. Consent forms were acquired from all subjects
before their participation in this study.

Vision and Hearing Screening

Subjects completed vision screening tests with their most
up-to-date prescriptions, if any. Visual acuity was assessed
by the Lighthouse Distance Visual Acuity chart.35 All subjects
in the NV group had normal visual acuity with an average of
–0.01 logMAR. For the VI group, acuity ranged from −0.02
to 1.20 logMAR, averaging 0.50 logMAR, which was signifi-
cantly worse acuity than the NV group, F(1,34) = 32.5, P <

0.001. Note that some subjects in the VI group had relatively
good acuity because they were at an early stage of AMD or
had a ring scotoma with spared fovea.

Contrast sensitivity was assessed by the Pelli-Robson
Contrast Sensitivity Chart Low-Vision Version.36 Subjects in
the NV group had contrast sensitivity equal to or better than
1.65 logCS, which corresponds with the last line on the chart.
For the VI group, the contrast sensitivity ranged from 0.45 to
1.65 logCS, averaging 1.24 logCS. The VI group had signifi-
cantly worse contrast sensitivity than the NV group, F(1,34)
= 21.3, P < 0.001.

For the VI group, the status of central visual field and the
location of the binocular PRL was assessed with the Califor-
nia Central Visual Field Test (Precision Vision, Woodstock,
IL).17 Among the 16 subjects in the VI group, 5 had intact
foveal fixation, 2 had ring scotoma and used the central
island for fixation, 3 adopted PRLs inferior to their scotoma,
4 adopted a PRL to the left, and 2 adopted a PRL to the right
of their scotoma (all in visual field coordinates). Scotoma
width was obtained as the visual angle extending from the
left-most to the right-most edges of the scotoma. For subjects
with ring scotomas, the spared fovea was subtracted from
the total width. Examples of California Central Visual Field
Test results are shown in Figure 1a.

Hearing thresholds were tested at 125, 250, 500, 1k,
2k, 4k, 6k, and 8 kHz by pure-tone audiometry using
an air conduction audiometer. Five subjects in the NV
group and four subjects in the VI group were hearing aid
users. Figure 1b shows the average hearing thresholds for
each group at each tested frequency. The pure-tone aver-
age (PTA) was calculated across 0.5 to 4.0 kHz frequencies
according to World Health Organization standards. Using a
PTA of ≤20 dB HL as the criterion, 10 subjects in the NV
group and 8 subjects in the VI group had impaired hearing
thresholds. Note that subjects meet the criterion of a PTA of
≤20 dB HL across 0.5 to 4.0 kHz may still have mild loss at
higher frequencies as it is typical for older subjects.34 The
PTA ranged from 3.8 to 73.8 dB HL in the NV group and
0 to 53.8 dB HL in the VI group. There was no significant
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FIGURE 1. Vision and hearing status. (a) Examples of the California Central Visual Field Test results from four subjects with central scotomas.
The shaded areas represent scotomas. (b) Audiogram of VI (dots) and NV (circles) groups. Pure tone thresholds (dB HL) were plotted as
a function of sound frequencies (kHz). (c) Scatter plot showing distributions of acuity (logMAR, x axis) and hearing thresholds (dB HL,
y axis) for each individual subject. Dots and circles represent VI and NV groups, respectively.

TABLE. Summary of Vision and Hearing Characteristics for Subjects in the VI Group.

ID
Age

(Years) Diagnosis Acuity
Contrast
Sensitivity

Scotoma
Width (°) PRL Site

Hearing
Threshold (Left)†

Hearing
Threshold (Right)

Hearing
Aids

VI_1 87 AMD* 0.50 1.65 4.5 R 16.25 27.50 No
VI_2 68 AMD 0.22 1.65 NA C 16.25 22.50 No
VI_3 83 AMD −0.02 1.65 NA C 17.50 21.25 No
VI_4 66 Macular hole 0.62 1.35 3.1 Inferior 0 6.25 No
VI_5 56 Stargardt 1.14 0.45 15.0 L 13.75 22.5 No
VI_6 63 Stargardt 0.16 1.35 12.5 Inferior 5.00 8.75 No
VI_7 71 AMD 1.10 1.35 7.5 Inferior 20.00 11.25 No
VI_8 56 Pseudoxanthoma

Elasticum
0.70 1.35 10.0 Central

Island
16.25 15.00 No

VI_9 83 AMD 0.42 0.45 7.5 L 38.75 35.00 No
VI_10 91 AMD 0.30 1.35 14.3 Central

Island
68.75 50.00 Yes

VI_11 89 AMD 1.04 0.45 7.5 L 53.75 55.00 No
VI_12 94 AMD 0.10 1.50 4.3 C 52.50 60.00 Yes
VI_13 84 AMD 0 1.65 NA C 52.50 43.75 Yes
VI_14 75 AMD 0.4 1.20 6.4 R 41.25 33.75 No
VI_15 77 AMD 0.06 1.65 NA C 35.00 27.50 Yes
VI_16 75 Stargardt 1.20 1.05 12.5 L 31.25 36.25 No

* AMD.
† This is the PTA across 0.5–4.0 kHz.

difference in the PTA between the two groups, F(1,34) =
0.30; P = 0.59. Asymmetry of hearing was quantified as the
difference between the PTA in the two ears. Only one subject
had an asymmetry of >20 dB HL.

A summary of individual subject characteristics in the VI
group is provided in Table. Figure 1b visualizes the distri-
bution of hearing threshold against visual acuity in each
group.
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FIGURE 2. Schematic of the trial structure. Subjects used an Xbox controller to initiate each trial. After the key press there was a 500-ms
delay, followed by a stimulus presented from one of the 17 locations. In the vision-only condition, a white disk was presented for 200 ms; in
two audition conditions (with or without blindfold) pink noise was presented for 200 ms. After the target presentation, the subjects needed
to verbally report the location of the stimuli, first responding left or right, then responding with an angle relative to directly in front of the
subject. The −40° and 40° locations were omitted because these locations were at the intersection between the screens where visual stimuli
cannot be presented properly.

Spatial Localization Task

The apparatus and procedure of the spatial localization task
were described in more detail in Xiong et al.12 Subjects were
seated in the center of a semi-anechoic chamber, surrounded
by 19 speakers and a video projection system arranged in a
semi-circle with a 1.5-m radius. The direction and intensity of
the speakers were calibrated by positioning a microphone at
the center of the semicircle and analyzing the received sound
spectrum. The projector screens were acoustically transpar-
ent and occluded the speakers.

Auditory stimuli were pink noise bursts with a frequency
band of 200 to 8000 Hz. The stimuli lasted 200 ms (with
50-ms onset/offset ramps), with an intensity of 60 dB SPL.
Visual stimuli were bright disks 3° in diameter, 200 ms in
duration, and with a contrast of 90%. Subjects wore their
habitual glasses, contact lenses, and hearing aids in the
spatial localization task, if any.

In a vision-only condition, subjects performed the task
while only visual stimuli were presented. In an audition-only
condition, subjects wore a blindfold while localizing audi-
tory stimuli. In an audition no-blindfold condition, subjects
localized the auditory stimulus without wearing a blindfold.
In this condition, the projector screen had a dark back-
ground without any visual stimuli. However, the layout of the
room and the screen–floor boundaries were visible under
the dim light of the projectors.

In each trial, the stimulus was presented randomly at 1
of 17 locations in steps of 10°, ranging from −90° to 90°
azimuth (Fig. 2). The −40° and 40° locations were omitted
because these locations were at the intersection between the
screens where visual stimuli could not be presented prop-
erly. The subjects verbally reported the direction of the stim-
ulus, first by reporting its orientation (left, right, or center),
then by estimating its location angle (0° to 90°). Subjects
were instructed to be as precise as possible. If the subject
couldn’t see or hear the stimuli, they were allowed to report
the trial as a miss. Subjects were asked to keep their head
and gaze straight ahead during testing.

Subjects first viewed or listened to demos of the visual
and auditory stimuli played in order from the left most
direction to the right most direction or vice versa. They
then completed five practice trials for each condition. In the
actual testing, subjects completed two blocks per condition
in random order. In each block, each of the 17 directions was

tested two times in random order. No feedback was given in
either practice or testing.

Data Analysis

Analyses were performed using R software.37 Three key
localization parameters were obtained for each subject in
each condition.

• The miss rate was calculated as the percentage of trials
reported as a miss at each location.

• Bias (signed error) was calculated as the mean signed
deviation between the reported and actual location
(Bias = Reported locations – Actual locations), repre-
senting both the magnitude and direction of any
response errors. Overshooting happens when a target
is reported as being more peripheral than its actual
location, and undershooting happens when a target is
reported as being more central than its actual location.

• Variability was calculated as the standard deviation of
the responses across the four trials at each location
for each condition, with smaller variability represent-
ing higher precision.

In the analyses of miss rates and variability, we grouped
the 17 locations into 5 bins corresponding with left far
periphery (−90° to −60°), left near periphery (−50° to
−20°), center (−10° to 10°), right near periphery (20° to 50°),
and right far periphery (60° to 90°) (Fig. 3a). Binning was
used to both increase the statistical power and to examine
the impact of scotoma characteristics and PRL sites on local-
ization in different spatial fields.

Linear mixed effect (LME) models38 were constructed
to examine the differences between the NV and VI
groups or among the test conditions. Condition (vision-only,
audition-only, audition no-blindfold), group, and bins (left
far periphery, left near periphery, center, right near periph-
ery, right far periphery; as described elsewhere in this arti-
cle) were included as fixed factors, and subject was included
as a random factor. For all LME models, significant main
effects of the fixed factors were examined by the ANOVA
function. Post hoc analyses were conducted with Bonferroni
correction (“emmeans” package39). In the cases of absence
of a group effect or its interaction with other factors, data
from both groups were merged in the post-hoc analysis.
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FIGURE 3. Miss rate. (a) An illustration of how the 17 locations were separated into five bins corresponding with −90° to −60° (left far
periphery [LF]), −50° to −20° (left near periphery [LN]), −10° to 10° (center [C]), 20° to 50° (right near periphery [RN]), 60° to 90° (right far
periphery [RF]). (b) Average miss rates across the five bins for each group. The NV and VI groups are plotted as open and closed symbols,
respectively. The asterisks represent significant difference between the two groups. (c) Miss rates in the vision-only condition at each bin
for each PRL subgroup. The asterisks represent significant difference from the central PRL group. In (b) and (c), the error bars represent
standard errors. *** P < 0.001; **P < 0.05; *P < 0.01.

Linear regression models were constructed to exam-
ined which vision factors (acuity, contrast sensitivity, PRL
sites, and scotoma width) and/or hearing factors (threshold,
binaural asymmetry, and use of hearing aids) played signifi-
cant roles in determining each of the three main localization
parameters. Because there was a significant age difference
between the two groups (averaging 69 years in the NV group
and 76 years in the VI group; P = 0.017), we included age
as a covariate in all analyses.

RESULTS

Miss Rate

The miss rate is a parameter of interest because it may
directly reflect the field loss characteristics and PRL sites
of the VI group. We found that the misses were reported
exclusively in the vision-only condition, averaging 10.5% of
the trials in the VI group and 5.4% in the NV group.

We grouped the 17 target locations into five bins (see
Methods and Fig. 3a) and compared the miss rates between
groups (Fig. 3b). LME analysis confirmed significant main
effects of group, F(1,36) = 4.79; P = 0.035; bin, F(4,148)
= 10.76, P < 0.001; and a significant interaction, F(4,148)
= 3.28; P = 0.013. Post hoc analyses showed that the VI
group had significantly higher miss rates not only in the
central bin (averaging 0.3% for the NV group vs 10.8% for
the VI group; P = 0.010), but also in the right far peripheral
bin (averaging 8.3% for the NV group and 21.3% for the VI
group; P = 0.001). There were no group differences in the
other bins.

To further explore whether the patterns of misses were
consistent with the subjects’ central vision status and PRL
sites, the 16 subjects in the VI group were separated into
subgroups based on their PRL sites: foveal PRL (ie, using
fovea for fixation; n = 7), lateral PRL (n = 6), and infe-

rior PRL (n = 3). Left and Right PRLs were merged into the
Lateral subgroup because there was no significant difference
in their patterns of misses.

As shown in Figure 3c, the three PRL subgroups showed
different patterns of misses across the five bins. Subjects
with foveal PRLs had a similar pattern of misses to the NV
group, with the misses primarily occurring in far peripheral
locations. The lateral PRL subgroup had significantly higher
miss rates than the foveal PRL subgroup only at the center
bin (21.3% vs 1.2%; P = 0.007), consistent with their central
vision loss. In contrast, the inferior PRL subgroup showed
higher miss rates than the foveal and lateral PRL subgroups
in far peripheral locations (30.1% vs 3.3% and 8.5% at the
left far peripheral bin [P = 0.004 and P = 0.040], and 48.8%
vs 18.5% and 9.5% at the right far peripheral bins [all P <

0.001]).

Localization Bias

Figure 4a shows the group average biases as a function of the
horizontal direction for each group and in each condition.
Both groups showed overshooting biases in central locations
and undershooting biases in peripheral locations in all three
conditions.

To explore whether central vision loss may alter the
localization biases in central space, we quantified the over-
shooting by linear regression analyses on the biases as a
function of spatial locations across −30° to 30°, where the
overshooting was most prominent.12,40 As shown in the
example in Figure 5a, the slope of the linear regression
represents the magnitude of overshooting, and the inter-
cept with the y-axis represents the bias in perceived straight-
ahead.

The intercepts in all three conditions were close to zero,
indicating accurate perception of egocentric straight-ahead.
Therefore, the following analyses primarily focus on the
slope. LME analysis on the slopes showed a significant effect
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FIGURE 4. Localization bias and variability. (a) Localization biases across the 17 locations in each condition. (b) Localization variability
across the 17 locations in each condition. The two groups are illustrated by open (NV) and closed (VI) symbols, respectively. The error bars
represent standard errors.

of condition, F(2, 74) = 7.45; P = 0.001, but no signifi-
cant main effect of group or their interaction. As shown
in Figure 5b, the slopes in the vision-only condition aver-
aged 0.14 (NV) and 0.18 (VI). In the audition-only condi-
tion the slopes averaged 0.31 (NV) and 0.33 (VI), signifi-
cantly larger (steeper) than the vision-only condition (P <

0.001). The audition no-blindfold condition had intermedi-
ate slopes that averaged 0.21 (NV) and 0.29 (VI), which
were not significantly different from either the vision-only or
the audition-only condition. Figure 5b also shows individual
slopes with crosses and triangles representing subjects with
hearing thresholds of ≤20 dB HL and >20 dB HL, respec-
tively. There was no significant difference between these
subgroups in any of the three conditions.

Within the VI group there was a significant impact of
central scotoma on the magnitude of overshooting in the
vision-only condition. The slope decreased as the scotoma
width increased, F(1,14) = 8.61; P = 0.011 (Fig. 5c), which
explained 34% of the variations in the slopes. For exam-
ple, subject VI_2 with an intact central field had a slope
of 0.5, indicating that they may report a 10° visual target
as 15°. In contrast, subject VI_5 with a scotoma of 15°
width had a slope of −0.19, indicating that they may report
a 10° visual target as 8°, showing undershooting instead.
We asked whether the slopes in either audition condi-
tion was also correlated with the scotoma width. We did
not find such correlation (see Fig. 5c for the auditory-only
condition).

For the slopes in the audition-only condition, hearing
threshold, binaural asymmetry, and use of hearing aids were
not significant predictors. Figure 5d plots the slopes in the
audition-only condition as a function of hearing thresholds
for the NV and VI groups. The figure illustrates a lack of
correlation between the slopes and hearing thresholds and
a highly similar distribution of the slopes in the NV and VI

groups, which indicates a lack of cross-modal impact of VI
on sound localization bias.

Localization Variability

Greater localization variability represents lower preci-
sion. Figure 4b shows the group average variability at each
of the 17 directions in each condition, for both groups.
In Figure 6a, the variabilities were grouped into the five loca-
tion bins. In addition, Figure 6a provides separate plots for
subjects whose hearing thresholds were ≤20 dB HL and >20
dB HL. We report the results based on the NV and VI groups
and then the impacts of hearing loss.

LME modeling showed significant main effects of condi-
tion, F(2,39) = 51.92, P < 0.001, and bin, F(4,66) = 3.39;
P = 0.014, and an interaction between them, F(8,402) =
8.62, P < 0.001. There was no main effect of group (NV
vs VI) or its interaction with other terms. The visual vari-
ability increased from center to peripheral space (P <

0.001), whereas the variability in the audition-only condi-
tion decreased from central to peripheral space (P < 0.001).
The comparisons between the vision-only and audition-only
conditions showed a significant vision advantage (smaller
variability) in central and near peripheral bins (all P <

0.001), but not in far peripheral bins.
Comparing the two auditory conditions, there was a

significant decrease in variability when localizing sound
without blindfolds in the central and near peripheral bins
(all P < 0.001), but not the far peripheral bins. We consider
this difference a result of a visual context effect that provides
spatial references for sound localization. We calculated the
difference between the two auditory conditions to facilitate
the comparison between the NV and VI groups. Figure 6b
shows the visual contextual benefit as a function of visual
acuity. There was no group effect or any impact of acuity or
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FIGURE 5. Localization bias. (a) An example from subject VI_10 showing how the overshooting in central space is quantified using linear
regressions. The slopes of the regression lines represent the magnitude of overshooting. (b) Bar plots showing average slopes for each
condition for NV group (left), VI group (center), and both groups combined (right). Individual slopes were also plotted overlaying each bar
plot, with crosses representing subjects with hearing thresholds of ≤20 dB HL, and triangles representing subjects with hearing thresholds
of >20 dB HL. (c) Scatter plot showing the correlation between the slope in the vision-only (red circles) and audition-only (blue circles)
conditions and the width of scotomas (in degrees). Regression line and the equation for the vision-only condition are also noted. (d) Scatter
plot showing the slopes in the audition-only condition as a function of hearing thresholds. Open and solid circles represent NV and VI
groups, respectively. The error bars represent standard errors. ***P < 0.001.

other vision parameters on the calculated difference (all P
> 0.05).

For both the NV and VI groups and in both auditory
conditions, we observed higher auditory variabilities for
subjects whose hearing thresholds were >20 dB HL (ie,
people with clinically defined hearing impairment). Aver-
aged across all bins, for both auditory conditions, the vari-
abilities increased with the hearing thresholds, and the pres-
ence of central vision loss did not quantitatively alter this
impact (Figs. 6c and d).

DISCUSSION

Our study shows that central vision loss affected visual local-
ization by increasing misses and altering the patterns of
overshooting bias in the central field. However, this impact
did not affect sound localization. Although hearing loss
increased the variability in sound localization, this effect
was not affected by coexisting central vision loss. More-
over, across the levels of low vision tested in this study,
vision continues to have a beneficial role for sound local-
ization when comparing the audition-only and audition no-
blindfold conditions.

Vision Impairment and Visual Localization

Our results showed evidence that central vision loss affected
visual localization differently depending on the preferred
retinal location a person used. Subjects with Lateral PRLs
showed more misses in the central bins, indicating that they
may have faced straight-ahead using their original fovea as
the reference (Fig. 7a), which is functionally more plausi-
ble than using a lateral reference, due to the importance of
horizontal head and eye directions in tasks such as straight-
ahead walking. However, subjects with inferior PRLs showed
significantly more misses in the far peripheral bins. They
may have shifted their gaze upward as an adaptation because
it does not interfere with the horizontal head and eye direc-
tion, and it can also be beneficial for monitoring the path
ahead in navigation tasks.41,42 As illustrated in Figure 7b,
such vertical shifts would lead to more misses at far periph-
eral locations as shown in our results. Inferior PRLs have
historically been reported to be less common than lateral
PRLs,17,43 which was also the case with our sample. Given
our small sample, we acknowledge that a strong conclusion
about the effects of PRL location on localization cannot be
made before more subjects are tested.
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FIGURE 6. Localization variability. (a) Variability (in degrees) across the five bins at each condition for the NV group (left), VI group (middle),
and all groups combined (right). In each group, results were plotted separately for subjects whose hearing thresholds ≤20 dB HL and >20
dB HL. The error bars represent standard errors. The five bins correspond with −90° to −60° (left far periphery [LF]), −50° to −20° (left
near periphery [LN]), −10° to 10° (center [C]), 20° to 50° (right near periphery [RN]), and 60° to 90° (right far periphery [RF]). (d) The
visual context benefit on auditory variability, calculated as the difference between the variabilities in the audition-only and audition no-
blindfold conditions, as a function of visual acuity. (c and d). The overall variability across all locations in the audition-only (b) and audition
no-blindfold (c) conditions as functions of hearing thresholds. Open and closed circles represent the NV and VI groups, respectively. A
vertical dashed lines mark out 20 dB HL. Regression lines and the equations are also noted. This is the overall benefit across all five bins.
***P < 0.001.

In addition to more misses, central vision loss also affects
the biases in visual localization. Past literature has reported
distortions in the visual representation of space in patients
with peripheral field loss44,45 or hemianopia.46 Here we
report for the first time that central vision loss is also associ-
ated with distortions in visual space perception. Although
subjects with NV consistently show an expansion in the
perceived central space, such expansion decreases as the
scotoma size increases. Expansion in central space may
be relevant to the higher functional significance of central
vision than peripheral vision in many daily tasks. As scotoma
size increases, the use of central vision decreases, which may
have led to the decreased magnitude of expansion shown in
our data.

Vision Impairment and Sound Localization

The lack of cross-modal impact of VI on sound localiza-
tion is consistent with the work of Kolarik et al. (2013),21

who reported no impact of partial vision loss on auditory
distance judgment. However, ours and Kolarik’s results seem
to conflict with both the compensation and deficit theories
in the literature on blind sound localization.26,27 As we noted
elsewhere in this article, it is not straightforward to directly
apply these theories to cases with partial vision loss when

people still have functional vision. Instead, we propose that
only when vision becomes less reliable than hearing in a
spatial task will we expect a cross-modal impact of vision
loss on sound localization. This hypothesis is consistent with
the sensory integration theories,47,48 in which people deter-
mine their dominance sense based on the relative reliability
of two different senses.

Our findings are consistent with this hypothesis. First,
central vision loss did not affect the localization perfor-
mance under the vision-only condition; therefore, it was
not surprising to see an absence of cross-modal impact on
the auditory-only condition. Further, the absence of a visual
contextual benefit during auditory localization at far periph-
eral bins was consistent with the absence of an advantage
of visual over auditory localization at far peripheral bins. In
an exploratory analysis, we found that there were significant
correlations between the magnitude of the vision advantage
and the magnitude of visual contextual benefit (Fig. 8).

This hypothesis also provides a possible explanation for
the previous findings in the literature. Visual localization
may be less reliable than auditory localization when using a
different report method (eg, using eye, hand, or head point-
ing),23,49 or in a different task,21,22,23 which will then predict
a cross-modal impact on the auditory localization in these
designs. This realization points to the importance of eval-
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FIGURE 7. Hypothetical strategies for facing straight-ahead. The black square represents the test screen. A transparent ellipse with dashed
outline that overlays on top of the screen represents the visual field. A gray patch at the center of the visual field represents a hypothetical
scotoma. A red dot next to the scotoma represents a newly developed PRL, either lateral (a) or inferior (b) to the scotoma. (a) When there is
a lateral PRL, subjects face straight-ahead with their original fovea; therefore, the visible horizontal range of the screen equals the maximum
width of the visual field. When there is an inferior PRL, subjects moved their scotoma upwards to use the inferior PRL to look straight-ahead;
therefore, the visible horizontal range of the screen is smaller than the maximum width of the visual field. The more upward the subjects
look, the more constrained the visible horizontal range gets.

FIGURE 8. Visual context benefit. Scatter plots showing the correlation between the visual context benefit, calculated as the differences in
variability between the audition-only and audition no-blindfold conditions, and the audiovisual differences, calculated as the difference in
variability between the audition-only and vision-only conditions. Correlation results for the five bins were plotted in separate panels. Data
from the NV and VI groups are plotted as open and closed symbols, respectively. Regression lines and the corresponding equation are also
noted in the plot.

uating the spatial performance in both visual and auditory
modalities to have a comprehensive understanding of the
impact of partial VI on sound localization.

Practical Considerations, Limitations, and Future
Directions

Spatial localization tasks like ours have been used in the
literature for different purposes.We adapted the test for indi-
viduals with vision and/or hearing loss who are often older
in age. The verbal report method is intended to avoid motor
errors and fatigue effects. The number of trials was decided
based on pilot testing to limit the test duration. We found
that this test is valid in showing the independent and joint
impact of vision and hearing loss on localization.

We have a total sample size of 39 subjects. Looking at
vision alone, 16 subjects had central field deficits and 23
subjects had NV. Looking at hearing alone, 18 subjects had
hearing loss (pure tone thresholds ≥20 dB) and 21 subjects
had normal hearing. Sample sizes similar to ours have been
used frequently in previous behavioral studies to investigate
the impacts of vision loss alone or hearing loss alone on
spatial tasks.14,21,23,29 However, because of our unique inter-
est in both vision and hearing loss, this sample size was not
sufficient to support comparison across the four combina-
tions of vision and hearing status: controls, vision loss only,
hearing loss only, and DSI. Although we deal with this limi-
tation by treating vision loss as categorical and hearing loss
as continuous variables, it remains a significant limitation of
our study in its generalizability to a broader combination
of vision and hearing loss. This issue unique to behavioral
research on DSI needs to be addressed for future studies.
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Our small sample size was also not ideal for evaluat-
ing the impact of PRL site on localization, but their mild
to intermediate acuity loss of ≤1.2 logMAR is representa-
tive of the specific pathologies of AMD. AMD is not a blind-
ing eye disease and rarely leads to more severe acuity loss.
Moreover, as treatments such as anti-VEGF become widely
received, the progression of acuity loss is becoming slower.
Among patients with AMD who seek low vision services,
80% have an acuity of >20/200 (1.0 logMAR, personal
communication with Dr. Donald Fletcher, Envision Vision
Rehabilitation Center, Wichita, KS). Therefore, our sample is
representative of the range of acuities seen in patients with
AMD.

People with central vision loss and hearing loss simul-
taneously face deficits in visual and auditory localization,
including increased misses of visual targets, distortion in
the visual space, and increased variability in sound localiza-
tion. These localization deficits may be prominent and inter-
act more explicitly in daily activities, such as street crossing
and navigating busy environments. A positive message from
our study is that visual context remains beneficial for sound
localization, which may be especially important for these
individuals. Our findings speak to the importance of taking
both impairments into consideration when developing reha-
bilitation plans for individuals with DSI. In ongoing studies,
we are comparing the spatial localization abilities measured
by this task and the performances in real-world spatial local-
ization tasks and extending our test to a broader range of
vision and hearing conditions.
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