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[t has been well documented, and fairly well known, that concomitant with an increase in
chronological age is a corresponding increase in sensory impairment. As most people
realize, our hearing suffers as we get older; hence, the increased need for hearing aids.
The first portion of the present paper is how the change in age apparently affects auditory
judgments of sound source position. A summary of the literature evaluating the changes
in the perception of sound source location and the perception of sound source motion
as a function of chronological age is presented. The review is limited to empirical studies
with behavioral findings involving humans. It is the view of the author that we have an
immensely limited understanding of how chronological age affects perception of space
when based on sound. In the latter part of the paper, discussion is given to how auditory
spatial perception is traditionally conducted in the laboratory. Theoretically, beneficial
reasons exist for conducting research in the manner it has been. Nonetheless, from an
ecological perspective, the vast majority of previous research can be considered unnatural
and greatly lacking in ecological validity. Suggestions for an alternative and more ecologically
valid approach to the investigation of auditory spatial perception are proposed. It is believed
an ecological approach to auditory spatial perception will enhance our understanding of
the extent to which individuals perceive sound source location and how those perceptual
judgments change with an increase in chronological age.

Keywords: age, spatial, methodology, ecology, perception

INTRODUCTION

In the real world, events occur within our vicinity and empirical research suggests we are
able to detect and correctly identify those events when relying on sound alone. Individuals
are nearly perfect at identifying bouncing and breaking glass jars (Warren and Verbrugge,
1984). Individuals are also capable of using sound to determine the gender of the pedestrian
(Li et al., 1991) and whether a pedestrian is approaching or withdrawing (e.g., Kozhevnikova
and Zhukov, 1990). Using sound, individuals are highly capable at recognizing the filling of
a vessel and whether a vessel was filled to the brim (Cabe and Pittenger, 2000). When relying
solely on sound, individuals are capable of judging the size of unseen dropped rods (Carello
et al., 1998) and wooden balls (Grassi, 2005; Grassi et al., 2013), the roughness of a surface
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(Lederman, 1979), the material composition of a plate (Giordano
and McAdams, 2006), the hardness of a mallet (Freed, 1990),
the elasticity of a bouncing ball (Warren et al., 1987), and
the shape of a struck object (Kunkler-Peck and Turvey, 2000).

Aside from judging the properties of an object or actions
that occurred nearby, individuals commonly determine the
spatial position of unseen sound sources. When an unexpected
sound occurs (e.g., a glass dropped into a hard surface),
individuals naturally look in the direction of the objects that
created the event. Furthermore, individuals often need to detect
the location of an unseen sound-producing object in order to
avoid injury and potentially death. Being able to merely detect
the existence of a viciously barking dog, a chain saw, or a
motor vehicle, for example, is insufficient. Individual also needs
to be keenly aware of the position of the potentially damaging
object as it relates to their position. It would also be advantageous
for individuals to be able to determine if and how the spatial
position between object and perceiver is changing. In order
to avoid collision, a pedestrian must be able to accurately
determine that an automobile is approaching and when it will
arrive at the individual’s location, as has been examined in a
number of studies (e.g., Yan et al., 2007; Pérschmann and
Storig, 2009; Braly et al., 2021).

Using an egocentric frame of reference, the position of an
object can be described in a variety of ways. An important
task an observer could perform is lateralization. Here, an
observer simply needs to determine whether a target is located
to their right or left (relative to the midline of the observer’s
body). A more precise method of evaluating the ability of
individuals to locate an unseen sound-producing object is to
ask them to report the objects distance, azimuth, or elevation.
Distance refers to the extent of space between observer and
target. Azimuth refers to the left-right, lateral, or horizontal
angle (measured in degrees) between a sound source and the
median plane of the observer (i.e., the plane corresponding
to the observer’s midline). A target at an azimuth of 0, 90,
180, and 270° represents a target located precisely ahead, to
the right, behind, and to the left of the individual, respectively.
Elevation (also referred to as altitude) refers to the up-down
or vertical angle (also measured in degrees) between a sound
source and the horizontal plane of the observer. A target at
an elevation of 0, 90, 180, and 270° represents a target located
precisely ahead, above, behind, and below the individual,
respectively. A target located at the origin (0° azimuth and
0° elevation) is located at ear level and directly in front of
the individual. It is also possible for researchers to measure
spatial acuity by calculating the minimum audible angle, i.e.,
the smallest perceptually detectable difference in position of
two sound sources. As can be expected, the greater the physical
separation between two sound sources, the greater the ability
to discriminate the sound sources (e.g., Hartmann and Rakerd,
1989a; Perrott and Saberi, 1990; Brimijoin and Akeroyd, 2014).

It is well known that the ability of individuals to localize
an unseen sound source is dependent on the difference in
sound reaching the two ears (i.e., interaural differences) and
the shape of the pinna (e.g., Middlebrooks and Green, 1991;
Carlile, 1996; Blauert, 1997). When a sound source is located

either directly ahead (0° azimuth) or directly behind an
individual (180° azimuth), the sound contacts both ears at
the same time and with equal intensity (interaural differences
are null). When a sound-producing object is off center, the
sound contacts the closer ear sooner (interaural time difference)
and with greater intensity (interaural level difference) in
comparison with the more distant ear. Interaural time and
level differences are known to increase with an increase in
deviation from 0° and reach maximal levels when a sound
source is located at 90° (directly to the right) or 270° (directly
to the left). It is also well known that interaural differences
are dependent on signal frequency. In short, interaural time
differences are limited to low-frequency sounds (below 1,500 Hz)
while interaural level differences are limited to high-frequency
sounds (above 1,500 Hz). The pinna is also known to influence
the ability of individuals to localize sound sources. Perceived
sound position is a function of a sound’s spectral properties
and those properties are influenced by the shape of the pinna
and target azimuth and elevation. Not surprisingly, alterations
of the pinna have been found to impact the ability of individuals
to localize sounds in the horizontal (e.g., Musicant and Butler,
1984; Oldfield and Parker, 1984; Hofman et al.,, 1998) and
vertical planes (e.g., Roffler and Butler, 1968; Oldfield and
Parker, 1984; Hofman et al., 1998).

Possibly not surprising to the reader are the decrements
in perceptual capabilities that are coincident with an increase
in chronological age. With respect to vision, an increase in
age is often accompanied by an increase in the hardening
(presbyopia) and the opacity (cataracts) of the lens. Possibly
less well known is the apparent negative impact of age on
perceptual judgments involving other modalities. In brief, an
increase in chronological age has been found to negatively
impact olfactory perception (e.g., Doty et al., 2011; Zhang and
Wang, 2017; Olofsson et al, 2021), haptic perception (e.g.,
Thompson et al., 1965; Kleinman and Brodzinsky, 1978; Norman
et al, 2016), and gustatory perception (e.g., Kaneda et al,
2000; Murphy et al, 2002; Fukunaga et al.,, 2005).

A complex relationship exists between age and the perception
of sound source location. As will become evident, an accurate
understanding of the impact of chronological age on auditory
spatial perception requires the consideration of numerous factors.
One such factor is hearing loss. Hearing loss often coincides
and becomes more severe with the advancement of age. For
example, it is common for individuals to become increasingly
less sensitive to high-frequency sounds with an increase in
chronological age (e.g., Rodriguez Valiente et al., 2014), which
are considered important for sound localization (e.g., Butler
and Humanski, 1992; Best et al., 2005; Zonooz et al., 2019).
However, it is not always the case that hearing loss occurs
with an increase in age. A small number of studies have
determined the correlation between age and hearing loss to
be weak or insignificant (e.g., Abel and Hay, 1996; Neher et al.,
2011; Buchholz and Best, 2020). In addition, health and
environmental factors have the potential to impair an individual’s
hearing (for a review see Jayakody et al, 2018). Thus, it is
possible hearing impairment is a direct result of those factors
and not age.
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Two purposes exist with regard to the present paper.
Initially, a summary of the research relating chronological
age and auditory spatial perception will be provided. The
literature reviewed has been limited to empirical studies
with behavioral findings in humans.' Discussion is further
limited to empirical studies that treated age as an independent
variable. Undoubtedly, hearing loss is common among older
individuals. Nonetheless, it is not a certainty an individual’s
hearing will deteriorate with age. Chronological age and
hearing impairment are, in fact, discrete variables. The intent
of the present paper was to examine the degree to which
chronological age affects auditory spatial perception. To
accomplish that task, it seemed prudent to consider age
independently of any confounding variables. Thus, studies
that treated age and hearing loss as a single variable were
excluded. To forewarn the reader, each of the studies will
be described in more detail than is typically presented in
an empirical or review article. The inclusion of a greater
than normal amount of information is necessary for it relates
to the latter part of the paper. In the latter part of the
paper, comparisons will be drawn between traditional
laboratory investigations and real-world settings. Despite the
advantages of conducting research in a particular manner
(e.g., simple sounds, anechoic settings, and stationary
observers), the possibility exists that the traditional approach
to auditory spatial perception fails provide insight into how
chronological age affects judgments of sound source location
when they occur in natural settings. It is believed an
ecologically based approach will yield findings that relate
directly to how individuals of varying age perceive the spatial
position of an unseen sound source under -everyday
circumstances. It is further believed that an ecologically
based approach will provide information that enhances the
scientific communities’ understanding of the abilities of aged
individuals to locate sounds and that information can, in
turn, be used to enhance the performance of aged individuals
in real-world settings.

'Humans and most nonhumans are capable of localizing unseen sound sources
despite substantial differences between species. With regard to humans, the
size and structure of the head are such that sound either travels around it or
is blocked by it (thus, creating what is referred to as acoustic shadow). In
several species (e.g., fish, amphibians, and reptiles) where tissue density is
substantially lower, sound travels through the body, head, or mouth. In humans
and other species, the ears are physically separated in space, which provides
an opportunity to determine sound source position using interaural differences.
In other species (e.g., birds), the ears are physically and internally coupled by
an interaural canal thereby making interaural differences moot. Additional
physical differences between species (e.g., form of the tympanic membrane,
presence of the three bones of the middle ear, and presence and shape of the
pinna) as well as significant differences in experimental methodology make
comparisons between species difficult. For these reasons, the present paper
will focus on the abilities of humans of various ages to determine the position
of a sound-producing object. However, interspecies comparisons suggest the
existence of lawful relationships. Extent of high-frequency hearing appears to
be related to the distance between the ears. Sound localization acuity is inversely
related to the breadth of an animal’s field of best vision. A number of publications
discuss interspecies and intraspecies differences and similarities with regard to
auditory spatial acuity (e.g., Heffner and Heffner, 1998, 2014, 2016, 2018).

SIGNIFICANT EFFECTS OF AGE ON
AUDITORY SPATIAL PERCEPTION

Table 1 contains a brief summary of the characteristics of
participants, design, and analysis(es) performed relative to each
of the studies subsequently discussed.

Lateralization Perception

As mentioned previously, an important auditory location task
an individual can perform is that of lateralization. Individuals
need only determine whether a sound source is located to
the right or left of the individual’s midline. In short, a decrease
in the ability to lateralize sounds is associated with an increase
in chronological age. Szymaszek et al. (2006) examined the
ability of individuals to determine the order (left-right or right-
left) of two sequentially presented clicks. The period of time
between click presentations was systematically varied. Young
(M=24yrs., 8 mos.) and elderly (M =64yrs., 6 mos.) participants
with normal hearing were compared. Threshold for lateralization
was defined as the minimal time period between stimulus
presentations that permitted 75% correct order identification.
The thresholds for elderly individuals were significantly greater
than that for young individuals. The mean threshold for young
individuals was 66ms. For elderly individuals, it was 88 ms.

Fink et al. (2005) employed the same task and likewise
compared young (M=25yrs.) and elderly (M=61.7yrs.)
individuals. While an increase in age was again found to
negatively affect lateralization perception, threshold differences
between the two age groups were dependent on the stimulus
(clicks or tones), the method used to calculate the threshold
(staircase or maximum-likelihood performance), and test session
(session 1, 2, and 3). On average, the thresholds of older
individuals were significantly greater than those of younger
individuals. For young participants, the threshold was
approximately 50ms for clicks and approximately 15ms for
tones. For older participants, the mean threshold was
approximately 65ms for both clicks and tones. The mean
difference in thresholds between the two age groups was smaller
for clicks than for tones: 14.9 and 48.45ms, respectively. With
regard to test session, when the stimulus was a click, older
and younger participants differed only with regard to the third
test session and only when the staircase method was used to
calculate the threshold. When the stimulus was a tone, the
threshold difference between the two age groups decreased
notably with an increase in session. For tones, the threshold
for older participants decreased with an increase in test session.
Thresholds were approximately 80ms for session 1, 60ms for
session 2, and 40 ms session 3. For young participants, threshold
values were largely unaffected by test session and were less
than 20ms.

Kolodziejczyk and  Szelag (2008) likewise presented
participants with the task of determining the order of a pair
of stimuli (square wave tones). In that study, the thresholds
for three age groups were determined: young (M=22yrs.),
elderly (M=66yrs.), and very old (M=101yrs., 1 mo.). Threshold
differences between the three age groups were evident. The

Frontiers in Psychology | www.frontiersin.org

February 2022 | Volume 13 | Article 831670


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Russell

Age and Spatial Perception

TABLE 1 | Summary of characteristics of participants, design, and analysis related to studies presented in the literature review.

References

Age groups (in years)

Sample size

Stimuli

Range of localization
(in degrees)

Statistical measure (s)

Abel et al. (2000)

Abel and Hay (1996)

Addleman et al. (2019)

Briley and Summerfield
(2014)

Brungart et al. (2017)

Dobreva et al. (2011)

Fink et al. (2005)

Freigang et al. (2014)

Kolodziejczyk and Szelag
(2008)

Otte et al. (2013)

7 age groups: 10-19,
20-29, 30-39, 40-49,
50-59, 60-69, 70-81.
Means and standard
deviations were not
provided.

3 age groups: Young-
Normal (18-38), Old-
Normal (41-58), Old-
Hearing Impaired
(42-73). Means and
standard deviations
were not provided.

2 age groups: Younger
(21-33), Older (58-78).
Means and standard
deviations were not
provided.

3 age groups: Young
(M=22.9,SD =2.8),
Younger-Old (M =65.1,
SD =3.6), Older-Old
(M =76.8,SD =2.5)

2 are groups: Normal
Hearing (M =31.9),
Hearing Impaired

(M =54.7). Standard
deviations were not
provided.

3 age groups per
experiment: Experiment
1: Young (19-41),
Middle Age (45-66),
Elderly (70-81).
Experiment 2: Young
(19-37), Middle Age

(51-66), Elderly (71-81).

Means and standard
deviations were not
provided.

2 age groups: Younger
(M =25), Elderly

(M =61.7). Standard
deviations were not
provided.

2 age groups: Young
M=241,SD =2.3),
Older (M =68.1,

SD =5.5)

3 age groups: Young
M=22,SD =1.1),
Elderly (M =66,

SD =0.7), Very Old
(M=101.1,SD =0.11)
3 age groups: Children
(M =9.5,SD =1.3),
Young Adults (M =24.9,
SD =4.9), Older
Adults (M =68.4,

SD =4.7)

16 per age group

N =24 Young-Normal,
N =24 Old-Normal,

N =23 Old-Hearing
Impaired

N =13 Younger, N =12
Older

N =6 Young, N =6
Younger-Old, N =5
Older-Old

N =16 Normal Hearing,
N =20 Hearing
Impaired

Experiment 1: N =19
Young, N =11 Middle
Age, N =12 Elderly.
Experiment 2: N =8
Young, N =7 Middle
Age, N =6 Elderly

N =20 per group

N =22 Young, N =53
Older

N =17 Young, N =18
Elderly, N =11 Very Old

N =18 Children, N =10
Young Adults, N =14
Older Adults

Broadband noise. One-third-
octave noise band centered on
0.5kHz and 4 kHz.
Duration=300ms

Broadband noise. One-third
octave noise bands centered at
0.5 or 4kHz. Duration=300ms.

Pink noise bursts. Frequency
range =0.2-8kHz.
Duration=200ms.

Summed pure tone frequencies/
pink noise. Frequency
range=0.1-56kHz.
Duration=1,510ms.

7 periodic chirp signals.
Frequency range=0.1-15kHz.
Stimulus duration either 250,
100, or 4,000 ms.

Band-limited, flat spectrum,
Gaussian noise bursts.
Duration=150ms.

2 sound signals: clicks or pure
tones. Clicks were noise,
rectangular pulses.
Duration=1ms. Sinusoidal
tones 0.8 and 1.2kHz.
Duration=10ms.

Narrowband noise centered at
0.5 (0.375-0.75kHz) and
3.0kHz (2.25-4.5kHz).
Duration=500ms.

300Hz square tones.
Duration=15ms.

Gaussian white noise high-pass
filtered at 0.5kHz or low-pass
filtered at 5, 7, 11, or 20kHz.
Duration=150ms.

Horizontal plane: 15-165

Horizontal plane: 30 to
150

Horizontal plane: 10 to
180

Horizontal plane: 0 to 75

Horizontal plane=—-150
to +150 Vertical
plane=-28 to +28

Horizontal plane=-60 to
+60 Vertical plane=-25
to +25

Not applicable. Temporal
order (lateralization) task.
Sounds presented via
headphones.

Horizontal plane: —98 to
+98

Not applicable. Temporal
order (lateralization) task.
Sounds presented via
headphones.

ANOVA and Regression

ANOVA

ANOVA

Descriptive statistics

Correlation and
Regression

ANOVA

ANOVA

ANOVA, T-test, and
Correlation

ANOVA

Horizontal plane=-751t0  T-test and Correlation

+75 Vertical plane=-55 to

+55

(Continued)
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TABLE 1 | Continued

Range of localization

References Age groups (in years) Sample size Stimuli (in degrees) Statistical measure (s)
Renne et al. (2016) 2 age groups: Normal N =13 Hearing White noiseband pass filtered to  Horizontal plane: 0 to 120 ANOVA

Hearing (M =39, Impaired, N =11 0.4-16kHz. Duration of stimulus

SD =11), Hearing Normal Hearing not provided.

Impaired (M =64,

SD =15)

Savel (2009) Age treated as a
continuous variable. 48
individuals between 18
and 48 (M =31,

SD =10), 2 individuals
61 and 62 (M =61.5,
SD =0.5)

2 age groups: Young
(M =24yrs., 8months),
Elderly (M =64 yrs., 6
mos.) Standard
deviations were not
provided.

Age treated as a
continuous variable.
Median=63. Means and
standard deviations
were not provided.

Age treated as a
continuous variable. No
specific age information
was provided. Based on
Figure 1, it appears
participants ranged in
age from 20 to 70.

N =48 Young, N =2
Older

Szymaszek et al. (2006) N =17 Young, N =16

Elderly

Whitmer et al. (2014)

Whitmer et al. (2021)

Filitered noise 0.25-2kHz.
Duration=50ms. +77

“Clicks.” No further description
provided. Duration=1ms.

0.1 kHz click train.
Duration=500ms. +30

Speech segments with either
5- or 10-kHz cutoff frequency. +90
Duration >5,000ms.

Horizontal plane: —=77 to  Correlation

ANOVA and Newman-
Keuls

Not applicable. Temporal
order (lateralization) task.
Sounds presented via
headphones.

Horizontal plane: =80 to  T-test and Correlation

Horizontal plane: =90 to  ANOVA and Correlation

mean threshold for the young, elderly, and very old participants
was 37, 60, and 191ms, respectively. Significance was limited
to the differences between the young and very old, and between
the elderly and very old.

Localization Perception
The ability to determine which side of the body a sound
source resides can be considered a rudimentary perceptual
skill. Individuals perceiving and acting in real-world settings
need to accurately locate sound-producing objects. Thus, the
accuracy with which individuals can determine the precise
location of a sound source is more insightful. Generally speaking,
the findings of numerous studies suggest sound localization
ability decreases with an increase in chronological age. Abel
et al. (2000) evaluated the ability of seven age groups (10-19,
20-29, 30-39, 40-49, 50-59, 60-69, and 70-81yrs.) to identify
which loudspeaker (out of 4 or 8) was the origin of a target
stimulus. In every ANOVA conducted, age was a significant
factor. As expected, localization performance decreased with
an increase in age, particularly beyond the first three decades
of life. Regression analyses revealed that age accounted for
12-26 percent of the variance in perceptual accuracy.

In a study by Dobreva et al. (2011), young (19-41yrs.),
middle aged (45-66yrs.), and elderly (70-81yrs. old) individuals
were required to direct (via a joystick) a laser-LED beam at

the perceived location of the sound stimulus. The ability of
individuals to accurately perceive azimuth and elevation was
determined. In terms of perceived azimuth, while the main
effect of age was not significant, age was a significant variable
when different sound stimuli were taken into consideration.
The three age groups were highly similar when the sound
was low-pass (0.1-1kHz) or high-pass (3-20kHz) noise.
Differences between the age groups were striking when the
sound was ultra-high-pass (10-20kHz) noise. Young participants
were significantly more accurate than both middle-aged and
elderly participants. In terms of perceived elevation, the main
effect of age was again found to be significant. An increase
in age was associated with a decreased ability to judge sound
source elevation. Generally speaking, the perceptual judgments
of young individuals were the most accurate and the
performance of middle-aged individuals tended to be more
similar to the performance of elderly individuals than to
young individuals.

Whitmer et al. (2014) positioned participants in the center of
a cloth covering a 24-speaker array that ranged from —45 to
+45°. From one of the speakers, a 100-Hz click train was presented.
The task of the participant was to indicate on a monitor situated
in front of them where they believe the sound originated. For
each individual, localization precision (variability) and accuracy
(absolute difference between mean perceived and actual location)
were calculated. Localization precision was significantly correlated
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with age (r=+0.68) even when hearing loss was controlled (r=+0.46).
Participants younger than 50years of age were significantly more
variable in their judgments than individuals 50 or more years
old; 3.9 and 10.1°, respectively. When three levels of age (younger:
26-42; middle: 45-65; and older: 74-81) were compared, age
was again found to be a significant variable. Perceptual variability
for the younger, middle, and older individuals was found to
be 3.7, 6.8, and 12.4°, respectively. Localization accuracy was also
significantly correlated with age (r=+0.39). Regrettably, information
about the accuracy level of different age groups was not provided.

Freigang et al. (2014) compared the ability of older
(M=68.1yrs.) and young (M=24.1yrs.) adults to accurately
point to the origin of an unseen sound. The accuracy of
perceptual judgments was determined using a “torch” that
emitted a light invisible to humans. The minimum audible
angle was calculated. In each trial, three sounds were sequentially
presented. Two of the stimuli can from the same location
while the third originated from a different location. The task
of the participant was to point at the perceived location of
the deviant sound. The main effect of age was significant as
well as the age*position (frontal vs. peripheral targets) interaction.
Overall, young individuals were more accurate than older
individuals. In addition, the minimum audible angle was
approximately two times greater for older than younger
individuals. This was true regardless of whether the stimulus
(noise) was low-frequency (0.5kHz) or high-frequency (3.0kHz)
centered. The correlation between age and minimum audible
angle was between 0.2387 and 0.3160.

Ronne et al. (2016) likewise compared the minimum audible
angles of young (M=39) and old (M=64) individuals. In a
manner similar to that of Freigang et al. (2014), participants
were exposed to three sounds on each trial and their task
was to identify the origin of the deviant sound. The results
are similar to those obtained by Freigang and colleagues. The
minimum audible angle was notably smaller for young individuals
(10°) than for older individuals (20-30°). It was also discovered
that manipulation of pinna-related cues affected the accuracy
and variability of responses made by older participants. Younger
participants appeared unaffected by such manipulations.

INSIGNIFICANT EFFECTS OF AGE ON
AUDITORY SPATIAL PERCEPTION

Based on the summary provided thus far, an increase in
chronological age appears to adversely affect the ability of
individuals to determine whether an unseen sound source is
located to the right or left and to precisely locate a sound-
producing object. However, as will shortly become evident,
the findings of other studies as well as the findings of a number
of the aforementioned studies suggest auditory spatial perception
is unrelated to chronological age.

Lateralization Perception

As mentioned previously, Fink et al. (2005) discovered that
older participants needed a significantly greater time period
between two sequentially presented in order to accurately

determine whether a sound was located to the right or left.
While the results suggested age was a significant factor affecting
perception, the extent of the effect of age was dependent on
the acoustic properties of the target. When the target was a
sinusoidal tone, perceptual differences between younger and
older participants were clearly evident. However, when the
sound stimulus was a click (noise), the two age groups performed
in a highly similar manner. Thus, the argument that age
negatively affects sound lateralization should be promoted
with qualification.

The previously mentioned study by Kolodziejczyk and Szelag
(2008) also seems to support the argument that chronological
age negatively affects auditory lateralization ability. While
individuals in their 60s required a greater separation in time
between the two sequentially present stimuli than did individuals
in their 20s, the threshold difference was not statistically
significant. The suggestion that age negatively influences
lateralization was only supported by the performance of
centenarians. Without additional investigation, it remains possible
the deterioration in performance by those over 100years of
age was a function of factors, such as cognitive processing
and not audition.

Localization Perception

With regard to sound localization, the findings of two of the
earlier mentioned studies suggest a null effect of age. In addition
to discovering significant differences between seven age groups,
Abel et al. (2000) also discovered similarities (i.e., non-significant
differences). Regardless of age, all participants were poor at
locating a 0.5kHz sound and all were highly accurate at locating
broadband noise. The negative impact of age was primarily
limited to the 4kHz sound stimulus. The reported overall
7-23% decrease in accuracy that coincided with an increase
in age was largely a reflection of the 4kHz sound. If performance
related to the 4kHz sound is excluded, the overall mean
difference in accuracy between the youngest (10-19yrs. of age)
individuals and those in their 60s was 6.5% for the 0.5kHz
sound and 4.0% for broadband noise. With regard to specific
sounds, the mean difference in accuracy between the youngest
and oldest (70-81yrs. of age) individuals was 11.5% for the
0.5kHz sound and 9.7% for broadband noise. One could argue
the difference in error between young and old and between
the youngest and oldest is not substantial. Moreover, while
age is a linear and continuous variable, the observed decrease
in sound localization accuracy did not decrease linearly or
continuously with an increase in age. This observation suggests
factors other than age or one or more moderating or mediating
factors may have affected auditory localization judgments (e.g.,
Nambu et al., 2013; Trapeau and Schonwiesner, 2018; Bednar
and Lalor, 2020).

The previously mentioned study by Dobreva et al. (2011)
appears to provide incontrovertible support for the notion that
an increase in age negatively affects the ability of individuals
to localize sounds in terms of both azimuth and elevation.
As mentioned previously, younger individuals were more accurate
than middle-aged and elderly individuals in both dimensions.
However, Dobreva and colleagues also discovered similarities

Frontiers in Psychology | www.frontiersin.org

February 2022 | Volume 13 | Article 831670


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

Russell

Age and Spatial Perception

in performance across age groups. All participants overestimated
azimuth and underestimated elevation. In addition, all
participants were less precise in their estimations of elevation
than azimuth. Similar to Abel et al. (2000), the negative impact
of age was stimulus dependent. Age was a significant factor
for certain types of wideband noise (e.g., 10-20kHz), but not
for others (e.g., 3-10kHz). Age was a null factor when the
sound was low-frequency narrowband noise.

Addleman et al. (2019) compared younger (21-33yrs.) and
older (58-78yrs.) individuals in terms of lateralization and
localization performance. Comparisons were also made between
centrally (10-30°) and peripherally (60-80°) located sound
sources. Performance was evaluated in terms of precision
(absolute error) and variability. In short, the two age groups
did not significantly differ in any discernible manner. Both
age groups were equally accurate (approximately 7° of error)
and equally variable (again, approximately 7°). This was true
regardless of whether the sound source was located centrally
or peripherally.

Abel and Hay (1996) compared young-normal hearing
(18-38yrs.), old-normal hearing (41-58yrs.), and old-hearing
impaired (42-73 yrs.) individuals. Given the focus of the present
paper is specifically with regard to the relationship between
age and auditory spatial perception independent of hearing
impairment, the performance of the old-hearing impaired group
will not be discussed. The task of participants was to identify
which one of an array of speakers was the origin of a target
sound. The background was either quiet or continuously
contained white noise. In brief, age was not found to
be significant. The presence of background sound negatively
affected the performance of both age groups. Variations in
signal frequency (0.5 or 4kHz) equally affected the performance
of the two age groups. Age of participant was also found to
be unrelated to either the accuracy of left-right judgments
and front-back judgments. In a similar vein, both age groups
made a comparable number of front-back and back-front
reversals and both age groups were 20% more likely to make
a back-to-front reversal than a front-to-back reversal.

While the focus of a study by Brungart et al. (2017) involved
a comparison of young-normal hearing and older hearing-
impaired individuals, the impact of age was treated, in certain
circumstances, as a discrete independent variable. In that study,
participants were instructed to point a handheld wand at the
perceived location of an actual unseen sound source (experiment
1) or at a virtual sound source (experiment 2). Aside from
the finding that an increase in angle of head movement resulted
in a decrease in front-back confusions and azimuth error for
both normal and hearing-impaired individuals, a stepwise
regression revealed predicted localization perception was
unaffected by participant age. This was true for both free-field
and virtual sound localization conditions.

In a study by Otte et al. (2013), a laser pointer was affixed
to the head of participants and participants were instructed
to point to the laser dot at the sound source. The performance
of three age groups was compared: children (M =9.5yrs.), young
adults (M =24.9yrs.), and older adults (M =68.4yrs.). Judgments
of target azimuth and elevation were evaluated independently.

With regard to target azimuth, the three age groups performed
in a highly similar manner. The correlation between actual
and perceived azimuth was 0.94, 0.95, and 0.94 for children,
young, and older adults, respectively. Mean absolute error was
also highly similar among the different age groups. With regard
to target elevation, judgments were less accurate and more
variable for all three age groups. The results suggest that the
accuracy of and variability in auditory spatial judgments are
influenced more by concha height than by age. For all three
age groups, concha height was positively related to perceptual
accuracy and inversely related to perceptual variability.

Savel (2009) compared individuals varying in age on their
ability to locate an unseen sound source. Loudspeakers were
positioned in a 180° arc and concealed by a curtain. Participants
viewed a computer screen that likewise contained a 180° arc
and their task was to indicate on the computer screen the
perceived location of the target sound. Perceptual accuracy
was evaluated in three ways: root mean square error, standard
deviation, and standard error. The results suggested perceptual
abilities are unaffected by age. The correlation between age
and each of the three dependent variables was not significant.
Interestingly, correlations ranged from —0.32 to +0.37, which
suggests an increase in age may result in either perceptual
impairment as perceptual improvement. On an aside, the results
further revealed left-right discrimination was unrelated to
participant age.

Whitmer et al. (2021) likewise compared the ability of
individuals of various ages to locate a sound. At the start of
each trial, participants would hear a 5-s segment of speech
from a talker located at 0° azimuth. Following a one-second
delay, a speech segment from a different talker was played
from a different location. The task of the participant was to
turn their head and/or chair to directly face the new talker.
Performance was evaluated in nine ways: trajectory start time,
trajectory end time, trajectory duration, accuracy (absolute
error), peak velocity, time of peak velocity, complexity, rate
of misorientations, and rate of reversals. In brief, age was not
significantly correlated with any of the dependent variables.

As mentioned earlier, Freigang et al. (2014) compared younger
and older individuals in their ability to localize an unseen
sound source. Both perceptual accuracy and minimum audible
angle were calculated. With regard to perceptual accuracy, the
results of various ANOVAs suggested the two age groups
differed significantly. Interestingly, perceptual accuracy was not
significantly correlated with participant age. This latter finding
suggests perceptual judgments were influenced by a variable
other than, but confounded with, age. With regard to the
minimum audible angle, ANOVAs and correlation analysis
suggested age was a significant factor. The authors concluded
that age is not a relevant factor in terms of the ability to
locate sound sources but is relevant in terms of the ability of
individuals to discriminate between sound source locations.

Briley and Summerfield (2014) likewise determined the
minimum audible angle of different age groups. Three age
groups were compared: young (M=229yrs.), younger-old
(M=65.1yrs.), and older-old (M=76.8yrs.). Similar to Freigang
et al. (2014), participants were exposed to three pairs of sounds
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each separated by a period of silence. Two of the pairs originated
from the same location and the third pair originated from a
different location. The minimum audible angle was calculated
using a 71% correct detection threshold. Although no inferential
statistics were presented, the findings suggest young and
younger-old adults have highly similar perceptions. When the
target was located directly ahead (0° azimuth), mean MAA
was 5.8° for the young participants and 6.1° for the younger-old
participants. Interestingly, when the target was located in the
periphery, young participants had larger minimum audible
angles than younger-old participants. The younger-old group
also seemed to be more homogenous than the young group
for peripherally positioned targets. The impact of chronological
age was largely limited to the performance of the older-old
group. The older-old group had substantially larger minimum
audible angle thresholds (8.3°) than either the young or the
younger-old groups. Considering the older-old group had
pronounced hearing loss, it is possible the poor performance
displayed by the older-old group was a reflection of hearing
loss and not age.

SUGGESTIONS FOR FUTURE
RESEARCH EVALUATING THE IMPACT
OF AGE ON AUDITORY SPATIAL
PERCEPTION

The summary of the research provided previously should make
it clear that the relationship between chronological age and
auditory spatial perception is ambiguous. Obviously, arguments
can be made that the differences in findings reflect differences
in methodology. Instead, I prefer to make the argument that
a more accurate understanding of the effect of age on spatial
perception requires an approach notably different from the
one traditionally taken. More specifically, the argument will
be made that an ecological approach to auditory spatial perception
is required and will yield a more accurate understanding of
how age affects auditory spatial judgments. Gaver (1993) argued
that auditory perception experiments in general should focus
on everyday listening (i.e., perception of events) rather than
musical listening (i.e., perception of acoustic properties). A
similar approach to that proposed by Gaver will be taken here.?
The subsequently offered approach will focus on the auditory

*The reader may note that the ecological approach discussed in the present
paper resembles the ecological approach proposed by Gibson (1979) and wonders
why the Gibsonian approach was not discussed in more depth. First, I intend
to subsequently submit a paper that directly contrasts, with regard to auditory
spatial perception, the traditional and Gibsonian, ecological approaches. That
paper will delve more deeply into the Gibsonian approach and include discussion
of concepts, such as affordances, effectivities, mutuality, and prospective control.
Second, while the Gibsonian, ecological approach could have been included
in the present paper, I do not believe the Gibsonian, ecological approach can
be completely and accurately presented in a brief manner, as would have been
required here. I believe the contrast between the traditional and Gibsonian
approaches should be the sole focus of a separate paper and considered
independently of the relationship between chronological age and auditory spatial
perception.

perception of space, but it is equally applicable to other avenues
of research. Recommendations for future research will
be provided.

INDIVIDUAL FACTORS

Stationary Vs. Dynamic Point of
Observation

In laboratory experiments, it is fairly common for observer
motion to be constrained to some degree. Participants are
typically seated and head movement is limited. To more effectively
control changes in head position, researchers often employ a
chin rest or bite bar. Limitations on head and body position
are imposed for good reasons. During sound presentation, a
change in head or body position can dramatically alter the
sound entering the auditory canal that, in turn, can dramatically
alter perception. The control of head and body movement
provides an opportunity for researchers to determine the extent
to which spatial judgments are influenced by factors, such as
interaural level difference, interaural time differences, and various
acoustic properties (e.g., frequency, intensity, and phase). Of
the 16 studies previously reviewed, all 16 imposed limitations
of the posture of the observers.

In real-world settings, organisms are active. We habitually
change our body posture and often change our position within
an environment. Rather than being passive recipients of
stimulation, we intentionally seek out information and our
motion makes information available when previously it was
not. While humans are incapable of swiveling their ears as is
commonly executed by a number of nonhumans (e.g., cats,
dogs, and horses), the ears of humans are attached to a head
which can be tilted and pivoted. The head is attached to a
body that is capable of changing position in multiple ways
(forward-backward, left-right, and up-down). By changing our
position in space, we are able to detect information that could
not have been detected otherwise. A number of studies have
found that changes in head position have the potential to
influence the judgments of sound source location (e.g., Ashmead
et al., 1995; Perrett and Noble, 1997; Wightman and Kistler, 1999).

In real-world settings, individuals could become better aware
of the position of a sound source by simply altering the head
and/or body position. By altering the orientation of the head
until interaural differences are eliminated, an observer is able
to determine whether an unseen sound source is located to
the right or left and they are aware of the object’s precise
location. Changing one’s location within a setting also provides
an opportunity for individuals to determine the change in
distance of an unseen sound source. Movement that produces
an increase in signal intensity at the point of observation
suggests approach while movement that produces a decrease
in intensity suggests withdrawal. If limitations placed on the
natural response of observers potentially to yield faulty perceptual
judgments, then it seems prudent to permit the individual to
respond in a natural manner. Rather than limiting observer
motion, researchers should permit participants to move in the
manner they typically do in real-world settings. By doing so,
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the results obtained will better reflect the actual capabilities
of individuals.

Verbal Vs. Action-Based Tasks

Researchers investigating auditory spatial perception have
traditionally required participants to verbally report target
location. Participants convey their perception of target azimuth
and elevation in degrees. While not discussed thus far, participants
are often required to report the distance of a target using
feet/inches or meters/centimeters. A clear advantage to doing
so is that it permits researchers the opportunity to precisely
determine perceptual accuracy. Using signed error, researchers
are capable of determining the exact degree to which participants
either underestimate or overestimate sound source position.
Using absolute error, researchers are capable of determining
the overall size of perceptual error.

Despite the advantage of employing the aforementioned
response metrics, the simple fact is that it is unnatural. Individuals
in real-world settings rarely, if ever, report an auditory target’s
position in degrees, feet and inches, or meters and centimeters.
Instead, observers typically respond to a sound. Individuals
look in the direction of sudden, unexpected sounds. A telephone
rings and the individual alters their gaze so that it is in the
direction of the phone. A knock on the door frequently elicits
the individual approaching and opening a door. As stated
previously, individuals are active organisms. Empirically speaking,
a number of studies have discovered that individuals are highly
accurate at making action-based judgments using vision (e.g.,
Warren, 1984; Mark, 1987; Warren and Whang, 1987), haptics
(e.g., Bingham et al., 1989; Malek and Wagman, 2008; Hajnal
et al., 2020), and sound (e.g., Rosenblum et al., 1996; Russell
and Turvey, 1999; Russell and Schneider, 2006).

In 1979, James J. Gibson coined the term affordance. Briefly,
affordances refer to the possible actions that can be performed
with an object and reflect the relationship between the perceiver
and the object being perceived. Rather than estimating target
azimuth in angles and distance using feet and inches, individuals
performing an affordance task are required to report whether
a particular action is or is not possible. Previous research
supports the notion that individuals are highly capable of using
sound to judge the affordances of objects (Rosenblum et al.,
1996; Riehm et al., 2019) discovered that individuals are highly
accurate at judging whether an object affords grasping. In fact,
sound-based judgments were as accurate as those based on
vision. Russell and Turvey (1999), Gordon and Rosenblum
(2004), and Russell (2020) found that individuals are able to
accurately determine whether a gap is large enough to afford
passage. O'Neill and Russell (2017) determined that individuals
are highly capable of judging whether the height of a surface
affords stepping on or walking under.

In a similar manner, what one hears influences how one
acts. Using only sound, individual is capable of determining
when they need to act so that a moving target can be intercepted
(Vernat and Gordon, 2010). What an individual hears influences
their ability to maintain a stable posture (e.g., Soames and
Raper, 1992; Stoffregen et al., 2009b, 2019) and the stability
of their posture influences their ability to successfully use sound

to judge whether a surface can be stepped upon or walked
under O’Neill and Russell (2017). By acting, individuals are
able to detect information otherwise unavailable. Speigle and
Loomis (1993) and Ashmead et al. (1995) discovered that
individuals are more accurate and less variable in their estimations
of target distance when walking during the broadcast of the
sound than if they were stationary. It is argued here that
action responses are more natural (i.e., ecologically relevant)
and incorporating such metrics in empirical investigations will
yield a better understanding of how age impacts our perception
of the world.

Verbal Vs. Action Tasks

As stated previously and as was evident in the literature review,
laboratory investigations commonly require participants to
verbally estimate the position of a sound source and those
verbal responses rarely reflect the types of actions performed
in the real world. It is worth noting that when individuals
make action-based judgments, what the individual says they
can do does not always reflect what they actually do. For
example, Warren and Whang (1987) required participants to
verbally report whether the width of an adjustable doorway
was sufficiently large to permit passage. The results revealed
that participants required a larger gap when they actually
walked through the gap than when they made verbal judgments
from a stationary point of observation. Significant differences
between perceptual judgments and actual performance have
been documented in terms of whether a stair is low enough
to be stepped upon (Warren, 1984), an object is close enough
to be grasped (e.g., Carello et al., 1989; Wagman and Morgan,
2010), an expanse can be stepped or leaped over (Cole et al.,
2013; Day et al., 2015), the slope of a surface is small enough
for it to be ascended (Kinsella-Shaw et al., 1992), and wheelchair
users can pass through a gap (e.g., Higuchi et al., 2004; Stoffregen
et al, 2009a; Rodrigues et al.,, 2014).

While the literature suggests a disparity between perception
and action, the manner by which researchers determine
individuals capabilities may be a poor reflection of what the
individual can actually do. For example, measuring arm length
may not accurately reflect whether an individual can grasp
an object. Human observers can alter the maximum reach
extent by bending forward or pivoting the torso at the waist.
The findings of Butler et al. (2011), Zhong and Yost (2013),
O'Neill and Russell (2017), and Wagman et al. (2019) suggest
posture and postural stability affect the ability of individuals
to judge accurately whether an object can be grasped. In a
similar fashion, Konczak et al. (1992) determined that the
maximum surface height an individual can step up on is a
function not only of the individual’s leg length, but also that
individual’s hip flexibility and ability to generate a sufficient
amount of torque to lift the body. It should also be noted
that a number of studies have discovered insignificant differences
between perceptual judgments and actual performance (e.g.,
Mark et al., 1990; Rosenblum et al., 1996; Franchak et al., 2010).

Irrespective of whether differences exist between perception
and action, and regardless of whether differences exist between
an individual’s actual action capabilities and how researchers
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ascertain those capabilities, it would seem prudent to evaluate
how individuals actually behave in real-world settings. Requiring
individuals to perform an action, rather than make a verbal
response, can be expected to provide greater insight into exactly
how they actually perceive sound source position. For example,
participants could be asked to look in the direction of a sound
source. In real-world settings, individuals often direct their
gaze at sound-producing objects (e.g., cell phone, orator, and
animal). Likewise, participants could be asked to intercept a
moving auditory target as was required by Vernat and Gordon
(2010). Doing so would provide insight into the ability of
individuals of various ages to accurately determine the movement
of sound-producing objects. Knowing when a sound source
will arrive at a particular location is useful to pedestrians
attempting to cross a street when automobiles are moving in
both directions. In such instances, audition, not vision, would
be more helpful. Requiring participants to perform an action-
based task can notably enhance the ecological validity of a
study. More importantly, the use of action-based tasks provides
researchers with the opportunity to more precisely evaluate
the ability of individuals to be aware of the world and how
age impacts that ability.

Unidimensional Vs. Multidimensional
Perception

With rare exception (e.g., Makous and Middlebrooks, 1990),
laboratory investigations into auditory spatial perception involve
the manipulation of sound source position along a single
dimension. With respect to the perception of azimuth, targets
are positioned horizontally in an arc (thereby maintaining a
constant observer-source distance) and at a fixed elevation
(typically ear height). With respect to the perception of elevation,
targets are positioned vertically in an arc (again maintaining
a constant observer-source distance) and at a fixed azimuth
(the center of the arc is aligned with the observer’s midline).
With respect to the perception of distance, the span between
observer and target is varied, but all locations have identical
elevations and azimuth is typically 0° (i.e., extending outward
from with the observer’s midline). Given that researchers are
often interested in the accuracy with which individuals can
locate a target within a particular dimension or researchers
seek to identify the information supporting perception within
a particular dimension, it is advantageous to vary one dimension
while other dimensions are invariant.

In real-world settings, sound sources commonly exist at
different azimuths, elevations, and distance. An auditory target
may be near or far, in front or behind, above or below, and
at varying positions to the left or right. Rarely do targets vary
along a single dimension. A change in the position of a sound
source or the point of observation commonly involves sequential
or simultaneous changes across multiple dimensions. Imagine
the case of a stationary pedestrian whose midline is perpendicular
to a road. Coincident with the approach (withdrawal) of an
automobile is a decrease (increase) in distance and azimuth.
An individual standing at the bottom of a flight of stairs
listening to the footsteps of a pedestrian hears an object changing

in distance and elevation. Rather than require individuals to
judge the position of a sound source in only one dimension,
future investigations in auditory spatial perception and those
examining the impact of age on spatial perception may wish
to explore the ability of individuals to judge the location of
a sound-producing object in multiple dimensions. Independent
examination of perception along different dimensions may not
reflect the exact nature of how sound source position is perceived
in real-world settings. Russell and Schneider (2006), for example,
exposed participants to a sound source that varied in distance
and azimuth and discovered that judgments were highly accurate
when participants walked to the perceived location of the
unseen sound and judgments were notably less accurate when
participants independently reported target distance and azimuth.
It is possible that, in a Gestaltian sense, the whole is different
from the sum of its parts.

ENVIRONMENTAL FACTORS

Anechoic Vs. Echoic Settings

Laboratory studies are regularly conducted in anechoic or
sound-altered settings. Sound absorbing panels cover most if
not all of the interior of the experimental room (floor, ceiling,
and walls) or sound absorbing material is contained within
the room walls. Of the 16 studies reported previously in the
literature review portion of the present paper, 14 used a setting
that altered sound transmission in some manner. Of the two
remaining studies, one was conducted in the home of older
participants due to mobility issues and one study did not
provide information about the setting possibly because stimuli
were presented through headphones. Auditory researchers often
minimize or eliminate reverberant sound since reverberations
have the potential to influence auditory spatial judgments (e.g.,
Mershon and King, 1975; Mershon et al, 1989; Bronkhorst
and Houtgast, 1999; Zahorik et al., 2005). In order for researchers
to maintain control over the acoustic information participants
are exposed to, it is beneficial to minimize or eliminate
reverberant sound.

Though open or free-field environments exist in natural
settings, they should be considered a limiting case (i.e., abnormal).
Spaces that produce little or no reverberant sound are highly
uncommon in the real world. Instead, individuals commonly
inhabit locations whose surfaces (floor, ceiling, and walls) reflect
sound. Moreover, natural settings often contain surfaces composed
of different materials (e.g., concrete, tile, and carpet) each of
which can uniquely alter the sound reaching the point of
observation. Therefore, it is possible the sound stimulating the
ear is notably more complex and different from the sound at
the origin. Regardless, it is common for perception and action
to occur within settings that contain both direct and reverberant
sound and previous research suggests sound reverberations
significantly affect auditory spatial perception. Reverberant
sound has been shown to alter sound localization judgments
(e.g., Hartmann, 1983; Rakerd and Hartmann, 1985; Giguere
and Abel, 1993) and the ability to detect and perceive the
distance of walls (e.g., Griffin, 1944; Supa et al., 1944; Worchel
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and Dallenbach, 1947; Kellogg, 1962; Rosenblum et al., 2000).
Ashmead et al. (1998), for example, found that observers rely
on reverberations in order to walk down a corridor without
colliding with the walls.

Despite the difficulty of ascertaining the change in sound
that results from the presence of sound reflecting surfaces,
future investigations should consider the extent to which
individuals can accurately detect the position of an unseen
sound source in echoic settings. Knowing how individuals of
different ages estimate the position of a sound-producing object
in an anechoic space may provide little to no insight into
how they perceive sound source position in natural settings.
Conducting research in environments commonly inhabited by
individuals will provide researchers with a more accurate
understanding of the information observers employ when
determining sound source position and the extent to which
age influences spatial perception.

Uncluttered Vs. Cluttered Setting

The creation of a setting free from reverberation requires the
elimination of clutter. Here, clutter refers to objects other than
the object that is the target of perception. Laboratory settings
often exclude objects not directly necessary for performing an
experiment. Experimental settings seemingly contain nothing
more than a participant, chair, loudspeaker(s), materials to
position the loudspeaker(s), and equipment related to the
broadcast of sound. The extent to which previous research
has utilized a clutter-free setting is often impossible to determine
from descriptions provided in published papers. Aside from
describing the experimental setting as anechoic, semi-reverberant,
or echoic, authors rarely include information that would permit
an understanding of the extent to which the experimental
setting is cluttered. Often, the reader assumes clutter has been
minimized or eliminated. The minimization and elimination
of clutter exist for theoretical reasons. Clutter has the potential
of creating reverberant sound that, as mentioned earlier, could
dramatically alter the sound reaching the ear. In short, clutter
has the potential to alter observer perceptions of sound
source location.

Despite the advantages associated with the absence of clutter,
real-world settings are rarely clutter free. Everyday settings
regularly contain numerous and various objects that are unrelated
to the task. The inclusion of clutter allows researchers to
investigate auditory spatial perception, and its relationship to
chronological age, in a situation akin to that which individuals
normally find themselves. The use of cluttered settings enhances
the ecological validity of studies and provides insight into the
extent to which individuals accurately locate objects in everyday
settings. As stated earlier, the inclusion of clutter may provide
participants with information (e.g., reverberant sound) that
enhances perceptual judgments.

The use of a cluttered setting also provides new avenues
of research. A single piece of clutter could either obstruct or
occlude a sound-producing object. A sound source is deemed
obstructed if the object is small enough that sound can travel
around it. If the object is large enough to fully block sound
transmission, the sound source is deemed occluded. In

real-world settings, individuals are commonly exposed to
obstructed or occluded sound-producing objects. Despite the
presence of the walls of my office, I can easily use sound to
detect the existence of a pedestrian and I am able to detect
the direction of their motion (approaching or receding). Based
solely on what I hear, I am keenly aware of whether a colleague
who is speaking to me is located in my office doorway or
their adjacent office. Recently, Russell and Brown (2019), Gordon
and Rosenblum (2004), and Kolarik et al. (2016) reported that
individuals are highly capable at both detecting and creating
occlusion. Given that clutter is common in natural settings,
future investigations may wish to include occlusion and/or
obstruction, for example, in their experimental designs when
investigating auditory spatial perception and when determining
the extent to which chronological age affects spatial judgments.

ACOUSTIC FACTORS

Simple Vs. Complex Sounds
Laboratory experiments investigating the impact of age on
judgments of sound source position typically involve simple
sounds. Out of the 16 studies reviewed earlier in this paper,
15 used pure tones or noise stimuli. Only one study used a
complex sound stimulus (a speech segment). Simple sounds
are sounds whose acoustic properties (e.g., frequency and
amplitude) remain unchanged over time. Examples include
musical notes, pure tones, and noise (e.g., white noise, pink
noise, and brown noise). The use of simple sounds in laboratory
experiments is expected given that signal frequency affects
interaural level differences and interaural temporal differences.
It is well known that an increase in frequency results in greater
interaural level (intensity) differences and that a decrease in
frequency results in greater interaural temporal differences.
Changes in signal frequency result in changes in interaural
differences that, in turn, result in changes in azimuth perception.
With respect to auditory distance perception, while signal
intensity is clearly a relevant factor, so is signal frequency.
Changes in signal frequency have been shown to influence
distance judgments (e.g., Blauert, 1997; Brungart, 1999; Kopc¢o
and Shinn-Cunningham, 2011) and the ability of individuals
to detect changes in sound level (e.g., Riesz, 1933; Jesteadt
et al,, 1977), which occurs with a change in actual distance.
More specifically, the loss of higher frequency components
yields the perception of a more distant sound source. Knowing
that signal frequency affects distance perception, it should come
as no surprise that the alteration of signal frequency affects
the perception of approach or withdrawal. Gordon et al. (2013),
for example, determined that a decrease in the center frequency
of noise bands resulted in an increase in the accuracy of
estimations of sound source arrival. In sum, the use of simple
sounds provides researchers with an opportunity to examine
the extent to which particular acoustic properties affect
spatial perception.

In the real world, simple sounds are rare and complex sounds
are highly common. Complex sounds are sounds whose acoustic
properties (e.g., frequency, amplitude, amplitude envelopes, and
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onset and/or offset) vary over time. The vast majority of everyday
events (e.g., a door closing, footsteps, and rain hitting the
ground) creates complex auditory events. While advantages exist
for using simple sounds, the lack of naturally occurring changes
in acoustic structure may deprive participants of information
necessary to accurately judge sound source location. Schutz
and Gillard (2020) reviewed 443 articles and discovered that
only 11% of 1,017 of the reported experiments used a dynamically
varying sound. While flat tones are more common in laboratory
settings, percussive tones are more representative of the sounds
individuals normally encounter in real-world settings and, thus,
are more often the sounds individuals judge and respond to.
The inclusion of a sound that changes in structure has the
potential to affect one’s perception of the world. Individuals
who watched two disks moving toward one another were vastly
more likely to report the disks bouncing off one another if a
click sound occurred at or near time of collision (Sekuler et al.,
1997). More relevant to our discussion of complex sounds,
Grassi and Casco (2009) discovered that the disks were perceived
as bouncing off one another if a ramped sound (increasing
intensity) occurred at the moment of contact. Damped sounds
(those decreasing in intensity) created the impression the disks
passed through one another. With regard to auditory spatial
perception, Rakerd and Hartmann (1986) and Hartmann and
Rakerd (1989b) found that the extent of signal onset and offset
notably affected the ability of individuals to accurately determine
the origin of a sound. These studies and others suggest that
future investigations into the influence of age on perception
of sound source location should determine the extent to which
variations in dynamic sounds affect perceptual reports. The
use of dynamic stimuli will serve to enhance our understanding
of how it is that we perceived the world.

Brief Vs. Extended Sounds

It is incredibly common for researchers to utilize brief sounds
when determining the extent to which chronological age impacts
auditory spatial judgments. Of the 16 studies presented earlier,
mean stimulus duration was 630.8ms and only two studies
used a stimulus that lasted more than 1s. If the two exceptional
studies are excluded from consideration, mean stimulus duration
was a very brief 227.1 ms. The use of brief stimuli can be expected
to reduce participation time and therefore minimize or prevent
participant fatigue. However, I am unaware of any published
papers that advocate the advantage of using brief sounds.
Though researchers commonly use brief stimuli, auditory events
in real-world settings commonly last for extended periods of
time. The sound of a pedestrian, an automobile, and a conversation,
for example, persist for several seconds. Akin to the notion that
a Fourier analysis transforms a complex sound into a conglomeration
of simple sounds, the argument can be made that auditory events
are nothing more than a composite of brief and sometimes
repetitive sounds. The sound of a pedestrian, for example, can
be considered as nothing more than a collection of a number
of discrete and individually identifiable footsteps. Nonetheless,
the counterargument can be made that the information serving
as the foundation of auditory spatial judgments is the entire
event. It is possible even slight differences between repetitive

sounds and/or repeated exposure to the same sound may affect
spatial perception. As discussed by Gaver (1993), the real world
is composed of auditory events that exist over time and it is the
entirely of the event that individuals perceive. Empirically speaking,
stimulus duration affects auditory spatial judgments. More
specifically, a decrease in stimulus duration has been shown to
result in a decrease in perceptual accuracy (e.g., Macpherson and
Middlebrooks, 2000; Vliegen and Van Opstal, 2004; Yost and
Pastore, 2019). For both theoretical and empirical reasons, it is
suggested that future investigations into the influence of age on
auditory spatial perception should involve prolonged sounds and,
if applicable, complete auditory events. By taking such an approach,
it is expected our findings will more accurately reflect individual
perception as it occurs in real-world settings, have enhanced
ecologically validity, and yield a better understanding of how
we perceive the world and how age influences those perceptions.

Stationary Vs. Dynamic Sound-Producing
Objects
In addition to brief stimuli, investigations into the relationship
between age and spatial perception typically involve auditory
targets that are stationary during sound presentation. Of the 16
studies presented earlier, all 16 involved stationary sound sources.
The use of stationary sources is advantageous since it provides
an opportunity for researchers to determine the accuracy with
which individuals can determine the location of a target. For
example, Mills (1958) and Voss et al. (2004) determined that,
depending on the frequency of the stimulus, the minimum audible
angle was as low as 1-3°. Oldfield and Parker (1984) determined
that the mean absolute error in terms of azimuth was 9° while
mean absolute error in elevation was 12°. Similarly, Makous and
Middlebrooks (1990) found mean error to be 2° for azimuth
and 3.5° for elevation. Use of stationary sound sources also
provides researchers with the opportunity to determine the extent
to which various acoustic features (e.g., frequency, onset/offset,
and intensity) influence spatial judgments. Since a change in
observer-source position could dramatically alter the sound
contacting the ear, it is imperative to hold source position constant.
As in laboratory settings, real-world settings often contain
stationary sound-producing objects. The distance, azimuth, and
elevation of a ringing telephone are constant unless acted upon
by the individual. The same can be said for a wide variety of
everyday objects (e.g., television, computer, and dishwasher).
Nonetheless, real-world settings also contain sound sources that
are in motion (e.g., motor vehicles, pedestrians, and birds). Use
of dynamic sound sources (i.e, sound sources whose position
changes over time) allows researchers to investigate the types
of spatial judgments individuals frequently make in everyday
settings; the kind of judgments not possible with a stationary
source. Rosenblum et al. (1987, 1993), Schiff and Oldak (1990),
and Silva et al. (2017) found individuals often and somewhat
poorly estimate when a sound-producing object will arrive at
their location. Neuhoff (1998, 2001) discovered individuals are
apparently more sensitive to approaching than receding auditory
objects. Neuhoff (2016) further discovered approaching sounds
are perceived as moving faster than receding sounds. Recently,
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Russell and Herl (2021) discovered individuals are capable of
distinguishing between auditory events that involved hard (forceful)
and soft (gentle) contact. In addition to being ecologically valid,
the use of dynamic sound sources provides an opportunity to
explore new avenues of research that, in turn, will expand our
understanding of how chronological age affects auditory
spatial judgments.

SUMMARY

Two purposes existed with respect to the present paper.
First, the author wished to review the research investigating
the relationship between chronological age and auditory
spatial perception. What follows is a brief summary of
the findings:

« When examined independently of hearing impairment, only
a relatively small number of studies have investigated the
degree to which age influences auditory spatial perception.

« Roughly, an equal number of findings suggest an increase in
age either adversely affects spatial perception or has little or
no influence.

« The adverse effect of age on the perceived sound source
location appears to be dependent on a variety of factors (e.g.,
signal frequency, presence of background noise, and centrally
or peripherally located sources).

« Notable differences exist between studies in terms of
experimental design (e.g., stimuli, task, and definitions of
“older”) which may or may not account for differences
in findings.

« While the relationships between age and azimuth perception
and age and elevation perception have been examined, it
appears no known study has examined the impact of observer
age on auditory distance perception.

Based on the literature, it is not yet possible to render a
firm conclusion about the relationship between age and spatial
perception. Additional research is clearly needed.

A second purpose of the present paper was to compare how
auditory spatial investigations, including but not limited to those
examining the impact of age, are often conducted in laboratory
settings and the manner with which individuals perceive sound
source position in real-world settings. It is hoped the comparison
between laboratory and everyday settings is not interpreted as
a criticism of previous research. When possible, the author has
presented a rationale as to why experimenters have utilized
particular settings, sounds, and methods. As stated throughout
the paper, solid theoretical reasons exist for why research has

REFERENCES

Abel, S. M., Giguere, C., Consoli, A., and Papsin, B. C. (2000). The effect of
aging on horizontal plane sound localization. J. Acoust. Soc. Am. 108, 743-752.
doi: 10.1121/1.429607

been conducted in the custom it has been. The sole intention
of the author is to simply provide alternatives to the traditional
approach; alternatives that are based on the environments
commonly inhabited by observers, the sounds they are frequently
exposed to, and the manner with which they normally respond.
What follows is a summary of the notable differences that exist
between the laboratory environment and everyday settings:

o Laboratory research commonly involves stationary individuals
making verbal judgments of a stationary sound source.
Judgments are made in an anechoic, uncluttered setting. With
rare exception, verbal judgments reflect one dimension.
Sound stimuli are typically brief and simple in nature.

« In everyday settings, individuals are commonly exposed to
auditory events that exist for extended periods of time and
are complex in acoustic structure. Those sounds occur in
echoic, cluttered spaces and can originate at any point across
multiple dimensions. In response to a sound, individuals often
alter the position of the head and/or body and either make
an action-based judgment or behaviorally react to a sound-
producing object. The sound-producing object can
be stationary or dynamic.

In brief, numerous and vast differences exist between
laboratory and real-world settings.

It is the belief of the author that, despite solid theoretical
reasons, laboratory research is largely lacking in ecological validity.
Research conducted in an ecologically valid manner permits
researchers to investigate auditory spatial perception as individuals
do in everyday settings. It is believed that an increase in ecological
validity will yield results that more accurately reflect the abilities
of individuals to judge the position of a sound-producing object.
Using a more natural design also provides researchers with an
opportunity to better determine the extent to which chronological
age influences spatial judgments. Furthermore, research conducted
in an ecologically relevant manner provides new avenues for
research (e.g., perception of occluded sound sources). Those
avenues have direct bearing on what individuals actually do in
everyday settings. Finally, it is likely that ecologically based
research will have greater external validity and greater construct
validity in comparison with research conducted in the traditional
manner. Clearly, additional research is needed to confirm or
discredit the arguments presented here.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work
and has approved it for publication.

Abel, S. M., and Hay, V. H. (1996). Sound localization. The interaction of
aging, hearing loss and hearing protection. Scand. Audiol. 25, 3-12. doi:
10.3109/01050399609047549

Addleman, A. D., Xiong, Y. Z., Nelson, P, and Legge, G. E. (2019). Effects
of age and target modality on spatial localization on the horizontal plane.
J. Vis. 19:117b. doi: 10.1167/19.10.117b

Frontiers in Psychology | www.frontiersin.org

February 2022 | Volume 13 | Article 831670


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1121/1.429607
https://doi.org/10.3109/01050399609047549
https://doi.org/10.1167/19.10.117b

Russell

Age and Spatial Perception

Ashmead, D. H., Davis, D. L, and Northington, A. (1995). Contribution of
listeners’” approaching motion to auditory distance perception. J. Exp. Psychol.
Hum. Percept. Perform. 21, 239-256. doi: 10.1037/0096-1523.21.2.239

Ashmead, D. H., Wall, R. S., Eaton, S. B., Ebinger, K. A., Snook-Hill, M.-M.,
Guth, D. A,, et al. (1998). Echolocation reconsidered: using spatial variations
in the ambient sound field to guide locomotion. J. Visual Impairment Blindness
92, 615-632. doi: 10.1177/0145482X9809200905

Bednar, A., and Lalor, E. C. (2020). Where is the cocktail party? Decoding
locations of attended and unattended moving sound sources using EEG.
Neurolmage 205:116283. doi: 10.1016/j.neuroimage.2019.116283

Best, V., Carlile, S., Jin, C.,, and van Schaik, A. (2005). The role of high
frequencies in speech localization. J. Acoust. Soc. Am. 118, 353-363. doi:
10.1121/1.1926107

Bingham, G. P, Schmidt, R. C., and Rosenblum, L. D. (1989). Hefting for a
maximum distance throw: a smart perceptual mechanism. J. Exp. Psychol.
Hum. Percept. Perform. 15, 507-528. doi: 10.1037/0096-1523.15.3.507

Blauert, J. (1997). Spatial Hearing: The Psychophysics of Human Sound Localization.
Cambridge, MA: MIT Press.

Braly, A. M., DeLucia, P, and Oberfeld, D. (2021). Does affective content of
sounds affect auditory time-to-collision estimation? Auditory Percept. Cognit.
4, 1-23. doi: 10.1080/25742442.2021.1997064

Briley, P. M., and Summerfield, A. Q. (2014). Age-related deterioration of the
representation of space in human auditory cortex. Neurobiol. Aging 35,
633-644. doi: 10.1016/j.neurobiolaging.2013.08.033

Brimijoin, W. O., and Akeroyd, M. A. (2014). The moving minimum audible
angle is smaller during self motion than during source motion. Front.
Neurosci. 8:273. doi: 10.3389/fnins.2014.00273

Bronkhorst, A. W., and Houtgast, T. (1999). Auditory distance perception in
rooms. Nature 397, 517-520. doi: 10.1038/17374

Brungart, D. S. (1999). Auditory localization of nearby sources III. Stimulus
effects. J. Acoust. Soc. Am. 106, 3589-3602. doi: 10.1121/1.428212

Brungart, D. S., Cohen, J. I, Zion, D. ], and Romigh, G. D. (2017). The
localization of non-individualized virtual sounds by hearing impaired listeners.
J. Acoust. Soc. Am. 141, 2870-2881. doi: 10.1121/1.4979462

Buchholz, J. M., and Best, V. (2020). Speech detection and localization in
a reverberant multitalker environment by normal-hearing and hearing-
impaired listeners. J. Acoust. Soc. Am. 147, 1469-1477. doi: 10.1121/
10.0000844

Butler, R. A., and Humanski, R. A. (1992). Localization of sound in the vertical
plane with and without high-frequency spectral cues. Percept. Psychophys.
51, 182-186. doi: 10.3758/BF03212242

Butler, A. A., Lord, S. R., and Fitzpatrick, R. C. (2011). Reach distance but
not judgment error is associated with falls in older people. J. Gerontol. A
Biol. Sci. Med. Sci. 66A, 896-903. doi: 10.1093/gerona/glr071

Cabe, P. A., and Pittenger, J. B. (2000). Human sensitivity to acoustic information
from vessel filling. J. Exp. Psychol. Hum. Percept. Perform. 26, 313-324. doi:
10.1037//0096-1523.26.1.313

Carello, C., Anderson, K. L., and Kunkler-Peck, A. J. (1998). Perception of
object length by sound. Psychol. Sci. 9, 211-214. doi: 10.1111/1467-9280.00040

Carello, C., Grosofsky, A., Reichel, E D., Solomon, H. Y, and Turvey, M. T.
(1989). Visually perceiving what is reachable. Ecol. Psychol. 1, 27-54. doi:
10.1207/s15326969eco0101_3

Carlile, S. (ed.) (1996). “Auditory space,” in Virtual Auditory Space: Generation
and Applications. Neuroscience Intelligence Unit (Berlin, Heidelberg: Springer).

Cole, W. G, Chan, G. L., Vereijken, B., and Adolph, K. E. (2013). Perceiving
affordances for different motor skills. Exp. Brain Res. 225, 309-319. doi:
10.1007/500221-012-3328-9

Day, B. M., Wagman, J. B,, and Smith, P. ]. (2015). Perception of maximum
stepping and leaping distance: stepping affordances as a special case of
leaping affordances. Acta Psychol. 158, 26-35. doi: 10.1016/j.actpsy.2015.03.010

Dobreva, M. S., O'Neill, W. E., and Paige, G. D. (2011). Influence of aging
on human sound localization. J. Neurophysiol. 105, 2471-2486. doi: 10.1152/
jn.00951.2010

Doty, R. L., Petersen, I, Mensah, N., and Christensen, K. (2011). Genetic and
environmental influences on odor identification ability in the very old.
Psychol. Aging 26, 864-871. doi: 10.1037/a0023263

Fink, M., Churan, J., and Wittmann, M. (2005). Assessment of auditory temporal-
order thresholds - a comparison of different measurement procedures and
the influences of age and gender. Restor. Neurol. Neurosci. 23, 281-296.

Franchak, J. M., van der Zalm, D. ], and Adolph, K. E. (2010). Learning by
doing: action performance facilitates affordance perception. Vis. Res. 50,
2758-2765. doi: 10.1016/j.visres.2010.09.019

Freed, D. J. (1990). Auditory correlates of perceived mallet hardness for a set
of recorded percussive sound events. J. Acoust. Soc. Am. 87, 311-322. doi:
10.1121/1.399298

Freigang, C., Schmiedchen, K., Nitsche, I., and Riibsamen, R. (2014). Free-field
study on auditory localization and discrimination performance in older
adults. Exp. Brain Res. 232, 1157-1172. doi: 10.1007/s00221-014-3825-0

Fukunaga, A., Uematsu, H., and Sugimoto, K. (2005). Influences of aging on
taste perception and oral somatic sensation. J. Gerontol. Ser. A Biol. Sci.
Med. Sci. 60, 109-113. doi: 10.1093/gerona/60.1.109

Gaver, W. W. (1993). What in the world do we hear? An ecological approach
to auditory event perception. Ecol Psychol. 5, 1-29. doi: 10.1207/
§15326969eco0501_1

Gibson, J. J. (1979). The Ecological Approach to Visual Perception. Boston, MA:
Houghton-Mifflin Company.

Giguére, C., and Abel, S. M. (1993). Sound localization: effects of reverberation
time, speaker array, stimulus frequency, and stimulus rise/decay. J. Acoust.
Soc. Am. 94, 769-776. doi: 10.1121/1.408206

Giordano, B. L., and McAdams, S. (2006). Material identification of real impact
sounds: effects of size variation in steel, glass, wood, and plexiglass plates.
J. Acoust. Soc. Am. 119, 1171-1181. doi: 10.1121/1.2149839

Gordon, M. S., and Rosenblum, L. D. (2004). Perception of sound-obstructing
surfaces using body-scaled judgments. Ecol. Psychol. 16, 87-113. doi: 10.1207/
$15326969ec01602_1

Gordon, M. S., Russo, FE A., and MacDonald, E. (2013). Spectral information
for detection of acoustic time to arrival. Atten. Percept. Psychophys. 75,
738-750. doi: 10.3758/s13414-013-0424-2

Grassi, M. (2005). Do we hear size or sound? Balls dropped on plates. Percept.
Psychophys. 67, 274-284. doi: 10.3758/bf03206491

Grassi, M., and Casco, C. (2009). Audiovisual bounce-inducing effect: attention
alone does not explain why the discs are bouncing. J. Exp. Psychol. Hum.
Percept. Perform. 35, 235-243. doi: 10.1037/a0013031

Grassi, M., Pastore, M., and Lemaitre, G. (2013). Looking at the world with
your ears: how do we get the size of an object from its sound? Acta
Psychol. 143, 96-104. doi: 10.1016/j.actpsy.2013.02.005

Griffin, D. R. (1944). Echolocation by blind men, bats, and radar. Science 100,
589-590. doi: 10.1126/science.100.2609.589

Hajnal, A., Olavarria, C. X., Surber, T, Clark, J. D., and Doyon, J. K. (2020).
Comparison of two psychophysical methods across visual and haptic perception
of stand-on-ability. Psychol. Res. 84, 602-610. doi: 10.1007/500426-
018-1076-6

Hartmann, W. M. (1983). Localization of sound in rooms. J. Acoust. Soc. Am.
74, 1380-1391. doi: 10.1121/1.390163

Hartmann, W. M., and Rakerd, B. (1989a). On the minimum audible angle:
a decision theory approach. J. Acoust. Soc. Am. 85, 2031-2041. doi:
10.1121/1.397855

Hartmann, W. M., and Rakerd, B. (1989b). Localization of sound in rooms.
IV: The Franssen effect. J. Acoust. Soc. Am. 86, 1366-1373. doi:
10.1121/1.398696

Heffner, H. E., and Heffner, R. S. (1998). “Hearing,” in Comparative Psychology:
A Handbook. 1st Edn. eds. G. Greenberg and M. M. Haraway (London:
Routledge), 290-303.

Heffner, H. E., and Heffner, R. S. (2014). “The behavioral study of mammalian
hearing;” in Perspectives on Auditory Research. 1st Edn. eds. A. N. Popper
and R. R. Fay (Berlin: Springer), 269-285.

Heffner, H. E., and Heffner, R. S. (2016). The evolution of mammalian sound
localization. Acoust. Today 12, 20-27.

Heffner, H. E., and Heffner, R. S. (2018). “The evolution of mammalian
hearing, in To the Ear and back - Advances in Auditory Biophysics,
American Institute of Physics Conference Proceedings. eds. C. Bergevin and
S. Puria (College Park, MD: American Institute of Physics Publishing),
30001-130008.

Higuchi, T., Takada, H., Matsuura, Y., and Imanaka, K. (2004). Visual estimation
of spatial requirements for locomotion in novice wheelchair users. J. Exp.
Psychol. Appl. 10, 55-66. doi: 10.1037/1076-898X.10.1.55

Hofman, P. M., Van Riswick, J. G. A,, and Van Opstel, A. J. (1998). Relearning
sound localization with new ears. Nat. Neurosci. 1, 417-421. doi: 10.1038/1633

Frontiers in Psychology | www.frontiersin.org

February 2022 | Volume 13 | Article 831670


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1037/0096-1523.21.2.239
https://doi.org/10.1177/0145482X9809200905
https://doi.org/10.1016/j.neuroimage.2019.116283
https://doi.org/10.1121/1.1926107
https://doi.org/10.1037/0096-1523.15.3.507
https://doi.org/10.1080/25742442.2021.1997064
https://doi.org/10.1016/j.neurobiolaging.2013.08.033
https://doi.org/10.3389/fnins.2014.00273
https://doi.org/10.1038/17374
https://doi.org/10.1121/1.428212
https://doi.org/10.1121/1.4979462
https://doi.org/10.1121/10.0000844
https://doi.org/10.1121/10.0000844
https://doi.org/10.3758/BF03212242
https://doi.org/10.1093/gerona/glr071
https://doi.org/10.1037//0096-1523.26.1.313
https://doi.org/10.1111/1467-9280.00040
https://doi.org/10.1207/s15326969eco0101_3
https://doi.org/10.1007/s00221-012-3328-9
https://doi.org/10.1016/j.actpsy.2015.03.010
https://doi.org/10.1152/jn.00951.2010
https://doi.org/10.1152/jn.00951.2010
https://doi.org/10.1037/a0023263
https://doi.org/10.1016/j.visres.2010.09.019
https://doi.org/10.1121/1.399298
https://doi.org/10.1007/s00221-014-3825-0
https://doi.org/10.1093/gerona/60.1.109
https://doi.org/10.1207/s15326969eco0501_1
https://doi.org/10.1207/s15326969eco0501_1
https://doi.org/10.1121/1.408206
https://doi.org/10.1121/1.2149839
https://doi.org/10.1207/s15326969eco1602_1
https://doi.org/10.1207/s15326969eco1602_1
https://doi.org/10.3758/s13414-013-0424-2
https://doi.org/10.3758/bf03206491
https://doi.org/10.1037/a0013031
https://doi.org/10.1016/j.actpsy.2013.02.005
https://doi.org/10.1126/science.100.2609.589
https://doi.org/10.1007/s00426-018-1076-6
https://doi.org/10.1007/s00426-018-1076-6
https://doi.org/10.1121/1.390163
https://doi.org/10.1121/1.397855
https://doi.org/10.1121/1.398696
https://doi.org/10.1037/1076-898X.10.1.55
https://doi.org/10.1038/1633

Russell

Age and Spatial Perception

Jayakody, D. M. P, Friedland, P. L., Martins, R. N., and Sohrabi, H. R. (2018).
Impact of aging on the auditory system and related cognitive functions: a
narrative review. Front. Neurosci. 12, 1-16. doi: 10.3389/fnins.2018.00125

Jesteadt, W., Wier, C. C., and Green, D. M. (1977). Intensity discrimination
as a function of frequency and sensation level. J. Acoust. Soc. Am. 61,
169-177. doi: 10.1121/1.381278

Kaneda, H., Maeshima, K., Goto, N., Kobayakawa, T., Ayabe-Kanamura, S.,
and Saito, S. (2000). Decline in taste and odor discrimination abilities with
age, and relationship between gustation and olfaction. Chem. Senses 25,
331-337. doi: 10.1093/chemse/25.3.331

Kellogg, W. N. (1962). Sonar system of the blind. Science 137, 399-404. doi:
10.1126/science.137.3528.399

Kinsella-Shaw, J. M., Shaw, B., and Turvey, M. T. (1992). Perceiving ‘walk-on-
able’ slopes. Ecol. Psychol. 4, 223-239. doi: 10.1207/s15326969ec00404_2

Kleinman, J. M., and Brodzinsky, D. M. (1978). Haptic exploration in young,
middle-aged, and elderly adults. J. Gerontol. 33, 521-527. doi: 10.1093/
geronj/33.4.521

Kolarik, A. J., Scarfe, A. C., Moore, B. C. J., and Pardhan, S. (2016). An
assessment of auditory-guided locomotion in an obstacle circumvention task.
Exp. Brain Res. 234, 1725-1735. doi: 10.1007/s00221-016-4567-y

Kolodziejczyk, I., and Szelag, E. (2008). Auditory perception of temporal order
in centenarians in comparison with young and elderly subjects. Acta Neurobiol.
Exp. 68, 373-381

Konczak, J., Meeuwsen, H. J., and Cress, M. E. (1992). Changing affordances
in stair climbing: the perception of maximum climbability in young and
older adults. J. Exp. Psychol. Hum. Percept. Perform. 18, 691-697. doi:
10.1037//0096-1523.18.3.691

Kop¢o, N., and Shinn-Cunningham, B. G. (2011). Effect of stimulus spectrum
on distance perception for nearby sources. J. Acoust. Soc. Am. 130, 1530-1541.
doi: 10.1121/1.3613705

Kozhevnikova, E. V., and Zhukov, S. Y. (1990). Features of auditory evaluation
of an approaching and receding sound source. Sens. Syst. 3, 194-201.

Kunkler-Peck, A. J., and Turvey, M. T. (2000). Hearing shape. J. Exp. Psychol.
Hum. Percept. Perform. 26, 279-294. doi: 10.1037/0096-1523.26.1.279

Lederman, S. J. (1979). Auditory texture perception. Perception 8, 93-103. doi:
10.1068/p080093

Li, X, Logan, R, and Pastore, R. (1991). Perception of acoustic source
characteristics: walking sounds. J. Acoust. Soc. Am. 90, 3036-3049. doi:
10.1121/1.401778

Macpherson, E. A., and Middlebrooks, J. C. (2000). Localization of brief sounds:
effects of level and background noise. J. Acoust. Soc. Am. 108, 1834-1849.
doi: 10.1121/1.1310196

Makous, J. C., and Middlebrooks, J. C. (1990). Two-dimensional sound localization
by human listeners. J. Acoust. Soc. Am. 87, 2188-2200. doi: 10.1121/1.399186

Malek, E. A., and Wagman, J. B. (2008). Kinetic potential influences visual
and remote haptic perception of affordances for standing on an inclined
surface. Q. J. Exp. Psychol. 61, 1813-1826. doi: 10.1080/17470210701712978

Mark, L. S. (1987). Eyeheight-scaled information about affordances: a study of
sitting and stair climbing. J. Exp. Psychol. Hum. Percept. Perform. 13, 361-370.
doi: 10.1037//0096-1523.13.3.361

Mark, L. S., Balliett, J. A., Craver, K. D., Douglas, S. D., and Fox, T. (1990).
What an actor must do in order to perceive the affordance for sitting. Ecol.
Psychol. 2, 325-366. doi: 10.1207/s15326969ec00204_2

Mershon, D. H., Ballenger, W. L., Little, A. D., McMurtry, P. L., and
Buchanan, J. L. (1989). Effects of room reflectance and background noise
on perceived auditory distance. Perception 18, 403-416. doi: 10.1068/
p180403

Mershon, D. H., and King, L. E. (1975). Intensity and reverberation as factors
in the auditory perception of egocentric distance. Percept. Psychophys. 18,
409-415. doi: 10.3758/BF03204113

Middlebrooks, J. C., and Green, D. M. (1991). Sound localization by human listeners.
Annu. Rev. Psychol. 42, 135-159. doi: 10.1146/annurev.ps.42.020191.001031

Mills, A. W. (1958). On the minimum audible angle. J. Acoust. Soc. Am. 30,
237-246. doi: 10.1121/1.1909553

Murphy, C., Schubert, C. R., Cruickshanks, K. J., Klein, B. E. K., Klein, R,,
and Nondahl, D. M. (2002). Prevalence of olfactory impairment in older
adults. . Am. Med. Assoc. 288, 2307-2312. doi: 10.1001/jama.288.18.2307

Musicant, A. D., and Butler, R. A. (1984). The psychophysical basis of monaural
localization. Hear. Res. 14, 185-190. doi: 10.1016/0378-5955(84)90017-0

Nambu, I., Ebisawa, M., Kogure, M., Yano, S., Hokari, H., and Wada, Y. (2013).
Estimating the intended sound direction of the user: toward an auditory
brain-computer interface using out-of-head sound localization. PLoS One
8:¢57174. doi: 10.1371/journal.pone.0057174

Neher, T., Laugesen, S., Jensen, N. S., and Kragelund, L. (2011). Can basic
auditory and cognitive measures predict hearing-impaired listeners’ localization
and spatial speech recognition abilities? J. Acoust. Soc. Am. 130, 1542-1558.
doi: 10.1121/1.3608122

Neuhoff, J. G. (1998). Perceptual bias for rising tones. Nature 395, 123-124.
doi: 10.1038/25862

Neuhoff, J. G. (2001). An adaptive bias in the perception of looming auditory
motion. Ecol. Psychol. 13, 87-110. doi: 10.1207/S15326969ECO1302_2

Neuhoff, J. G. (2016). Looming sounds are perceived as faster than receding
sounds. Cognit. Res. Principles Implications 1:15. doi: 10.1186/
s41235-016-0017-4

Norman, J. E, Adkins, O. C., Hoyng, S. C., Dowell, C. J., Pedersen, L. E., and
Gilliam, A. N. (2016). Aging and the haptic perception of material properties.
Perception 45, 1387-1398. doi: 10.1177/0301006616659073

Oldfield, S. R., and Parker, S. P. (1984). Acuity of sound localisation: a topography
of auditory space. I. Normal hearing conditions. Perception 13, 581-600.
doi: 10.1068/p130581

Olofsson, J. K., Ekstrom, 1., Larsson, M., and Nordin, S. (2021). Olfaction and
aging: a review of the current state of research and future directions.
i-Perception 12, 1-24. doi: 10.1177/20416695211020331

O'Neill, S. M., and Russell, M. K. (2017). Impact of postural stability and
modality on the perception of passage and surface climbing. Ecol. Psychol.
29, 54-68. doi: 10.1080/10407413.2017.1270153

Otte, R. J., Agterberg, M. J., Van Wanrooij, M. M., Snik, A. E, and Van
Opstal, A. J. (2013). Age-related hearing loss and ear morphology affect
vertical but not horizontal sound-localization performance. J. Assoc. Res.
Otolaryngol. 14, 261-273. doi: 10.1007/s10162-012-0367-7

Perrett, S., and Noble, W. (1997). The contribution of head motion cues to
localization of low-pass noise. Percept. Psychophys. 59, 1018-1026. doi:
10.3758/bf03205517

Perrott, D. R,, and Saberi, K. (1990). Minimum audible angle thresholds for
sources varying in both elevation and azimuth. J. Acoust. Soc. Am. 87,
1728-1731. doi: 10.1121/1.399421

Porschmann, C., and Storig, C. (2009). Investigations into the velocity and
distance perception of moving sound sources. Acta Acust. United Acustica
95, 696-706. doi: 10.3813/AAA.918198

Rakerd, B., and Hartmann, W. M. (1985). Localization of sound in rooms, II:
the effects of a single reflecting surface. J. Acoust. Soc. Am. 78, 524-533.
doi: 10.1121/1.392474

Rakerd, B., and Hartmann, W. M. (1986). Localization of sound in rooms,
III: onset and duration effects. J. Acoust. Soc. Am. 80, 1695-1706. doi:
10.1121/1.394282

Riehm, C., Chemero, A., Silva, P. L., and Shockley, K. (2019). Virtual auditory
aperture passability. Exp. Brain Res. 237, 191-200. doi: 10.1007/
s00221-018-5407-z

Riesz, R. (1933). The relationship between loudness and the minimum
perceptible increment of intensity. J. Acoust. Soc. Am. 4, 211-216. doi:
10.1121/1.1915601

Rodrigues, S. T., Galvao, N. C., and Gotardi, G. C. (2014). Visual estimation
of apertures for wheelchair locomotion in novices: perceptual judgment and
motor practice. Psychol. Neurosci. 7, 331-340. doi: 10.3922/j.psns.2014.040

Rodriguez Valiente, A., Trinidad, A., Garcia Berrocal, J. R., Gérriz, C., and
Ramirez Camacho, R. (2014). Extended high-frequency (9-20 kHz) audiometry
reference thresholds in 645 healthy subjects. Int. J. Audiol. 53, 531-545.
doi: 10.3109/14992027.2014.893375

Roffler, S. K., and Butler, R. A. (1968). Factors that influence the localization
of sound in the vertical plane. J. Acoust. Soc. Am. 43, 1255-1259. doi:
10.1121/1.1910976

Ronne, E M., Laugesen, S., Jensen, N. S., and Pedersen, J. H. (2016). Minimum
audible angles measured with simulated normally-sized and oversized pinnas
for normal-hearing and hearing-impaired test subjects. Adv. Exp. Med. Biol.
894, 207-217. doi: 10.1007/978-3-319-25474-6_22

Rosenblum, L. D., Carello, C., and Pastore, R. E. (1987). Relative effectiveness
of three stimulus variables for locating a moving sound source. Perception
16, 175-186. doi: 10.1068/p160175

Frontiers in Psychology | www.frontiersin.org

February 2022 | Volume 13 | Article 831670


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.3389/fnins.2018.00125
https://doi.org/10.1121/1.381278
https://doi.org/10.1093/chemse/25.3.331
https://doi.org/10.1126/science.137.3528.399
https://doi.org/10.1207/s15326969eco0404_2
https://doi.org/10.1093/geronj/33.4.521
https://doi.org/10.1093/geronj/33.4.521
https://doi.org/10.1007/s00221-016-4567-y
https://doi.org/10.1037//0096-1523.18.3.691
https://doi.org/10.1121/1.3613705
https://doi.org/10.1037/0096-1523.26.1.279
https://doi.org/10.1068/p080093
https://doi.org/10.1121/1.401778
https://doi.org/10.1121/1.1310196
https://doi.org/10.1121/1.399186
https://doi.org/10.1080/17470210701712978
https://doi.org/10.1037//0096-1523.13.3.361
https://doi.org/10.1207/s15326969eco0204_2
https://doi.org/10.1068/p180403
https://doi.org/10.1068/p180403
https://doi.org/10.3758/BF03204113
https://doi.org/10.1146/annurev.ps.42.020191.001031
https://doi.org/10.1121/1.1909553
https://doi.org/10.1001/jama.288.18.2307
https://doi.org/10.1016/0378-5955(84)90017-0
https://doi.org/10.1371/journal.pone.0057174
https://doi.org/10.1121/1.3608122
https://doi.org/10.1038/25862
https://doi.org/10.1207/S15326969ECO1302_2
https://doi.org/10.1186/s41235-016-0017-4
https://doi.org/10.1186/s41235-016-0017-4
https://doi.org/10.1177/0301006616659073
https://doi.org/10.1068/p130581
https://doi.org/10.1177/20416695211020331
https://doi.org/10.1080/10407413.2017.1270153
https://doi.org/10.1007/s10162-012-0367-7
https://doi.org/10.3758/bf03205517
https://doi.org/10.1121/1.399421
https://doi.org/10.3813/AAA.918198
https://doi.org/10.1121/1.392474
https://doi.org/10.1121/1.394282
https://doi.org/10.1007/s00221-018-5407-z
https://doi.org/10.1007/s00221-018-5407-z
https://doi.org/10.1121/1.1915601
https://doi.org/10.3922/j.psns.2014.040
https://doi.org/10.3109/14992027.2014.893375
https://doi.org/10.1121/1.1910976
https://doi.org/10.1007/978-3-319-25474-6_22
https://doi.org/10.1068/p160175

Russell

Age and Spatial Perception

Rosenblum, L. D., Gordon, M. S., and Jarquin, L. (2000). Echolocating distance
by moving and stationary listeners. Ecol. Psychol. 12, 181-206. doi: 10.1207/
S15326969EC01203_1

Rosenblum, L. D., Wuestefeld, A. P, and Anderson, K. L. (1996). Auditory
reachability: an affordance approach to the perception of sound source
distance. Ecol. Psychol. 8, 1-24. doi: 10.1207/s15326969ec00801_1

Rosenblum, L. D., Wuestefeld, A. P, and Saldana, H. M. (1993). Auditory
looming perception: influences on anticipatory judgments. Perception 22,
1467-1482. doi: 10.1068/p221467

Russell, M. K. (2020). Impact of qualitative and quantitative visual experience
on the auditory perception of apertures. Auditory Percept. Cognit. 3, 124-157.
doi: 10.1080/25742442.2021.1888371

Russell, M. K., and Brown, S. (2019). Using sound to create and detect occlusion
of an unseen sound source. Auditory Percept. Cognit. 2, 207-229. doi:
10.1080/25742442.2020.1773731

Russell, M. K., and Herl, C. (2021). Influence of event duration and impact
intensity on the auditory perception of contact severity. Auditory Percept.
Cognit. 4, 49-59. doi: 10.1080/25742442.2021.1965853

Russell, M. K., and Schneider, A. L. (2006). Sound source perception in a
two-dimensional setting: comparison of action and nonaction-based response
tasks. Ecol. Psychol. 18, 223-237. doi: 10.1207/s15326969ec01803_4

Russell, M. K., and Turvey, M. T. (1999). Auditory perception of unimpeded
passage. Ecol. Psychol. 11, 175-188. doi: 10.1207/s15326969ec01102_3

Savel, S. (2009). Individual differences and left/right asymmetries in auditory
space perception. I. Localization of low-frequency sounds in free field. Hear.
Res. 255, 142-154. doi: 10.1016/j.heares.2009.06.013

Schiff, W, and Oldak, R. (1990). Accuracy of judging time to arrival: effects
of modality, trajectory, and gender. . Exp. Psychol. Hum. Percept. Perform.
16, 303-316. doi: 10.1037//0096-1523.16.2.303

Schutz, M., and Gillard, J. (2020). On the generalization of tones: a detailed
exploration of non-speech auditory perception stimuli. Sci. Rep. 10:9520.
doi: 10.1038/s41598-020-63132-2

Sekuler, R., Sekuler, A., and Lau, R. (1997). Sound alters visual motion perception.
Nature 385, 308. doi: 10.1038/385308a0

Silva, R. M., Lamas, J., Silva, C. C., Coello, Y., Mouta, S., and Santos, J. A.
(2017). Judging time-to-passage of looming sounds: evidence for the use
of distance-based information. PLoS One 12:€0177734. doi: 10.1371/journal.
pone.0177734

Soames, R. W,, and Raper, S. A. (1992). The influence of moving auditory
fields on postural sway behavior in man. Eur. J. Appl. Physiol. Occup. Physiol.
65, 241-245. doi: 10.1007/BF00705088

Speigle, J. M., and Loomis, J. M. (1993). “Auditory distance perception by
translating observers” in Proceedings of 1993 IEEE Research Properties in
Virtual Reality Symposium; October 25, 1993; San Jose: CA, USA, 92-99.

Stoffregen, T. A., Ito, K., Hove, P, Yank, J. R, and Bardy, B. G. (2019). The
postural responses to a moving environment of adults who are blind.
J. Visual Impairment Blindness 104, 73-83. doi: 10.1177/0145482X1010400203

Stoffregen, T. A., Villard, S., Kim, C,, Ito, K., and Bardy, B. G. (2009b). Coupling
of head and body movement with motion of the audible environment.
J. Exp. Psychol. Hum. Percept. Perform. 35, 1221-1231. doi: 10.1037/a0014251

Stoffregen, T. A., Yang, C.-M., Giveans, M. R., Flanagan, M., and Bardy, B. G.
(2009a). Movement in the perception of an affordance for wheelchair
locomotion. Ecol. Psychol. 21, 1-36. doi: 10.1080/10407410802626001

Supa, M., Cotzin, M., and Dallenbach, K. M. (1944). “Facial vision™: the
perception of obstacles by the blind. Am. J. Psychol. 57, 133-183. doi:
10.2307/1416946

Szymaszek, A., Szelag, E., and Sliwowska, M. (2006). Auditory perception of
temporal order in humans: the effect of age, gender, listener practice and
stimulus presentation mode. Neurosci. Lett. 403, 190-194. doi: 10.1016/j.
neulet.2006.04.062

Thompson, L. W., Axelrod, S., and Cohen, L. D. (1965). Senescence and visual
identification of tactual-kinesthetic forms. J. Gerontol. 20, 244-249. doi:
10.1093/geronj/20.2.244

Trapeau, R., and Schonwiesner, M. (2018). The encoding of sound source
elevation in the human auditory cortex. J. Neurosci. 38, 3252-3264. doi:
10.1523/JNEUROSCI.2530-17.2018

Vernat, J.-P,, and Gordon, M. S. (2010). Indirect interception actions by blind
and visually impaired perceivers: echolocation for interceptive actions. Scand.
J. Psychol. 51, 75-83. doi: 10.1111/j.1467-9450.2009.00722.x

Vliegen, J., and Van Opstal, A. J. (2004). The influence of duration and level
on human sound localization. J. Acoust. Soc. Am. 115, 1705-1713. doi:
10.1121/1.1687423

Voss, P,, Lassonde, M., Gougoux, E, Fortin, M., Guillemot, J. P, and Lepore, F.
(2004). Early- and late-onset blind individuals show supra-normal auditory
abilities in far-space. Curr. Biol. 14, 1734-1738. doi: 10.1016/j.cub.2004.09.051

Wagman, J. B, Cialdella, V. T,, and Stoffregen, T. A. (2019). Higher order
affordances for reaching: perception and performance. Q. J. Exp. Psychol.
72, 1200-1211. doi: 10.1177/1747021818784403

Wagman, J. B., and Morgan, L. L. (2010). Nested prospectivity in perception:
perceived maximum reaching height reflects anticipated changes in reaching
ability. Psychon. Bull. Rev. 17, 905-909. doi: 10.3758/PBR.17.6.905

Warren, W. (1984). Perceiving affordances: visual guidance of stair climbing.
J. Exp. Psychol. Hum. Percept. Perform. 10, 683-703. doi: 10.1037//0096-1523.
10.5.683

Warren, W. H. Jr, Kim, E. E., and Husney, R. (1987). The way the ball
bounces: visual and auditory perception of elasticity and control of the
bounce pass. Perception 16, 309-336. doi: 10.1068/p160309

Warren, W. H. Jr,, and Verbrugge, R. R. (1984). Auditory perception of breaking
and bouncing events: A case study in ecological acoustics. J. Exp. Psychol.
Hum. Percept. Perform. 10, 704-712. doi: 10.1037//0096-1523.10.5.704

Warren, W. H. Jr., and Whang, S. (1987). Visual guidance of walking through
apertures: body-scaled information for affordances. J. Exp. Psychol. Hum.
Percept. Perform. 13, 371-383. doi: 10.1037//0096-1523.13.3.371

Whitmer, W. M., McShefferty, D., Levy, S. C., Naylor, G., and Edwards, B.
(2021). Changes in orientation behavior due to extended high-frequency
(5 to 10 kHz) spatial cues. Ear Hear. 9, 1-9. doi: 10.1097/AUD.0000000
000001113

Whitmer, W. M., Seeber, B. U, and Akeroyd, M. A. (2014). The perception
of apparent auditory source width in hearing-impaired adults. J. Acoust.
Soc. Am. 135, 3548-3559. doi: 10.1121/1.4875575

Wightman, E L., and Kistler, D. J. (1999). Resolution of front-back ambiguity
in spatial hearing by listener and source movement. J. Acoust. Soc. Am.
105, 2841-2853. doi: 10.1121/1.426899

Worchel, P, and Dallenbach, K. M. (1947). “Facial vision™: perception of obstacles
by the deaf-blind. Am. J. Psychol. 60, 502-553. doi: 10.2307/1417725

Yan, J.-J., Zhou, L., Xie, C.-X., Campos, J., and Sun, H.-J. (2007). Visual and
auditory processing of distance and the time-to-collision of an approaching
object. J. Vis. 7:754. doi: 10.1167/7.9.754

Yost, W. A., and Pastore, M. T. (2019). Individual listener differences in azimuthal
front-back reversals. J. Acoust. Soc. Am. 146, 2709-2715. doi: 10.1121/1.5129555

Zahorik, P, Brungart, D. S., and Bronkhorst, A. W. (2005). Auditory distance
perception in humans: A summary of past and present research. Acta Acust.
United Acust. 91, 409-420.

Zhang, C., and Wang, X. (2017). Initiation of the age-related decline of odor
identification in humans: a meta-analysis. Ageing Res. Rev. 40, 45-50. doi:
10.1016/j.arr.2017.08.004

Zhong, X., and Yost, W. A. (2013). Relationship between postural stability and
spatial hearing. J. Am. Acad. Audiol. 24, 782-788. doi: 10.3766/jaaa.24.9.3

Zonooz, B., Arani, E., Kording, K. P, Remco Aalbers, P. A. T, Celikel, T,
and Van Opstal, J. A. (2019). Spectral weighting underlies perceived sound
elevation. Sci. Rep. 9:1642. doi: 10.1038/s41598-018-37537-z

Conflict of Interest: The author declares that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Russell. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org

16

February 2022 | Volume 13 | Article 831670


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1207/S15326969ECO1203_1
https://doi.org/10.1207/S15326969ECO1203_1
https://doi.org/10.1207/s15326969eco0801_1
https://doi.org/10.1068/p221467
https://doi.org/10.1080/25742442.2021.1888371
https://doi.org/10.1080/25742442.2020.1773731
https://doi.org/10.1080/25742442.2021.1965853
https://doi.org/10.1207/s15326969eco1803_4
https://doi.org/10.1207/s15326969eco1102_3
https://doi.org/10.1016/j.heares.2009.06.013
https://doi.org/10.1037//0096-1523.16.2.303
https://doi.org/10.1038/s41598-020-63132-2
https://doi.org/10.1038/385308a0
https://doi.org/10.1371/journal.pone.0177734
https://doi.org/10.1371/journal.pone.0177734
https://doi.org/10.1007/BF00705088
https://doi.org/10.1177/0145482X1010400203
https://doi.org/10.1037/a0014251
https://doi.org/10.1080/10407410802626001
https://doi.org/10.2307/1416946
https://doi.org/10.1016/j.neulet.2006.04.062
https://doi.org/10.1016/j.neulet.2006.04.062
https://doi.org/10.1093/geronj/20.2.244
https://doi.org/10.1523/JNEUROSCI.2530-17.2018
https://doi.org/10.1111/j.1467-9450.2009.00722.x
https://doi.org/10.1121/1.1687423
https://doi.org/10.1016/j.cub.2004.09.051
https://doi.org/10.1177/1747021818784403
https://doi.org/10.3758/PBR.17.6.905
https://doi.org/10.1037//0096-1523.10.5.683
https://doi.org/10.1037//0096-1523.10.5.683
https://doi.org/10.1068/p160309
https://doi.org/10.1037//0096-1523.10.5.704
https://doi.org/10.1037//0096-1523.13.3.371
https://doi.org/10.1097/AUD.0000000000001113
https://doi.org/10.1097/AUD.0000000000001113
https://doi.org/10.1121/1.4875575
https://doi.org/10.1121/1.426899
https://doi.org/10.2307/1417725
https://doi.org/10.1167/7.9.754
https://doi.org/10.1121/1.5129555
https://doi.org/10.1016/j.arr.2017.08.004
https://doi.org/10.3766/jaaa.24.9.3
https://doi.org/10.1038/s41598-018-37537-z
http://creativecommons.org/licenses/by/4.0/

	Age and Auditory Spatial Perception in Humans: Review of Behavioral Findings and Suggestions for Future Research
	Introduction
	Significant Effects of Age on Auditory Spatial Perception
	Lateralization Perception
	Localization Perception

	Insignificant Effects of Age on Auditory Spatial Perception
	Lateralization Perception
	Localization Perception

	Suggestions for Future Research Evaluating the Impact of Age on Auditory Spatial Perception
	Individual Factors
	Stationary Vs. Dynamic Point of Observation
	Verbal Vs. Action-Based Tasks
	Verbal Vs. Action Tasks
	Unidimensional Vs. Multidimensional Perception

	Environmental Factors
	Anechoic Vs. Echoic Settings
	Uncluttered Vs. Cluttered Setting

	Acoustic Factors
	Simple Vs. Complex Sounds
	Brief Vs. Extended Sounds
	Stationary Vs. Dynamic Sound-Producing Objects

	Summary
	Author Contributions

	References

