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Abstract
Older adults demonstrate impairments in navigation that cannot be explained by general cognitive and motor declines. 
Previous work has shown that older adults may combine sensory cues during navigation differently than younger 
adults, though this work has largely been done in dark environments where sensory integration may differ from full-cue 
environments. Here, we test whether aging adults optimally combine cues from two sensory systems critical for navigation: 
vision (landmarks) and body-based self-motion cues. Participants completed a homing (triangle completion) task using 
immersive virtual reality to offer the ability to navigate in a well-lit environment including visibility of the ground plane. An 
optimal model, based on principles of maximum-likelihood estimation, predicts that precision in homing should increase 
with multisensory information in a manner consistent with each individual sensory cue’s perceived reliability (measured 
by variability). We found that well-aging adults (with normal or corrected-to-normal sensory acuity and active lifestyles) 
were more variable and less accurate than younger adults during navigation. Both older and younger adults relied more on 
their visual systems than a maximum likelihood estimation model would suggest. Overall, younger adults’ visual weighting 
matched the model’s predictions whereas older adults showed sub-optimal sensory weighting. In addition, high inter-
individual differences were seen in both younger and older adults. These results suggest that older adults do not optimally 
weight each sensory system when combined during navigation, and that older adults may benefit from interventions that 
help them recalibrate the combination of visual and self-motion cues for navigation.
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Introduction

Older adults show navigation deficits that are often not fully 
explained by general age-related declines in cognitive or 
motor functioning (Lester et al. 2017). Deficits in navigation 
result in an increased chance of getting lost, an inability to 
travel independently, and feelings of isolation, making them 

a significant and pervasive issue for aging adults (van der 
Ham et al. 2020). Failures in navigation due to topographi-
cal disorientation are important to understand because they 
may also be early markers of pathological aging, particularly 
in Alzheimer’s Disease (Coughlan et al. 2018). The effects 
of navigational difficulty can be compounded by other age-
related deficits in sensory and motor components of balance 
and gait. Thus, an understanding of the mechanisms underly-
ing changes in spatial navigation with aging could address 
both safety and social consequences of navigational decline 
while also aiding in the identification of pathological age-
related cognitive and mobility deficits.

Successful navigation requires sensing the environment, 
constructing representations of spatial layout, and guiding 
actions within the environment (Loomis et al. 2002). Updat-
ing a spatial representation by keeping track of one’s own 
position and orientation within an environment as one moves 
through it is referred to as spatial updating (Newman et al. 
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2023). Many types of cues can be used to update spatial 
orientation and position. One group of cues is internal self-
motion cues, including vestibular cues, optic flow, and pro-
prioceptive cues that provide information regarding velocity 
or acceleration. Second, exteroceptive cues, such as visual or 
auditory landmarks within an environment, provide informa-
tion about one’s relative position and orientation.

In the current paper, we examine two primary spatial cues 
that are critical for navigation, visual landmarks and body-
based (vestibular and proprioception signals) self-motion 
cues, using a homing task in which participants walk along 
two legs of a triangle to specified target locations and then 
return to a designated "home" starting point (Chen et al. 
2017; Riecke et al. 2002; Xie et al. 2017; Newman et al. 
2023). A homing task allows for the examination of how 
individuals form and update spatial representations for 
orientation with both internal and external cues. A cue-
combination paradigm in which the cues are available 
individually or combined also allows for the modeling of 
sensory cue weighting during the homing task.

To date, studies have shown that older adults perform less 
accurately on homing tasks than younger adults, even when 
a variety of sensory cues are available to update position 
and orientation (Adamo et al. 2012; Allen et al. 2004; Bates 
and Wolbers 2014; Stangl et al. 2018). The effect of age on 
homing is particularly strong for older adults with sensory 
loss (Xie et al. 2017; Allen et al. 2004), but is also seen in 
relatively healthy aging populations (Allen et al. 2004; Bates 
and Wolbers 2014). Furthermore, the age effect appears to 
be independent of route learning strategy or the number of 
visual landmarks available for encoding (Head and Isom 
2010).

One hypothesis for this age-related difference is that 
navigational impairments in older adults may be due, in 
part, to a decline in sensory integration (Bates and Wolbers 
2014). Sensory integration here refers to the brain’s ability 
to combine multiple, separate sensory streams (e.g., vision, 
vestibular, etc) into a fused multisensory percept (Stein 
and Meredith 1990). Central integration of our senses 
is calibrated early in life (Nardini et al. 2008) when our 
sensory streams are relatively more reliable, or less variable, 
than they are in older age. How this integration process 
changes over the lifespan is not well characterized. Sensory 
integration has long been characterized in terms of "optimal" 
integration in which cues are perceptually weighted relative 
to their perceived reliability, often measured in terms of 
variability (Ernst and Banks 2002). More recently, studies 
have employed homing tasks to address the role of cue 
weighting in navigation, using a traditional cue-combination 
paradigm where the spatial cues for navigation may be 
presented individually or together. For example, the presence 

of cues is manipulated during the return to home leg such 
that there are single visual or body-based cues available, 
both cues, or cues in spatial conflict. Predicted weights 
are calculated from the variance of the individual single 
cue conditions and observed weights are determined from 
the conflict condition in which the visual landmarks are 
shifted relative to their initial position (so that they specify 
a different spatial home location than body-based cues; 
Newman et al. (2023)).

Optimal integration, in this context, refers to the reduction 
in variability given multiple sensory cues that follows 
the principles of maximum likelihood estimation (MLE). 
Because sensory inputs are typically noisy distributions, if 
the brain is operating in a statistically "optimal" manner, 
multisensory information should demonstrate greater 
reliability (reduced variability in homing performance) 
than unisensory information. Further, the cues should be 
combined according to each individual cue’s reliability.

Some data show sub-optimal integration of visual and 
body-based self-motion cues in a homing task in older adults 
(as compared to younger adults), suggesting that navigational 
deficits may be related to a diminished ability with age to 
effectively fuse multiple sensory systems. Although older 
adults did show evidence for cue combination during 
navigation, they did not weight the cues as an optimal model 
would predict (Bates and Wolbers 2014). However, other 
data question whether changes in multisensory integration 
due to age are the cause or effect of deficits in navigation 
(Jones and Noppeney 2021) or even self-motion perception 
(Ramkhalawansingh et al. 2018; Allen et al. 2004). For 
example, older age could interfere with the reliability of 
the sensory information (Humes 2015), the processing of 
hippocampal and entorhinal cellular encoding (Stangl et al. 
2018), or the ability to use or switch between multiple 
reference frames or strategies (Muffato and De Beni 2020) 
rather than an ability to stitch multisensory information 
together.

To date, only a few known studies have examined 
the role of healthy aging in cue combination during 
navigation (Bates and Wolbers 2014; Adamo et al. 2012). 
Those that have, have done so with visually impoverished 
environments. Out of necessity to limit visual information to 
just the intended set of visual landmarks, these studies have 
employed a dark environment (Bates and Wolbers 2014) 
or other devices that prevent typical navigation strategies 
such as high-opacity sunglasses or blindfolds (Adamo et al. 
2012). Given the recent technological development of high-
fidelity immersive environments that can be viewed in near-
human resolution head-mounted displays, it is now possible 
to study well-aging individuals in more ecologically valid 
navigational environments (Shayman et al. 2022; Diersch 
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and Wolbers 2019; Creem-Regehr et  al. 2024). Given 
that only one known study (Bates and Wolbers 2014) has 
examined the integration of visual and self-motion cues 
for older and younger adults, we set out to conceptually 
replicate their work using an immersive virtual environment. 
The main differences in our work were the display of the 
environment and the precision of measurement afforded by 
the virtual reality tracking system. In Bates and Wolbers 
(2014) participants navigated in a fully dark, but real world 
environment, using lights as targets and landmarks. While 
this approach allows for careful control of environmental 
context, it also creates a setting where the ground is not 
visible and the target and landmark objects may be less 
precisely localized (Rand et al. 2012; Meng and Sedgwick 
2002). In the current study, participants’ spatial cue use was 
tested using immersive virtual reality with more realistic 
environmental conditions. In other words, we could add 
or remove cues during the homing task in fully lit virtual 
environments rather than adding or removing them from 
a fully dark real environment (as in Bates and Wolbers 
(2014)). The use of the virtual environment may allow for 
findings to be more generalizeable to everyday navigation 
environments than the prior studies conducted in severely 
reduced-cue real world environments. We aimed to examine 
whether prior sub-optimal cue combination findings in older 
adults could have been driven by cue-limited environments, 
though our hypotheses generally followed the prior findings 
of Bates and Wolbers (2014).

We predict many outcomes related to sensory cue 
combination during navigation with respect to age. First, 
older adults will be less accurate in returning to the home 
location than younger adults, overall. Further, we predict that 
both older and younger adults will be more accurate when 
multisensory cues are available compared to navigating with 
a single cue.

Second, older adults will be more variable in navigation 
performance than younger adults. Like with our accuracy 
hypotheses, we expect variability to decrease (increase in 
precision) with multisensory cues relative to single-cue 
conditions (evidence for sensory cue combination).

Third, although we expect both age groups to weight 
vision more than body-based self-motion cues overall, we 
will test whether there is different relative weighting of vis-
ual cues in older versus younger adults, and in what direc-
tion. One possibility is that older adults will rely on their 
vision less than younger adults due to well-documented, 
often subclinical, undetectable presbystasis and neuropathy 
(Wagner et al. 2021; Hicks et al. 2021). Alternatively, older 
adults could weight visual cues relatively more, attributed to 
declines in vestibular processes (Bates and Wolbers 2014). 
Finally, we expect that younger adults will show evidence 
for optimal integration of vision and self-motion in homing 

performance as in prior related work (Chen et al. 2017), but 
older adults will not (Bates and Wolbers 2014).

Method

Participants

Fifty participants split evenly between two age groups, 
younger adults (16 female, 9 male) and older adults (15 
female, 10 male), gave voluntary informed consent to 
participate as approved by the university’s Institutional 
Review Board (IRB). All research procedures were 
performed in accordance with the ethical standards laid 
down in the 1964 Declaration of Helsinki. Older adults 
were recruited through a flyer sent to a continuing education 
group as well as by word-of-mouth and were paid $20/hr 
for their time. Younger adults were recruited through a 
combination of word-of-mouth (paid participation) and via 
the undergraduate psychology participant pool (compensated 
via class credit, as approved by the IRB). Inclusion criteria 
for all participants were normal or corrected-to-normal 
(20/40) vision (as assessed through standard Snellen chart), 
no history of prior inner-ear surgery, no history of previous 
eye surgery other than corrective LASIK surgery, and the 
ability to walk independently. Exclusion criteria specific 
to participating in VR was self-reported heart condition, 
history of seizures, or pregnancy. All participants passed 
a cognitive screen (Mini-Mental Status Exam Score > 24), 
and all participants completed an instrumented Romberg test 
with their eyes open and closed on solid ground and on foam 
to screen for balance impairments.1

An a priori power analysis was based on the sample size 
used in Bates and Wolbers (2014) and medium effect sizes 
( �2

G
 = 0.11−0.18) reported in similar studies with young 

adults (Bates and Wolbers 2014; Chen et al. 2017). We 
determined that 20–24 participants per group would be 
sufficient to find within- and between-group effects (80% 
power), so our recruitment target was set at 24 participants 
per group. Twenty-five participants were recruited for each 
group. One younger adult participant left the study early and 
was dropped from data analysis. Five older adult participants 
were dropped from data analysis due to the following rea-
sons: inability to complete more than half of the trials due 
to fatigue (n = 4) and inability to complete the self-motion 
condition in the absence of visual landmarks (n = 1). Our 
final dataset comprised twenty older adults aged 61–78 years 

1 While the Romberg test was intended as a screening tool, 
post − hoc Pearson correlation showed no relationship between visual 
sway ratio (Assländer and Peterka 2014) and visual cue weighting for 
navigation (defined later) for both younger ( R2 = 0.04, p = 0.35) and 
older adults ( R2 = 0.01, p = 0.75)
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(M = 66.80, SD = 5.33, 13 female) and 24 younger adults 
aged 19–30 years (M = 24.33, SD = 3.17, 15 female).

Materials and procedure

Immersive virtual environment, spatial layout, and design

All participants completed the task in our immersive vir-
tual reality lab. The dimensions of the room were 8.53 m × 
11.58 m, and the task made use of approximately 6 m × 7 m 
of space for walking (Fig. 1). Participants were guided into 
the room with their eyes closed so that they did not perceive 
the room’s dimensions. The room lights were also kept off 
so that participants could not see through any potential gaps 
between their nose and the head-mounted display, though 
the computer monitor used by the experimenter and a light 

from an adjacent room illuminated the testing space suf-
ficiently for 2 experimenters to safely monitor participants.

Within the virtual environment, our experiment generally 
resembled that of other published triangular homing tasks 
testing cue combination (Bates and Wolbers 2014; Chen 
et al. 2017; Newman et al. 2023). As can be seen in Fig. 2, 
participants viewed an endless grassy plane with a horizon. 
The environment lighting was such that no shadows were 
cast. The environment was developed in Unity (build 
2020.3.25f1) with the SteamVR Plugin (Version 2.7.3), 
and executed on SteamVR (Version 1.27.5). The final build 
is available upon request. The coordinate system of the 
environment was centered on the blue waypoint (also known 
as waypoint 2 and indicated by the blue dot on the ground in 
the Figure). The target and landmark locations can be seen in 
Fig. 1 and the four cue conditions are described in Table 1.

Table 1  An overview of the sensory cue conditions

Condition name Sensory cue(s) available Sensory cue removed Manipulation

Self-motion Body-based self-motion cues Visual cues Visual landmarks disabled prior to homing leg while participants wait 
10 s

Vision Visual cues Self-motion cues Participants spun in swivel chair for 10 s prior to homing leg
Consistent Self-motion and visual cues None Participants wait 10 s prior to homing leg
Conflict Self-motion and visual cues 

(in spatial conflict)
None Visual landmarks covertly shifted 15 degrees counterclockwise while 

participants wait 10 s prior to homing leg

Fig. 1  A schematic of the 
environment layout and homing 
task. The target and the first 
waypoint appeared in 1 of 4 
locations, represented by the 
green and red circles, respec-
tively. Waypoint 2, the blue 
circle, was always in the same 
location and defined the origin 
of the coordinate system
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During the conflict condition, landmarks were rotated 
15 degrees counter-clockwise about the second waypoint. 
Targets (green) and waypoints (red and blue) appeared as 
small circular discs on top of the grassy plane with a radius 
of 6.25 cms and a depth of 4.75 cms. Landmarks appeared 
as a diamond, triangle, and rectangular colored shape set on 
a white board attached to a stand. The rectangular board on 
which the three landmarks appeared measured 36 cm wide 
by 50 cm tall. The top of the landmark board to the ground 
plane measured 1.45 m. The stand and board were modeled 
after a PVC pipe stand and foam board that existed in the 
laboratory for a real world experiment that was run on the 
same participants but not reported here. Overall, the land-
marks were large and easy to visualize.

Materials

Participants viewed the immersive environment through 
a Varjo VR-3 head-mounted display (HMD). The HMD 
was spatially calibrated to the room within SteamVR. All 
participants’ inter-pupillary distance (IPD) was measured. 
The HMD was calibrated to this distance unless their IPD 
was smaller than the minimum setting on the headset 
(59 mm), in which case the HMD was set to 59 mm. The 
HMD was wired to the computer via a 10 m cable and 
attached overhead via a series of pulleys to keep the cable 
from becoming a tripping hazard. To prevent participants 
from feeling the tension in the wire and using it as a spatial 
cue, as well as to prevent participants from walking beyond 
the experimental boundaries and colliding with room walls, 

an experimenter walked with the participant during the 
entire experiment and held the tension in the cable such that 
the participant did not feel the cable tension. Participants 
wore in-ear headphones (Beats Electronics) playing pink 
noise. The headphone volume was set at a comfortable 
level where participants could still hear instructions from 
the experimenter, but could not hear any localized sound 
from the computer fan, keyboard, or the HVAC system in the 
room as auditory cues are known to contribute to self-motion 
perception (Shayman et al. 2020). Older adult participants 
wore a gait belt so that an experimenter could safely spot 
them.

The homing task

Participants began each trial from the start location, 
which appeared as a white disc similar to the targets and 
waypoints. An experimenter then triggered the target and 
first waypoint to appear while disabling the visibility of 
the starting disc. Participants were instructed to walk to 
the target and remember its location. Then participants 
walked to the first and second waypoints. At the second 
waypoint, the HMD went completely black for 10 s. During 
this time, an experimenter performed one of the following 
manipulations of cue-condition (see Table 1): disabling 
the visual landmarks (self-motion condition), disorienting 
the participant by turning them quickly in a rotating swivel 
chair (vision condition), turning the landmarks off and then 
back on (consistent condition), or shifting the landmarks 
15 degrees counter-clockwise about the second waypoint 
(conflict condition).

For the vision condition, participants were spun at a 
quick, but comfortable, pace for 2 full rotations in each 
direction, though the rotation was broken up into smaller, 
randomized segments so that participants could not tell that 
they were being spun equally in each direction. After the 
10 s, the HMD black screen was lifted and participants navi-
gated back towards where they perceived the target to have 
been (homing leg). This was done in the absence of any 
of the target or waypoint markers. An experimenter con-
firmed with the participant that they were at the perceived 
location of the initial target and pressed a button to save 
the coordinate location of the HMD. The target and Way-
point 1 were each varied between one of four locations (see 
Fig. 1). Together with Waypoint 2 these locations formed 
a triangle. The layout of these locations was such that the 
three points never formed a straight line and never formed a 
triangle where the target and Waypoint 1 were in locations 
that were next to each other. This allowed for the forma-
tion of up to six different triangles with each individual leg 
varying between 1.3 and 2.4 ms. Participants were never 
made aware of the possible triangle layouts for homing. The 
triangle layout order was pseudo-randomized to include the 

Fig. 2  A render of the virtual environment used during the task. The 
duplicate set of partially transparent landmarks show how the land-
marks would shift during the conflict trials. Only one set of land-
marks was shown at a time (none during the self-motion condition), 
and participants were not aware of the conflict at the time of testing. 
Only the green target and red waypoint were initially visible to par-
ticipants. Once participants walked to the green target, the blue way-
point (waypoint 2) appeared in the environment
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same triangles for each sensory cue condition, with different 
triangles offering multiple turning angles to decrease any 
potential learning effects.

Training, trials, and testing order

Participants completed 9 blocks of 5 trials each. The first 
block of trials was considered a training block and all 
data from this block were discarded. Prior to this training, 
participants were shown how the vision condition swivel 
chair disorientation would be done by watching one 
experimenter spin another experimenter. It was not made 
clear to participants that they would be spun equally in 
each direction. The first training trial was a consistent trial 
in which the experimenter talked the participant through 
each step of the homing task as they completed it. The 
participants then completed one trial of each condition. 
Following the training block, trials were blocked by 
condition and participants completed 2 blocks of every 
condition. Participants were given a 5–10  min break 
from the HMD after the first 4 non-training blocks. Block 
order was psuedo-randomized into 6 potential orders, and 
participants were randomly selected for one of these orders. 
The entire testing session took younger adults 1.5–2 h and 
older adults 2 −2.5 h on average. With the exception of 1 
younger participant and 1 older participant, all participants 
also completed the experiment on a different day in the real 
world (data not analyzed here).2 The real world experiment 
was exactly like the virtual world experiment, though the 
conditions were all performed in the dark with participants 
wearing light-attenuating sunglasses. Targets, waypoints, 
and landmarks were illuminated LEDs. Half of the younger 
participants completed the real world experiment first.3 All 
of the older participants completed the VR experiment first.

Data analysis

To assess the effect of age and sensory cue condition on 
the accuracy and variability of homing, data were analyzed 
using a series of mixed-effects models with random 
intercepts for each participant. All data and analyses are 

available on Open Science Framework: https:// doi. org/ 
10. 17605/ OSF. IO/ P4QTV. In models of accuracy and 
variability, condition (vision only, self-motion only, and 
consistent; the condition factor was dummy coded with 
consistent as the reference group) and age group (younger 
and older) were included as the factors. Analyses were 
performed in R version 4.1.3 (R Core Team 2022). Mixed-
effects models were run using the ANOVA formatting 
with lme4 (Bates et al. 2015) and lmerTest (Kuznetsova 
et al. 2017) packages. We conducted planned comparisons 
with both the accuracy and variability results to examine 
differences between the single cue conditions (vision and 
self-motion) and consistent condition (paired t-tests) and 
between age groups (independent-samples t-tests) as done in 
previous research (Bates and Wolbers 2014). As frequentist 
analyses cannot provide evidence for the null hypotheses, 
we also computed JZS Bayes Factors ( BF01 ) for analyses 
with non-significant p-values (p > 0.05) using the ttestBF 
function from the BayesFactor package (Morey and Rouder 
2023). BF01 evaluates how strongly the evidence supports the 
null hypothesis ( H0 ) compared to the alternative hypothesis 
( H1 ) in the form of an odds ratio. Following previous work, a 
BF01 greater than 3 shows strong evidence in favor of the null 
hypothesis ( H0 ) and a BF01 between 1 and 3 shows anecdotal 
evidence (Newman and McNamara 2021; Morey and Rouder 
2011). Our prior was a Cauchy distribution with r scale set to 
0.707 as has been done in previous cue combination studies 
(Newman and McNamara 2021; Chen et al. 2017; Zanchi 
et  al. 2022). To determine whether predicted Bayesian 
optimal cue weights aligned with the empirical weights 
observed from our spatial conflict, weighting was assessed 
with a mixed model. Age group was a between-subjects 
variable and weighting type (e.g., predicted vs. observed) 
was a within-subjects variable. In addition, we examined 
the relationship between observed cue weights and predicted 
weights with a Pearson correlation. Within- and between-
group variability was determined using intraclass correlation 
coefficients (ICC) and the corresponding 95% confidence 
interval, which were calculated based on a one-way mixed 
effects model using the performance package (Lüdecke et al. 
2021) in R.

The waypoint 2 location (Fig. 1) for each trial was treated 
as the origin in a coordinate system in which the y-axis 
was parallel to the correct homing direction. Response 
centroids were determined for each sensory cue condition 
( � ), and accuracy was determined as the distance from these 
centroids to the target location. Variability was determined 
as the standard deviation of the response coordinates relative 
to the response centroid on a condition-specific level. For 
trials where a spatial conflict was introduced, there was no 
"correct" target location. Rather, response centroids in the 
conflict were compared to the locations of the participants’ 
single-cue centroids, corrected for the spatial conflict. No 

2 The real world experiment measured homing position data differ-
ently than the VR experiment because of the need to measure perfor-
mance in the real world without a VR tracking system. Specifically, 
only absolute error (distance from the home target), not direction of 
error, was recorded in the real world. This particularly affected the 
measurements needed for the weights derived from the conflict condi-
tion. Given that a primary goal of this paper is to test a model of opti-
mal cue combination in navigation in a virtual environment, the real 
world and VR experiments are not directly compared in this paper.

3 Post − hoc paired t-tests did not show order effects for younger 
adults in either accuracy (t(23) = 0.17, p = 0.87) or variability (t(23) 
= 0.99, p = 0.32) of navigational performance.

https://doi.org/10.17605/OSF.IO/P4QTV
https://doi.org/10.17605/OSF.IO/P4QTV
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data were removed as outliers due to the importance of 
sufficient trial numbers to calculate variability in a stable 
manner.

Optimal cue combination model

The predicted optimal weights for vision (v) and self-motion 
(sm) are computed using the relative variance ( �2 ) of the 
single cue conditions:

Note that because only two sensory systems are available to 
the brain to perform the task, the weights of the two sensory 
sources sum to one so that:

The predicted optimal weights can then be used in the 
computation of the predicted variance when both vision and 
self-motion cues are available:

The evaluation of this maximum likelihood estimation 
model requires the inclusion of two multi-cue conditions: 
a combined condition with consistent cues and a condition 
with conflicting cues. The consistent condition involves the 
vision and self-motion cues specifying the same location 
of the target. The conflict condition introduces a spatial 
conflict where one cue (vision) is covertly shifted and 
therefore specifies a different target location than the target 
location encoded by the self-motion cue. The difference in 
position between the mean response location in the conflict 
condition ( �conflict ) and either the single-cue visual condition 
( �v ) or the self-motion condition ( �sm ) define dv and dsm , 
respectively.

Observed weights are computed using the relative distances 
calculated above ( dv and dsm ) in the following equations:

(1)wv(predicted optimal) =
1∕�2

v

1∕�2
v
+ 1∕�2

sm

=
�2
sm

�2
sm

+ �2
v

(2)wsm(predicted optimal) =
1∕�2

sm

1∕�2
sm

+ 1∕�2
v

=
�2
v

�2
v
+ �2

sm

(3)wv = 1 − wsm

(4)�
2
v+sm(predicted optimal)

= w2
v
�
2
v
+ w2

sm
�
2
sm

(5)dv =|�v − �conflict|

(6)dsm =|�sm − �conflict|

(7)wv(observed) =
1∕d2

v

1∕d2
v
+ 1∕d2

sm

=
dsm

dsm + dv

Results

Accuracy

Results from the mixed-effects model showed that older 
participants were significantly less accurate at homing than 
younger adults (main effect: F(1, 126) = 5.24, p < .05 , �2

p
 = 

0.04) (Fig. 3). There was also a significant main effect of 
sensory cue condition on accuracy (F(2, 126) = 9.01, 
p < .001 , �2

p
 = 0.13). This main effect is parsed further with 

our planned comparisons below. No interaction was 
observed between age and sensory cue condition (F(2, 126) 
= 1.06, p > 0.05, �2

p
 = 0.02).

In the accuracy planned comparisons between age groups, 
young adults were more accurate than the older adults in 
the vision condition (t(42) = 2.85, p < .01 , d = 0.86). There 
was no significant difference between the age groups in the 
self-motion condition (t(42) = 0.90, p = .37, d = 0.27, JZS 
BF01 = 2.44) or the consistent cue condition (t(42) = 0.57, p 
= .57, d = 0.18, JZS BF01 = 2.94).

In the accuracy planned comparisons between condi-
tions, older adults demonstrated significantly more accu-
rate performance with 2 consistent sensory cues than with 
either vision alone (t(19) = 2.35, p < 0.05 , d = 0.53) or 
self-motion cues alone (t(19) = 2.56, p < 0.05 , d = 0.57). 
Younger adults demonstrated more accurate performance 
with consistent sensory cues compared to self-motion cues 
alone (t(23) = 3.59, p < 0.01 , d = 0.73). However, younger 

(8)wsm(observed) =
1∕d2

sm

1∕d2
sm

+ 1∕d2
v

=
dv

dv + dsm

Fig. 3  A bar chart of mean homing error in cm for younger and older 
participants. Error bars denote SEM. ** denotes p < 0.01 , * denotes 
p < 0.05 , ns denotes non-significance with p > 0.05
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adults’ vision accuracy was not statistically different than 
their consistent cue accuracy (t(23) = 0.75, p > 0.05, d = 
0.07, JZS BF01 = 4.35).

Variability

Figure 4 demonstrates the results from the mixed-effects 
model that older participants were significantly more 
variable at homing than younger adults (F(1, 126) = 15.06, 
p < .001 , �2

p
 = 0.18). There was also a significant main effect 

of sensory cue condition with respect to homing variability, 
investigated further in our planned comparisons below (F(2, 
126) = 8.49, p < .001 , �2

p
 = 0.23). No interaction was 

observed between age and sensory cue condition (F(2, 126) 
= 1.46, p > 0.05, �2

p
 = 0.05).

Our planned comparisons for age groups showed that 
young adults were less variable in the vision condition 
(t(42) = 3.32, p < .01 , d = 1.01). Similarly to the accuracy 
comparisons, there were no significant differences between 
age groups in the self-motion (t(42) = 1.87, p = 0.07, d = 
0.57, JZS BF01 = 0.55) and consistent condition (t(42) = 
1.39, p = 0.17, d = 0.42, JZS BF01 = 1.54).

Older adults demonstrated significantly less vari-
able performance with consistent sensory cues than with 
either vision alone (t(19) = 3.81, p < 0.01 , d = 0.85) or 
self-motion cues alone (t(19) = 3.38, p < 0.01 , d = 0.75). 
Younger adults demonstrated less variable performance with 
2 consistent sensory cues than self-motion cues alone (t(23) 
= 2.71, p < 0.05 , d = 0.55). However, younger adults’ vision 
variability was not statistically higher than their consistent 
cue variability (t(23) = 1.81, p > 0.05, d = 0.37, JZS BF01 
= 1.15).

Cue‑weighting

The results from the cue-weight mixed effects model 
showed that the interaction between age group and 
weighting type was not significant (F (1,42) = 0.02, p > 
0.05, �2

p
 < 0.01 ). However, there was a significant main 

effect of weighting type (F(1,42) = 11.94, p < .01 , �2
p
 = 

0.22) as observed visual weights (M = 0.68, SD = 0.07) 
were significantly higher than predicted vision weights (M 
= 0.54, SD = 0.06). The main effect of age group was not 
significant (F(1,42) = 2.55, p > 0.05, �2

p
 = 0.06). Results 

can be seen in Fig. 5. To test whether there was support 
for optimal integration on a within-subject level, 
correlational analysis was performed. A weak but 
significant relationship was observed for younger 
participants ( R2 = 0.18, p < 0.05 ). No relationship was 
observed for older participants ( R2 = 0.10, p > 0.05, JZS 
BF01 = 1.04). Results for both correlations can be seen in 
Fig. 6. When the frequentist and Bayesian analyses are 
considered as a whole, evidence is seen in favor of optimal 
cue combination for the younger participant group but not 
for the older participant group. There is evidence that both 
groups are weighting vision higher than would be pre-
dicted by a maximum likelihood estimation model.

Fig. 4  A bar chart of mean variability as defined by standard devia-
tion in cm for younger and older participants. Error bars denote SEM. 
*** denotes p < 0.001 , ** denotes p < 0.01 , * denotes p < 0.05 , ns 
denotes non-significance with p > 0.05

Fig. 5  Single cue weights are shown for both younger and older par-
ticipant groups. Predicted weights (green diamonds) are calculated 
according to equations  1 and 2. Observed weights (brown circles) 
are derived from the spatial conflict according to equations 7 and 8. 
Visual cue weights are plotted on the left y-axis and self-motion cue 
weights are on the right y-axis (single cue weights sum to 1). The 
horizontal lines on plot denote the mean and the error bars denote the 
SEM
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Within‑ versus between‑group variability

The ICC analysis revealed an ICC of 0.013 for the 
observed visual weighting (95% CI [0.001, 0.256]). This 
ICC value indicates that there is relatively low between-
group variability compared to within-group variability. 
Specifically, approximately 1.3% of the total variability in 
observed vision weighting can be attributed to differences 
between participant groups. In contrast, the majority of the 
variability (approximately 98.7%) is explained by differences 
within each participant group. This suggests that there is 
considerable variability in sensory weighting observations 
within each group.

Discussion

In the current study, we tested whether there was a difference 
in navigation performance between older and younger adults 
in terms of homing accuracy and variability. An important, 
novel aspect of this study was that all work was performed 
in an immersive virtual environment that was well-lit, 
which differed from the prior work studying older adults. 
Consistent with our predictions, we found that older adults 
were less accurate and more variable than younger adults 
while navigating with a single sensory cue (either vision 
or body-based self-motion). Relative to multisensory cue 
condition performance, older adults were less accurate and 
more variable with visual cues alone and body-based self-
motion cues alone. Younger adults also showed improved 
multisensory performance compared to body-based self-
motion cues alone, though they did not show a multisensory 
benefit compared to when they had only visual cues. Our 
findings of reduced navigation accuracy and precision 
in older adults add to previous work and provide further 
support for age-related decline seen more generally in 
navigational tasks (Adamo et al. 2012; Bates and Wolbers 

2014; Lester et al. 2017; Levine et al. 2023; McAvan et al. 
2021; Moffat 2009). Specific to homing task performance, 
Bates and Wolbers (2014) found that older adults were about 
15–30 cm less accurate and 5–15 cm more variable during 
homing than younger adults depending on the availability of 
sensory cues. Despite not controlling sensory cue availability 
directly, Adamo et al. (2012) found a similar magnitude and 
effect of age during homing. Our findings for navigating with 
only one sensory cue align with these two previous reports, 
albeit with a smaller effect magnitude. This reduced effect 
size may be due to our virtual reality paradigm offering 
paradoxically higher ecological validity due to more realistic 
environmental viewing conditions during navigation. In a 
well-lit environment, participants had information about 
their own location on the ground plane as well as additional 
cues for target and landmark locations. Further, visibility 
of the ground could have facilitated balance and walking 
performance, potentially more important for older adults.

Notably, the accuracy and variability differences between 
older and younger adults are attenuated when navigators 
have access to multisensory information. There are several 
possibilities for this interesting finding of multisensory 
performance equivalence that is not apparent with single 
cues. One possibility is that younger adults used different 
homing strategies (e.g., counting their own steps or always 
relying on their perceived distance to the visual landmarks) 
than older adults for the single-cue vision condition that gave 
them an advantage in that condition (Newman et al. 2023). 
Although visual acuity was normal or corrected-to-normal 
in both age groups, it is possible that differing levels of 
confidence in older adults’ vision led to different strategies. 
Another possibility is that the single-cue task may be more 
cognitively demanding as seen in other reduced-cue balance 
and navigation scenarios (Kotecha et al. 2013; Rand et al. 
2015), particularly for older adults (Barhorst-Cates et al. 
2017), leading to different strategies used during the single 
cue task compared to the multisensory cue condition. Other 
work has shown that, at least with respect to variability, 

Fig. 6  Predicted visual 
weights are correlated with 
Observed visual weights for 
each participant split across the 
younger (left) and older (right) 
participant groups. The solid 
line shows the best-fit line of the 
correlation and the dotted lines 
demonstrate the 95% confidence 
intervals of the best-fit lines. 
R2 and significance values are 
shown in the bottom right of 
each plot



1286 Experimental Brain Research (2024) 242:1277–1289

multisensory cue combination experiments should carefully 
titrate the sensory noise provided by each cue domain to 
allow for integrative mechanisms to benefit a multisensory 
estimate (Scheller and Nardini 2023). It is possible that 
our targets were too close to our visual landmarks or not 
varied enough in their positions, allowing for younger 
adult performance to approach ceiling effects. Still, we do 
not see this relationship (similar vision and multisensory 
performance) for older adults.

We also assessed how each group weighted their 
vision relative to their self-motion cues and whether or 
not this weighting followed the predictions of optimal cue 
combination. With respect to sensory weighting, we find 
that, at a group level, both younger and older adults rely 
more on visual landmark cues than would be predicted 
by an optimal model of cue combination; however, we 
find that on an individual level, younger adults’ predicted 
sensory cue weighting aligns with their observed cue 
weighting during a multisensory spatial conflict, though 
the correlation was small to moderate. Importantly, we do 
not observe this predicted versus observed cue weighting 
relationship for older adults. These results support the 
findings of Bates and Wolbers (2014); Ramkhalawansingh 
et  al. (2018) who showed that visual and self-motion 
cues are sub-optimally integrated in older adults when 
navigating in the dark for both homing and heading 
direction tasks.

There are a couple of interpretations of our results. 
For older adults, improved multisensory homing 
performance (accuracy and variability) over visual and 
self-motion unisensory performance suggests that older 
adults are integrating sensory information for navigation. 
However, when these results are reconciled with the 
lack of relationship between the predicted optimal cue 
combination weighting and observed multisensory cue 
weighting, it is clear that, though there is overall sensory 
integration, this integration does not follow an "optimal" 
MLE strategy. Thus, our results show that older adults, as 
a group, did not rely on each sensory stream in a manner 
that provided them the greatest chance to minimize the 
variability of their multisensory homing performance. 
How much this sub-optimal integration matters is another 
interesting question. Given that older adults’ performance 
was equivalent to that of younger adults’ when using 
consistent, multisensory cues, it may be that a less-than-
optimal cue combination strategy is still "good enough" 
in some navigational contexts. It may be that our small-
scale homing task is unable to detect functional deficits 
associated with sub-optimal cue combination that larger-
scale environments would be able to detect. Furthermore, 
it may be that large inter-individual differences, as denoted 
by our ICC analysis, are obscuring the relationship 

between sub-optimal cue combination and navigational 
performance.

Ramkhalawansingh et al. (2018) suggested that optimal 
cue combination in older adults may vary with the degree 
of spatial conflict. Here, our conflict was toward the larger 
end of the range (15 degrees) compared to those provided 
by Ramkhalawansingh et al. (2018) (5–20 degrees). Their 
work suggested that older adults may switch strategies 
with larger conflicts whereas younger adults do not; 
thus, it is possible that older adults in our experiment are 
discounting an optimal cue-combination strategy in favor 
of another strategy. Future work might consider even larger 
shifts in discrepant cues to test effects on cue combination 
strategies and how they vary with age.

As for why both groups rely more on their vision than 
our MLE model predicts, there are several possibilities. 
All participants here wore head-mounted displays for the 
immersive virtual reality task. It could be that the act of 
wearing a visual display causes participants to trust their 
vision more than the classic cue-combination model 
predicts. It may also be that our target and landmark 
layout and trial design influenced higher weighting of a 
visual strategy. Although there were four different home 
target locations, the locations were relatively close to the 
landmarks which may have made use of the landmarks more 
salient as a memory strategy. We used this design to closely 
match Bates and Wolbers (2014), but future work would 
benefit from a greater number of target locations that also 
vary more in distance from the landmarks, to reduce these 
types of strategies.

There is still debate as to whether navigation should 
follow optimal cue combination principles for all 
environments, tasks, and sensory systems (Rahnev and 
Denison 2018). Zhao and Warren (2018) have suggested 
that visual cues often dominate when conflicts become 
sufficiently large (Mou and Spetch 2013) and that high 
inter-individual differences in navigation demonstrate that 
not all navigators approach each task in a fundamentally 
equivalent way (Zhao and Warren 2015). Chrastil et al. 
(2019) showed non-optimal combination of vision and 
proprioception in a novel circular homing task suggesting 
that optimal cue combination during navigation may be task- 
or sensory-cue-specific. Lived experience often leads us to 
the understanding that following a single, highly reliable cue 
may be more effective than integrating a reliable cue with 
an unreliable one. Increased cognitive resource demands, 
particularly for older adults navigating with only one cue, 
may lead to different cue reliance than when combined, 
explaining our finding of sub-optimal integration.

Notably, our results also demonstrate high within-
group variability, especially compared to the between-
group variability. Previous sensory weighting studies for 
navigation have not compared inter-individual differences 
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within- and between-groups in both younger and older 
adults. This finding of high within-group variability 
adds to a literature showing that both younger adults, 
during navigation, (Zanchi et al. 2022) and older adults, 
generally, (de Dieuleveult et al. 2017) demonstrate high 
inter-individual differences. While a direct comparison of 
within- versus between-group variability for both older 
and younger adults has not been conducted previously, 
there is an abundance of work showing inter-individual 
differences throughout the navigation (Hegarty and 
Waller 2005; Newcombe et al. 2023) and cue-combination 
navigation literatures (Zanchi et al. 2022). It is notable that 
most of the variability demonstrated in our study with cue 
weighting was due to individual differences and not age. 
The older adults recruited for this study were particularly 
well-aging, able to walk for 90 or more minutes, sit and 
stand throughout the study numerous times, and did not 
have significant presbyopia or presbystasis. Thus, it may 
be that only particularly healthy, well-aging, older adults 
show similar cue-combination strategies as younger adults. 
We believe that the future inclusion of older adults who 
fatigue more easily (a group excluded from the current 
study) may help to capture and quantify inter-individual 
differences that were potentially missed here. Still, it is 
possible that cue-combination for navigation has such 
high variability that age effects are unable to be easily 
measured due to the noisy, high within-group variability. 
Future studies following up on inter-individual differences 
would benefit from additional participants and measures 
to help characterize these differences.

These results have important implications for healthy 
aging. Given that older adults performed similarly to 
younger adults when they had multisensory information, 
we may be able to aid navigation for those most vulnerable 
by providing multisensory references. We know that sensory 
substitution has worked particularly well for those with 
low vision (Jicol et al. 2020). Our results underscore that 
all adults may benefit from additional cues, even those 
without known impairments in sensory acuity. Previous 
work has shown that multisensory information aids spatial 
cognition by shifting the processing to extrahippocampal 
areas of the brain (retrosplenial cortex and posterior parietal 
cortex), which may help older adults, particularly those with 
hippocampal lesions, shift strategies towards greater self-
motion (egocentric) cue use (Iggena et al. 2023). This may 
be one explanation for why older adults performed similarly 
to younger adults with multisensory cues in the current 
experiment. In addition, our results suggest a possible 
mechanism for intervention or training of sensory weighting 
strategy to improve navigational accuracy and decrease 
variability. It may be that sensory integration in the spatial 
domain could be facilitated by feedback-based training. 
This type of training has improved functional outcomes in 

temporal simultaneity judgment tasks (Zerr et al. 2019), 
and has yet to be explored for navigation. Such a training 
paradigm may allow participants to see and walk to the 
"correct location" after their response as a way to help them 
calibrate their spatial responses. Older adults may benefit 
from feedback-based training to increase the precision of 
their navigation homing estimates, at least at the scale of 
homing tested here (path length of 1.3–2.4 ms). Overall, our 
results show that virtual reality technologies can facilitate 
innovative methods to study the importance of multisensory 
information during navigation for older adults.
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