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Self-motion through space generates a visual pattern called optic flow. It can be used
to determine one’s direction of self-motion (heading). Previous studies have already
shown that this perceptual ability, which is of critical importance during everyday life,
changes with age. In most of these studies subjects were asked to judge whether
they appeared to be heading to the left or right of a target. Thresholds were found to
increase continuously with age. In our current study, we were interested in absolute rather
than relative heading judgments and in the question about a potential neural correlate
of an age-related deterioration of heading perception. Two groups, older test subjects
and younger controls, were shown optic flow stimuli in a virtual-reality setup. Visual
stimuli simulated self-motion through a 3-D cloud of dots and subjects had to indicate
their perceived heading direction after each trial. In different subsets of experiments we
varied individually relevant stimulus parameters: presentation time, number of dots in the
display, stereoscopic vs. non-stereoscopic stimulation, and motion coherence. We found
decrements in heading performance with age for each stimulus parameter. In a final step
we aimed to determine a putative neural basis of this behavioral decline. To this end we
modified a neural network model which previously has proven to be capable of reproduce
and predict certain aspects of heading perception. We show that the observed data can
be modeled by implementing an age related neuronal cell loss in this neural network. We
conclude that a continuous decline of certain aspects of motion perception, among them
heading, might be based on an age-related progressive loss of groups of neurons being
activated by visual motion.
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INTRODUCTION
Visual navigation is of ultimate importance for our everyday life.
Self-motion induces a movement of the image of the outside
world on our retina. Gibson (1950) was the first to point out
that this “Optic Flow” might be used to determine one’s direction
of self-motion (heading). A large body of studies (psychophysi-
cal, neurophysiological, and computational) was triggered by this
seminal work.

Psychophysical studies have shown that human observers are
indeed able to perceive heading in artificial as well as in pseudo-
realistic displays (for review see e.g., Lappe et al., 1999; Britten,
2008). In such cases, the subjects’ performance critically depends
on the exact experimental conditions: 2-D vs. 3-D layout of
the scene (van den Berg and Brenner, 1994; Palmisano, 1996;
Beusmans, 1998; Grigo and Lappe, 1998; Lappe et al., 1999),
stimulus duration (te Pas et al., 1998), number of flow field vec-
tors (Warren et al., 1988) and fixation vs. real or simulated eye
movements (Royden et al., 1992).

In general, observers can determine their heading direction
during translational self-motion through an expanding radial
flow field with an accuracy of up to 1–2◦ (Warren et al., 1988).
Humans can also modify their walking speed depending on optic
flow (Prokop et al., 1997). Furthermore, optic flow can be used
for collision detection (Lee, 1980) and for the estimation of

traveled distance (Bremmer and Lappe, 1999; Frenz et al., 2003;
von Hopffgarten and Bremmer, 2010).

Given that many visual capabilities are learnt during early
childhood (e.g., Ellemberg et al., 1999) it can be hypothesized that
this applies also to self-motion perception. Yet, visual capabili-
ties do not change only during early childhood. Previous studies
showed that also in the elderly some decline occurs in various
aspects of visual perception (for reviews, see e.g., Owsley, 2011;
Andersen, 2012). In particular, visual functions such as visual
acuity (Carter, 1982), contrast sensitivity (Owsley et al., 1983)
and spatio-temporal integration (Sloane et al., 1988; Tulunay-
Keesey et al., 1988; Elliott et al., 1990; Mestre et al., 1990) are
known to deteriorate with age. Motion processing also declines
with normal aging (Ball and Sekuler, 1986; Gilmore et al., 1992;
Habak and Faubert, 2000; Baugh and Marotta, 2009; Callisaya
et al., 2009; Roudaia et al., 2010). As an example, Bennett et al.
(2007) showed, that older adults (>70 years) were less sensitive
to motion, and were significantly less accurate at identifying the
direction of 2-D-random dot cinematograms. Furthermore age
related degrements in detecting collision events were observed
(Anderson and Enriquez, 2006).

Also a decline of self-motion perception has been documented
(Warren et al., 1989; Atchley and Andersen, 1998; O’Brien et al.,
2001; Falkenberg and Bex, 2007; Chou et al., 2009; Allen et al.,
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2010; Kavcic et al., 2011). In most of these studies, a relative
judgment of heading was investigated as a function of age. As
an example, Warren et al. (1989) asked whether a simulated self-
motion was to the left or right with respect to a stationary target.
These authors found an age-related increase of threshold of about
1 degree, for both, translational and curvilinear heading, respec-
tively. Roditi and Crane (2012) reported an age-related increase
of thresholds for purely vestibular driven self-motion perception
in the horizontal plane. While Duffy (2009) could not find an
age-related decline for pure visual self-motion perception when
only forward-heading was presented, he confirmed an increase of
threshold when inward (simulated backward motion) and out-
ward (simulated forward motion) were presented interleaved.
Only few studies have tested absolute heading i.e., accuracy
and precision, mostly in younger adults (d’Avossa and Kersten,
1996; Telford and Howard, 1996), some of them by present-
ing visual, vestibular, and/or combined stimulation (horizontal
plane: Cuturi and Macneilage, 2013. Vertical plane, in a mixed-
age cohort of subjects: Crane, 2014). Some of these studies
reported systematic, but small undershoots of perceived head-
ing (e.g., d’Avossa and Kersten, 1996), while others reported a
perceptual overshoot (e.g., Cuturi and Macneilage, 2013). Even
fewer studies have tested heading perception across age, either
purely visual (Mapstone et al., 2006) or in a combined visual
and vestibular approach (Crane, 2012). While Crane (2012) ana-
lyzed data with respect to the sensory modality (visual, vestibular,
and spoken) but not age, Mapstone and colleagues presented four
subject cohorts (young adults, middle-aged adults, older adults,
and Alzheimer’s disease patients) visual stimuli mimicking self-
motion through a cloud of dots, in front of semi-realistic objects
or through an environment with dots and objects. Subjects were
asked to point toward the simulated direction of self-motion by
means of a steering wheel (Mapstone et al., 2006). Remarkably,
performance between subject groups did not differ for self-
motion through a cloud of dots. Instead, subjects from all cohorts
underestimated heading for greater eccentricities. Older subjects
and patients performed worse, however, if only object motion was
presented. Along the same vein, Billino and colleagues showed
that various forms of motion perception deteriorate differently
with age (Billino et al., 2008).

When considering self-motion perception and a possible
decline in behavioral performance, one has also to consider the
neurophysiological basis of self-motion perception and its age-
related behavioral modulation. Many studies over the last three
decades have provided clear evidence that visual cortical areas
in the macaque brain are valid models for the processing of
visual information in the human brain. Evidence from single-
cell recording experiments in the macaque monkey suggests that
two areas in the parietal cortex are critically involved in the neu-
ronal processing of optic flow: the medial superior temporal area
(MST) and the ventral intraparietal area (VIP). Both cortical
regions have the adequate functional properties to extract heading
information from visual self-motion stimuli (Duffy and Wurtz,
1991; Lappe et al., 1996; Bremmer et al., 2002a,b, 2010; Gu et al.,
2006, 2007, 2008, 2010, 2012; Chen et al., 2011a,b). Perhaps even
more important, modulation of neural activity in these areas by
means of electrical microstimulation or reversible inactivation

modulates monkeys’ heading perception (Britten and van Wezel,
1998; Zhang and Britten, 2011). Functionally equivalent regions
of macaque areas MST and VIP have been identified in the human
temporal and parietal cortex (Bremmer et al., 2001; Wall and
Smith, 2008).

The investigation of the processing of self-motion information
has been very successfully complemented by theoretical studies
over the years. Some of these studies focused on non-primate
vision (e.g., Hennig et al., 2011; Hennig and Egelhaaf, 2012),
while a number of groups developed artificial neural networks
aiming at modeling human perception (Lappe and Rauschecker,
1993, 1994; Perrone and Stone, 1994; Beintema and Van den Berg,
1998; Grossberg et al., 1999; Beardsley et al., 2003; Fukushima,
2008; Browning et al., 2009; Gu et al., 2010; Saunders and
Niehorster, 2010; Hennig et al., 2011; Hennig and Egelhaaf, 2012;
Layton and Browning, 2014). Typically, network building blocks
were modeled after neuronal elements, i.e., neurons in macaque
cortical areas MT and/or MST. Most of these theoretical studies
focused on reproducing previously observed neurophysiological
response properties or human behavior, which is important in
itself because it helps to better understand the functional role
of certain building blocks like areas MT and MST. A smaller
number of studies aimed not only at reproducing neuronal or
behavioral response features, but also at making predictions for
these features which could be tested in electrophysiological and
behavioral follow-up experiments. Two such prototypical exam-
ples were introduced by Lappe and Rauschecker (1993, 1994)
and, more recently, by Gu et al. (2010). Lappe and Rauschecker
developed a two-stage model of visual self-motion processing.
Importantly, functional properties of the two layers of this model
were built after those in areas MT (input layer) and MST (out-
put layer). Response characteristics resulting as predictions from
this model were identified, among others, in neurophysiologi-
cal follow-up studies in macaque area MST (Lappe et al., 1996;
Lappe and Duffy, 1999; Bremmer et al., 2010). Gu et al. (2010)
focused on the response properties of monkey MSTd neurons,
assuming an adequate preprocessing of visual information up to
this cortical stage. Different from the approach by Lappe and
Rauschecker, their model incorporated e.g., also noisy responses.
By applying various decoding regimes (Fisher information, maxi-
mum likelihood estimation, and population vector decoding), Gu
and colleagues predicted systematic heading errors that were con-
firmed in follow-up studies in humans (Crane, 2012; Cuturi and
Macneilage, 2013) as well as in the same study in monkeys (Gu
et al., 2010). The neural basis of age-related changes in motion
perception is as yet unclear. A decline in heading performance,
if existent, could be related to a systematic change of the neural
processing in areas MST and VIP. One such change is a progres-
sive, age related cell death (Pakkenberg and Gunderson, 1997).
While such changes are not directly accessible in humans, they
can be modeled in artificial neural networks trained to determine
heading.

Given the above mentioned findings, the goals of our cur-
rent study were two-fold. In a first step, we aimed to functionally
characterize in greater detail absolute heading judgments in the
elderly as compared to younger controls. More specifically, we
wanted to determine, if a certain parameter of our visual stimuli
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(presentation time, density of the visual stimulus, stereoscopic
stimulation, and motion coherence) is of critical importance for
an age-related decline of heading perception or for constant per-
formance across age. If this was the case, it might point toward a
putative neural basis and of an age related functional decline or,
as an alternative, for constant performance across age. If, on the
other hand, an age-related decline of heading perception would
occur for all visual parameters under study, it would provide evi-
dence for a general, non-specific decline in the neural processing
of self-motion perception in the elderly. The second step of our
study was related to this latter issue. Given a general decline of
heading perception with age, as found in the experimental part
of our study, we aimed to determine the consequences of an age
related loss of neural tissue on heading perception, as mimicked
by an artificial neural network. Based on our experimental data,
the implemented cell loss did not affect the processing of cer-
tain visual parameters like disparity of the visual stimulus, but
rather was affecting non-specifically the artificial neural network
at use.

MATERIALS AND METHODS
SETUP AND SUBJECTS
Psychophysical experiments in normal human subjects were per-
formed in visual virtual reality. Subjects sat comfortably on a chair
while wearing an NVISOR-SX-head-mounted-display (HMD).
This HMD was equipped with two reflective LCOS displays
(1280 × 1024 pixels each at 60 Hz) with an effective resolution
of 2.0 arc min and a monocular diagonal field-of-view of 60◦.

The dots of the optic flow field were white (luminance
120 cd/m2) on a black background (<10 mcd/m2). They were
moving at a mean velocity of 2.7◦ s (resulting from a simulated
self-motion of 1.0 m/s) and had sizes between 0.2 and 10◦. No
boundary or pixel grid was visible. The distance between the
eyes and the LC-display was 23 mm. The optic flow stimulus was
generated by a custom program using Visual C++ (Microsoft,
Redmond) in combination with OpenGL. All images were pre-
sented via an Nvidia-Quadro-Dualhead graphics card. For the
projection of the scene, a non-symmetric camera frustum was
applied for all experiments (23 mm–20 m). The viewing cam-
era remained fixed und a modeling transformation was used to
translate and orient the dots. Camera was specified by position,
viewing direction, eye separation, distance to zero parallax and
the near and far cutting planes.

Subjects constituted two experimental groups. One test group
of older subjects (n = 10, mean age 67.8 years, SD = 5.9, min 58
years, max 80 years, 7 male, 3 female) and one control group
of young adults (n = 10, mean age 26.2 years, SD = 4.7, min
22 years, max 35 years, 7 male, 3 female). Most participants
were recruited students and employees from the University of
Marburg, some were community volunteers. As a recruitment cri-
terion, subjects had to report self-motion sensation. More specif-
ically, subjects had to report illusory self-motion (vection), while
the visual optic flow stimulus was presented in a test-sequence.
In addition it was required for all subjects that they did not have
any neurological or neuropsychological history. All older subjects
were active car drivers and did not report any general handicap in
everyday life. Subjects had normal or corrected-to-normal vision

and gave informed written consent. All subjects were naïve as to
the purpose of the study. Before the commencement of the study
we tested and evaluated the stereoscopic depth perception with
a random-dot stereotest (“Randotstereotest,” 400–20 s of arc at
16 in). The participants were required to have a stereo acuity of
40 s of arc. The procedures used in this study conformed to the
Declaration of Helsinki.

EXPERIMENT 1
In a first step we examined the case of translational self-motion
through a 3-D-cloud of random dots with fixed gaze. In such case,
the focus of expansion indicates the current heading direction
(Gibson, 1950). In this experiment identical stimulus sequences
were presented to each eye, such that there was no horizon-
tal disparity cue. The dots were randomly placed within the
given camera frustum and moved radially outward from the
focus of expansion (FOE). Simulated observer speed was con-
stant (1.0 m/s), while presentation time varied between 200 and
2000 ms (200, 500, 1000, and 2000 ms). Dot density was varied
such that the number of visible dots in the display ranged from
2 to 100 (2, 10, 50, 100 dots). We employed the method of con-
stant stimuli, i.e., we used 7 heading directions, −15◦, −10◦, −5◦,
0◦, 5◦, +10◦, +15◦, with the FOE positioned at any given trial at
one of these directions on the horizontal meridian. After stim-
ulus presentation a ruler was presented in the visual field and
subjects were asked to indicate their perceived heading direction
by reporting the number on this ruler being nearest to this per-
ceived heading (Figure 1) either by verbal report (test group) or
by entering the number on a key-board (control group). The
numbers were distributed in a new pseudorandom sequence after
each trial. They were spaced by 1◦ and presented alternately above
and below the ruler. The subjects were not given feedback about
their performance. Prior to the experiment, subjects were given
14 practice trials with feedback to familiarize themselves with the

FIGURE 1 | Schematic Diagram of the stimulus design. The presentation
time of the optic flow stimulus varied between 200 and 2000 ms. After
stimulus presentation a ruler with pseudo-randomized numbers was
presented in the visual field and subjects were asked to indicate their
perceived self-motion direction by giving the number on this ruler being
closest to this perceived heading.
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task. Figure 1 shows schematically the experimental timeline for
a single trial. Each subject was tested 35 times (seven heading
directions, five repetitions each) for each possible parameter com-
bination (presentation time and number of dots), resulting in a
total of 4 × 4 × 35 = 560 trials per subject.

In this and in all following experiments, we did not require
our subjects to fixate a target during the experimental trials.
Fixation of a target while attending to a heading stimulus would
have imposed an attentional load on the subjects. It has been
shown that dual tasking gets impaired in cognitive aging (e.g.,
Vandenbossche et al., 2014). Accordingly, if we had presented a
fixation target in our experiments our results potentially could
have been confounded by this dual tasking. The HMD in use did
not allow to monitor eye-movements, which could be considered
a drawback. This is especially true, since eye-movements impose
further challenges on the visual system during self-motion: reti-
nal motion might result from the simulated self-motion per se
or from the own eye-movements (see e.g., Lappe et al., 1999;
Bremmer et al., 2010). Accordingly, possible differences in head-
ing perception between test and control groups might be con-
founded by different eye movement patterns of the two subject
groups. On the other hand many studies on heading perception
have been performed without eye-movement recordings (e.g.,
Billino et al., 2008). Hence, our study design was developed in line
with previous research, possible limitations will be considered
explicitly in the Discussion Section.

EXPERIMENT 2
In a second set of experiments we examined the role of stereo-
scopic visual information (horizontal disparity) on heading per-
formance. Horizontal disparity was obtained by generation of
two identical stimulus sequences, each presented to one eye with
a slightly different (disparate) viewing angle. For the projec-
tion of the scene, we used a non-symmetric camera frustum to
exclude vertical parallax. The projection was performed with the
off-axis-method (parallel-axis-asymmetric-frustum-perspective-
projection) (Hodges, 1992; Lipton, 1997; Carrozzo and Laquaniti,
1998). In this concept the view vectors for each camera remain
parallel. The dots extended out to a simulated distance of
20 m from the observer and had a minimum distance of
23 mm. Like in Experiment 1, stimulus elements increased in
size when approaching the observer. Each subject performed
4 × 4 × 35 = 560 trials.

EXPERIMENT 3
Non-coherent motion may be present in measurements obtained
in real environments due to independent object motion. Such
non-coherent motion is known to have an impact on the dis-
crimination of 2-D frontoparallel motion which is age-related
(Billino et al., 2008). Hence, in a third experiment we presented
self-motion stimuli composed of non-coherent visual motion. We
were interested on the correlation of aging and stereoscopic pre-
sentation of non-coherent visual motion. Dots randomly disap-
peared from the screen and appeared at a new position with new
movement vectors. A certain percentage of dots moved coher-
ently thereby simulating forward motion while the rest moved
in random directions. During each frame, the dots had a certain

probability to become noise vectors (Newsome and Pare, 1988).
The correlation factor in our experiment was 0.15. This equals
to a signal-to-noise-ratio (the ratio between coherent points and
non-coherent points) of 0.177. In other words, 85% of the points
were noise vectors while only 15% moved coherently to the sim-
ulated self-motion direction. Stimuli were presented either with
or without horizontal disparity. Consequently we tested two con-
ditions: non-coherent motion with non-stereoscopic stimulation
and non-coherent motion with horizontal disparity. Each subject
performed 4 × 4 × 35 = 560 trials.

ESTIMATION OF MAXIMUM HEADING ERROR
In order to valuate heading performance, it is necessary to have a
detailed knowledge of the maximum heading error to be expected
from the experimental procedure. To evaluate this maximum
error, we performed a Monte-Carlo-simulation with different
constraints. In the first condition, the selectable heading values
were chosen with no constraint at all, i.e., each value was chosen
randomly with the same probability. In a second condition, artifi-
cial heading values were randomly distributed but mainly within
a certain region centered on the screen (Gaussian probability
profile p = a · exp{−(x − x0)2/2σ2}; σ = 2◦).

CONTROL TASK
In a control tasks we tested whether or not subjects were at all
able to indicate targets in the display correctly (which might had
been a critical issue especially for the test group). To this end a
stationary white square (1.0 × 1.0◦) was presented stereoscopi-
cally on the horizontal meridian. The positions were identical to
the heading positions in the main experiment (−5◦, 10◦, 5◦, 0◦,
5◦, +10◦, +15◦). The squares were presented for 200, 500, 1000,
2000 ms. After stimulus presentation a ruler was shown in the
visual field and subjects were asked to indicate the perceived posi-
tion of the square by giving the number on this ruler being nearest
to this position. Each subject performed 4 × 4 × 35 = 560 trials
of this experiment.

NETWORK SIMULATION
In a previous study, Lappe and Rauschecker (1993) had developed
a biologically plausible neural network model of optic flow analy-
sis in the primate brain. This model predicts many of the principal
findings of self-motion perception in humans. It is based on
computational elements that mimic neurons in cortical motion
processing areas MT and MST (Lappe et al., 1996).

We employed the exact model of Lappe and Rauschecker
(1993) in order to mimic the consequences of healthy aging, i.e.,
the progressive loss of neural tissue, on heading perception. In
this model optical flow serves as input (MT layer) and the evalu-
ated heading is computed in the output (MST) layer. The model
is a two-layer algorithm that estimates the actual self-motion by
matching the motion parameters of the observer to the measured
flow field according to a least-square criterion. More specifically,
the input layer, which constitutes the flow field input, consists
of 1200 MT-like units. 300 sets of n = 4 neurons are distributed
within 50◦ eccentricity at random locations. The four neurons
within each set have identical RF positions but are tuned to dif-
ferent directions of motion. Direction tuning is modeled by a
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rectified cosine function with preferred directions being equally
spaced. The second layer represents a population encoding of the
translational direction of the movement of the observer. Each
MST-like unit of this second layer receives input from 30 image
locations. The population of layer-two units forms a 3-D grid
with 20 × 20 populations encoding one degree of translation-
space each, and 20 pairs of neurons in each population, summing-
up to 400 × 40 = 16000 units in layer-two. The connections and
strengths between layer-one and layer-two were set fixed before
the network was presented with any stimuli. So, in essence, the
network did not learn synaptic weights. Instead, weights were
given based on the mathematical equations translating move-
ment vectors in 3-D space into local motion vectors projected
onto the image plane, i.e., layer-one (see Lappe and Rauschecker,
1993, for further details). Given a specific flow field as input it
determines which of the possible set of heading directions most
likely generated this input flow field. From all possible flow fields
it is calculated the one that minimizes the mean-squared differ-
ence between the measured flow field and all possible flow fields
constructed from any combination of observer motion.

The model was aimed to be biologically plausible. Hence, the
functional properties of the building units were formed after
known properties of neurons in macaque areas MT and MST.
Remarkably, the model not only allowed to replicate optic flow
responses known at that time (e.g., Saito et al., 1986; Duffy and
Wurtz, 1991). It also allowed to derive predictions concerning
response selectivity of neurons in macaque area MST for certain
optic flow stimuli. Indeed, these predictions could be verified in
neurophysiological studies (Lappe et al., 1996; Lappe and Duffy,
1999; Bremmer et al., 2010). We implemented the process of aging
in this model by a deactivation of a random selection of neurons
in the MST layer. Neuron-deactivation probabilities were in the
range of 1–10% according to neuropsychological data which sug-
gest a rate of cell death of about 1–2% per decade of life (Jäncke,
2004; Raz et al., 2005).

DATA ANALYSIS
As a first step toward a quantification of the subjects’ performance
we fitted linear regression functions to the perceived heading.
Qualitatively, the slopes of these functions reflect the ability to
detect the various headings. The intercepts represent the offset
along the axis of perceived heading, i.e., a possible bias with
respect to straight-ahead motion.

As a second step, we determined the accuracy and precision
of the subjects’ performance. Accuracy was reflected by the abso-
lute value of the deviation of the perceived from the real heading
direction for all heading directions. Heading error was given by
the arithmetic mean of these deviations. Precision was deter-
mined (for each heading direction) as the standard error of the
distribution of perceived headings. In each data plot (starting
with Figure 4), the precision is given by the error bar of data
points.

To specify this analysis, the calculation of a data point in
Figure 4A, is described in the following: raw data for each data
point consisted of a sample size n = 350 (seven heading direc-
tions, five repetitions, 10 subjects). For each raw data value the
absolute value of the deviation of the perceived from the real

heading direction was determined. From these n absolute values
the arithmetic mean (heading error) and the standard error (error
bar) was calculated.

RESULTS
EXPERIMENT 1
In this experiment, we investigated, whether absolute heading was
influenced by age similar as relative heading. (Figures 2A,B) (Test
group data) and (Figures 2C,D) (Control group data) show a
representative example for the perceived heading direction (ordi-
nate) as a function of the real self-motion direction (abscissa).
Veridical perception is indicated by the solid line f (x) = x. For
the data shown, display duration was either 2000 ms with 100 vis-
ible dots in the display (left column, Figures 2A,C) or duration
was 500 ms with 50 visible dots (right column, Figures 2B,D). As
can be estimated from these two figures we observed a decline in
the ability to perceive one’s direction of self-motion for our test
group: heading errors were much bigger for the test as compared
to the control group, irrespective of the number of dots in the
display. In order to quantify the subjects’ performance we fitted
linear regression functions to the data (R2 > 0.5 for all fits). The
slope and the intercepts of these regressions were used for further
analyses. Qualitatively, the slopes reflect the ability to perceive the
various headings. Here, perfect behavior would correspond to a
slope of 1.0. An inability to detect the various headings would
be indicated by a regression function with a slope of 0.0. The
slopes of the regression function were 0.22–0.51 for the test and
the control group, respectively (500 ms, 50 dots). The intercepts
represent the offset along the axis of perceived heading, i.e., a bias
with respect to straight-ahead motion

The top panel in Figure 3 shows a histogram of the slopes of
the linear regressions resulting from all display durations (200,
500, 1000, and 2000 ms) and all numbers of dots (2, 10, 50,
100), i.e., all 4 × 4 = 16 combinations for the test group (red
hatched bars) and the control group (black bars). The bottom
panel shows the data for the intercepts of the regression func-
tions (same graphical scheme). The distributions of the slopes
were significantly different for the test and the control group (t-
test, p < 0.002, df = 15), i.e., they could be separated into two
distinct groups. The slopes of the linear regressions from the test
group were significantly smaller, i.e., more different from veridi-
cal, than for the control group. The distributions of the intercepts
for the two groups were not statistically different (t-test, p > 0.4,
df = 15).

In a next step we aimed for a more detailed analysis of the
heading errors. The data in Figure 4 show the heading error as
function of the number of dots in the display for the four different
presentation times. The heading error was calculated as described
in the data analysis subsection.

As a general rule, the performance of the older subjects (test
group) was worse than the performance of the younger subjects
for all stimulus durations and all dot densities in the display [con-
trol group, Mann–Whitney, p < 0.02, followed by false discovery
rate (FDR)-corrections (Benjamini and Hochberg, 1995)]. This
difference was more pronounced for longer stimulus presenta-
tion times (≥500 ms). As an example, mean heading errors were
6.8 ± 0.3◦ for the test group and 4.7 ± 0.2◦ for the control
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FIGURE 2 | (A,B) Test group (n = 10 observer) and (C,D) control group
(n = 10 observer): perceived heading direction as function of real motion
direction. Here and in the following figures, red symbols show data from the
test group, black symbols those from the control group. Each data point

indicates a response in a single trial. Veridical perception is indicated by the
solid identity line f (x) = x. The dotted lines represent a linear regression fit to
the data. (A,C): Display duration 2000 ms, number of dots 100, (B,D): display
duration 500 ms, number of dots 50.

group for a stimulus presentation of 2000 ms. In all cases, best
performance occurred for longer presentation times for the con-
trol group. For this group, perceptual errors also decreased for
higher point densities. Surprisingly, this was not the case for the
test group, for which the error did not change significantly for
a larger number of dots in the display for any stimulus duration
(ANOVA, p > 0.7, df = 3, followed by Tukey corrected post-hoc
tests).

We also wanted to quantify the precision of the indicated head-
ing direction. In Figure 5 we show the standard deviation (std) of
the mean of perceived heading direction as a measure for pre-
cision for the test group and for the control group. Depicted
std-values were obtained by averaging across all conditions (pre-
sentation times and number of dots) for all subjects and are
shown as function of presented heading direction. Mean pre-
cision depended significantly on heading angle (ANOVA, p <

0.001, df = 6). Precision was higher, i.e., std-values were smaller
for heading (close to) straight ahead (−5◦, 0◦, +5◦). Precision

decreased, i.e., std-values increased monotonically for more
peripheral directions (−15◦, −10◦, +10◦, +15◦). For older sub-
jects, precision was significantly worse than for the control group
(Mann–Whitney, p < 0.001, followed by FDR-corrections).

EXPERIMENT 2
In a second set of experiments, we examined the role of addi-
tional stereoscopic visual information on the subjects’ heading
performance (Figure 6). We tested, whether stereoscopic stimu-
lation improved performance. For both groups, we observed an
overall improvement of heading perception. We considered such
an improvement to occur for a given presentation time if per-
formance in the stereoscopic condition was significantly better
than in the non-stereoscopic condition for at least 3 of the 4
possible dot densities. According to this criterion, an improve-
ment was found in test and control groups for longer presen-
tation times (≥1000 ms for the control group and 2000 ms for
the test group) and a larger number of dots (Mann–Whitney,
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FIGURE 3 | Regression data. The top panel (A) shows a histogram of the
slopes of the linear regressions for all display durations and all numbers of
dots for the test group (red hatched bars) and the control group (black bars).
The bottom panel (B) shows the data for the intercepts of the regression
functions.

p < 0.001–p < 0.05, followed by FDR-corrections). In Figure 6,
asterisks indicate these statistical differences between condi-
tions (stereoscopic vs. non-stereoscopic stimulation). Best perfor-
mance, i.e., the minimal error was 2.7 ± 0.2◦ for the control group
(2000 ms, 100 dots) and 5.7 ± 0.3◦ for the test group (1000 ms,
100 dots). Like in Experiment 1, heading performance was gen-
erally worse for the test group as compared to the control group
(Mann–Whitney, p < 0.001–p < 0.05). Likewise, subjects of the
control group took advantage of the higher dot density: percep-
tual errors monotonically decreased for an increasing number of
dots in the display.

We also wanted to quantify the overall influence of stimu-
lus presentation time on behavioral performance. To this end,
we averaged heading error across all dot densities for mono-
scopic and stereoscopic presentation (Figure 7). For the mono-
scopic task (Experiment 1), control group’s performance sig-
nificantly improved with presentation time (ANOVA, p < 0.04,
df = 3, followed by Tukey corrected post-hoc test). Older sub-
jects’ performance showed a tendency to improve (ANOVA,
p > 0.053, df = 3, Tukey corrected). For the stereoscopic task
(Experiment 2), heading perception in the control group

improved with increasing presentation times (ANOVA, p < 0.02,
df = 3, Tukey corrected). Again, older subjects showed only a
non-significant trend toward improved heading perception with
increasing presentation times (ANOVA, p > 0.05, df = 3, Tukey
corrected).

EXPERIMENT 3
In a third set of experiments we investigated the influence of non-
coherent motion on heading perception. In this case, only 15%
of the dots moved according to a given heading direction, 85%
of the dots moved non-coherently. We tested, whether the per-
formance for coherent motion was better than for non-coherent
motion for both groups. Figure 8 shows a representative result
for a presentation time of 2000 ms. For comparison, the dashed
line (data from non-stereoscopic stimulation) and the solid line
(data from stereoscopic stimulation) represent the results shown
already in Figures 4, 6, i.e., when subjects were presented with
100% coherent motion. As can be seen from Figure 8, partially
coherent motion with horizontal disparity impaired performance
in both, the test group and the control group, respectively. The test
group (data shown in the right panel) was significantly impaired
in the stereoscopic condition with an additional mean heading
error of 1.6◦compared to coherent motion resulting in an over-
all error of 8◦, represented as the mean across all dot conditions
(Mann–Whitney, p < 0.03, followed by fdr-correction). For the
control group (data shown in the left panel) we observed an
additional heading error of 2.6◦ for the stereoscopic condition
resulting in a total mean error of 5.9◦ (Mann–Whitney, p < 0.03,
followed by fdr-correction).

ESTIMATION OF MAXIMUM HEADING ERROR
The behavioral performance of the test group in some cases
was rather poor. We therefore wanted to ensure that the perfor-
mance was not biased by experimental artifacts or, even worse,
due to an inability of the test subjects to solve the given task. We
therefore, compared our experimental results with three different
hypothetical performances.

In the first, we determined the maximum possible head-
ing error for different behavioral settings (Figure 9). In a first
approach, we modeled random behavioral performance, i.e., we
assumed that heading values would have been chosen by our
subjects randomly with the same probability. This theoretical per-
formance would have resulted in a mean heading error of 14◦
as averaged across all heading directions. All experimental results
from experiments 1,2, and 3 were well below this estimated ran-
dom performance. Accordingly, we conclude that subjects did not
chose perceived heading at random but rather solved the task as
expected.

For a second simulation, we modeled again a random behav-
ior. But now we assumed that subjects would have a bias for the
central direction. This bias was mimicked by a Gaussian probabil-
ity function centered on straight-ahead. Such a behavior would
have led to a mean heading error of 8◦, i.e., a value comparable
with the maximum average error found in the most challeng-
ing parts of our experiments. The simulated error function had a
minimum for the straight ahead direction and increased for more
peripheral positions. In comparison to the performance drawn
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FIGURE 4 | Heading error as function of the number of dots in the

display. Data in each panel were obtained for a specific stimulus duration as
indicated on top of each panel (A–D). Error bars show standard error.
Asterisks indicate significant differences between data from the control and

the test group for a given number of dots in the display (p < 0.02,
Mann–Whitney). The dashed line in the upper left panel represents an
estimation of the maximum heading error as provided in the Section
“Estimation of Maximum Heading Error.”

from a uniform probability distribution, the resulting errors were
generally smaller.

Finally, in a third approach, we assumed that subjects would
have always chosen straight-ahead as their perceived heading.
This behavior would have resulted in a mean heading error of
8.6◦.

Figure 9 shows the results for the different probability distri-
butions. The symbols in Figure 9A depict the experimental data
from Experiment 1 for the test group and for the control group,
averaged across all conditions (presentation times and number of
dots). Except for central heading, the average error in our experi-
mental data as obtained from all simulated self-motion directions
was in all cases smaller than any simulated error. Most critically,
perceived heading was smaller than would have been expected if
subjects had responded at random.

LOCALIZATION OF STATIONARY TARGETS
The simulations described above clearly indicate that subjects reli-
ably solved the task and did not perform at random. Yet, the
observed errors for the test group as well as for the controls could
have resulted from a general inability to interact in a virtual envi-
ronment. In order to test for such an alternative explanation for
the observed results, we tested subject’s performance to localize
stationary targets in the display. Behavioral performance did not

differ significantly for both groups of subjects (See supplemen-
tary Figure 1. Mann–Whitney, p = 0.66): average error across all
conditions (presentation times) was 1.7◦. This result re-assures
that subjects were generally able to indicate heading in the display.
We therefore, conclude that characteristics like technical familiar-
ity with the display and possibly existing age related changes in
motor response did not interfere with behavioral performance in
our heading task.

INTERIM CONCLUSION
Experimental data yielded the following results. First, our data
revealed an influence of age on absolute heading performance.
Second, we observed an overall improvement of absolute head-
ing perception with stereoscopic stimuli. Third, we found that
adding horizontal disparity to non-coherent translational flow
field does not generally improve the absolute heading perfor-
mance. Estimation of maximum heading demonstrated, that the
average error in our experimental data was smaller than the
simulated and the random generated error.

NETWORK SIMULATION
Our data clearly revealed an age-related impairment in heading
discrimination. The neural basis of such a decline in behavior is
as yet unclear. Anatomical studies suggest an age related cell loss
with a rate of cell death of about 1–2% per decade of life (Jäncke,
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2004; Raz et al., 2005). To our knowledge, there is no evidence
that cell loss is coupled to certain functional properties of neu-
rons wihin certain areas or brain regions. Instead, cell loss appears
to affect the entire population of individual areas or parts of the

FIGURE 5 | Precision of heading detection. Data show the standard
deviation of the mean perceived heading directions as function of the
presented heading direction, averaged across presentation time and
number of dots for all subjects.

brain. We wanted to test the plausibility of a neuronal cell loss as
basis for our findings. To this end we built on a neural network
model developed by Lappe and Rauschecker (1993). A combined
experimental and theoretical study had shown that neurons in
this network behave similarly to neurons in primate motion sen-
sitive areas MT and MST (Lappe et al., 1996). Accordingly, we
implemented the process of aging in this model by a “deacti-
vation” of neurons in the MST layer with a certain probability.
We did not select network neurons with certain response fea-
tures (e.g., receptive field location, direction preference, etc.).
Instead, network neurons were selected at random. Based on pub-
lished data (Jäncke, 2004) we simulated an age-related cell loss of
1–10%.

Figure 10 shows the results of a network simulation assuming
100 dots in the display. For comparison the average experimental
results for older and younger subjects are shown as black (control
group) and red lines (test group). Qualitatively, the experimental
data had the same magnitude as the expected theoretical values.

More importantly, however, the simulations demonstrate that
an increasing probability of neuronal deactivation resulted in a
larger simulated heading error. While a deactivation-probability
of 2% yielded an average heading error of 4.7◦, a deactivation-
probability of 10% resulted in an average heading error of 12◦.
According to our network simulations, an experimental heading
error in the range of 8◦ (as evident from our test group) resulted

FIGURE 6 | Heading error as function of the number of dots during

stereoscopic stimulation. The solid lines (control group) and dashed
lines (test group) depict the results of Figure 4 (non-stereoscopic

stimulation) for comparison. Asterisks indicate significant differences
between data from non-stereoscopic simulation and stereoscopic
simulation of the control group.
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FIGURE 7 | Influence of presentation time on heading performance. The left panel (A) represents data obtained during non-stereoscopic stimulation, right
panel (B) shows data obtained during stereoscopic stimulation.

FIGURE 8 | Influence of non-coherent motion on translational

heading. The left panel (A) shows data from the control group for
non-coherent motion with stereoscopic stimulation (open symbols) and
without (filled symbols). Data from the test group are shown in an
analog manner in the right panel (B). Performance with and without
stereoscopic stimulation was significantly different only in the control

group for only the largest number of dots in the display as indicated
by the asterisk. The dashed lines in each panel represent the results
from Experiment 1 as shown in Figure 4 (coherent motion,
non-stereoscopic stimulation). The solid lines in each panel represent
the results from Experiment 2 as shown in Figure 6 (coherent motion,
stereoscopic stimulation).

from a cell loss in the range of 6–8%, which in turn is the
estimated cell loss of subjects in their 7-th decade of life.

DISCUSSION
We investigated the influence of aging on absolute heading
perception. Our study had two major goals: firstly, we wanted
to functionally characterize absolute heading perception in the
elderly as compared to younger controls. Secondly, we wanted to
determine on a theoretical basis, whether or not a progressive,
non-specific loss of neural tissue, which accompanies healthy
aging, would allow to explain impaired heading perception in the
elderly.

As to the first goal, we quantified the influence of four dif-
ferent visual stimulus parameters, i.e., (i) number of dots in the
display, (ii) presentation time, (iii) motion coherence, and (iv)
stereoscopic stimulation, on absolute heading perception. Stimuli
were presented to older test subjects and younger controls, who
had to indicate perceived heading by means of a ruler. Heading
accuracy for elderly subjects was generally worse than for younger

observers. Surprisingly, elder subjects were impaired in their
ability to make use of increasing visual information in the dis-
play as provided by longer (non-stereoscopic) display durations
and a larger number of dots. In comparison, the performance
of the test groups significantly increased with increasing visual
information. From our control experiment with stationary tar-
gets we conclude, that the deteriorated performance of the older
test groups was not caused by (i) age-related changes in sensori-
motor responses and/or (ii) memory deficits. Our results are in
line with findings from Warren et al. (1989) who tested relative
heading perception, i.e., subjects had to indicate whether simu-
lated self-motion was to the left or to the right of a stationary
target. These authors found a small but statistically significant
age related decline of about 1◦ in the ability to see where one
is heading. Furthermore, Berard et al. (2009) showed that older
adults were impaired to use optic flow cues to guide their loco-
motion. Our results differ, however, from those of Mapstone
et al. (2006). In their study, subjects had to indicate by means
of a steering wheel the perceived heading. The authors compared
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FIGURE 9 | (A) Estimation of maximum heading error. The dashed-dotted
line shows the heading error for purely random behavioral performance,
i.e., if heading values were randomly chosen with the same probability. The
solid line represents simulated heading error if heading values were chosen
according to a Gaussian probability function centered on straight-ahead [as
shown in (B), see text for details]. Finally, the dashed line represents
simulated heading error for choosing always the center of the screen.

the behavioral performance of healthy younger, middle-aged and
older subjects and patients suffering from Alzheimer’s disease.
When self-motion was simulated by a 3-D cloud of dots rather
than moving objects, no differences in absolute heading percep-
tion was found. In all four test groups, heading perception was
not veridical, but shifted toward straight-ahead. While also in our
study subjects from both groups underestimated eccentric head-
ing, errors in the test group, i.e., the elderly, were significantly
larger than in young adults. The difference between our results
and those of Mapstone and colleagues might be caused by the
visual stimuli employed in the two studies. While in our study,
stimuli mimicked translation through a 3D cloud of dots, those
of Mapstone and colleagues simulated translation toward a verti-
cal plane of dots. It is known from the literature that the spatial
layout of a scene significantly influences performance in heading
tasks (Lappe et al., 1999).

At first glance, our data also seem to be in contrast with data
from a study by Billino et al. (2008). These authors found a

FIGURE 10 | Network simulation: the effect of aging on heading

performance. The solid horizontal lines represent as a reference the
experimental results from both subject groups as obtained for 100 dots and
2000 ms (solid black line: test group; solid red line: control group). Black
symbols represent simulated heading errors as function of different
neuron-deactivation-probabilities.

rather stable heading performance across age while other types
of motion perception (2-D linear motion and biological motion)
were impaired in older subjects. Yet, the experimental paradigms
in both studies concerning heading differed substantially. Billino
and colleagues employed a relative heading task, i.e., a two alter-
native forced choice task with a fixed number of dots and a
maximal heading angle of 5.6◦. In our study, on the other hand,
subjects had to indicate absolute heading. Furthermore, as can
be seen in Figure 9, behavioral performance for straight-ahead
direction, which was critical in the study of Billino and colleagues,
was only slightly different for test and control subjects in our
study.

Eye movements challenge visual perception (e.g., Bremmer
and Krekelberg, 2003). This consideration is of critical impor-
tance for our results because the presentation of optic flow
stimuli can elicit spontaneous eye movements (Lappe et al., 1999;
Bremmer et al., 2010). In our study, we avoided to require our
subjects to fixate a target during presentation of the self-motion
stimuli. Fixation would have been a second task in addition to
heading perception. Such a second task could have potentially
confounded our data as it has been shown that dual tasking gets
impaired in cognitive aging (e.g., Vandenbossche et al., 2014).
The head-mounted display in use did not allow to monitor
eye-movements. Accordingly, the observed differences in head-
ing perception between test and control groups could have been
confounded by different eye movement patterns of the two sub-
ject groups. Age-related differences in eye-movement behavior
have indeed been demonstrated before. As an example, previous
studies have shown that the latency of saccades and smooth pur-
suit increase with age (Munoz et al., 1998; Knox et al., 2005).
On the other hand, there is no evidence that the accuracy of
eye movements differs across age (Bennett et al., 2007). In addi-
tion, many studies on heading perception have been performed
without eye-movement recordings (e.g., Billino et al., 2008).
Accordingly, our experimental approach was a trade-off between
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minimal restrictions of the observers and possible confounds due
to eye movements. Nevertheless, it was in line with previous
research. Bearing these considerations in mind, our results sug-
gest that an age-related modulation of heading perception might
rather be associated with a modulation in motion processing,
possibly due to changes in neural processing in specific cortical
areas.

The second set of experiments in our study showed for the
first time an overall improvement of heading perception with
stereoscopic stimuli (horizontal disparity). This improvement
was found for the test and the control group for increasing presen-
tation times and numbers of dots. This result is consistent under
the assumption that stereopsis needs up to 1000 ms to build up
(Harwerth et al., 2003). The lack of an enhancing effect at brief
presentation times could also be due to vergence eye movements.
This is because studies have shown that the latency of accom-
modative vergence increases with age and that disparity-driven
accommodation declines with age (Heron et al., 2001; Rambold
et al., 2006). Yet, since we did not measure eye movements in our
current study, we can only speculate that this issue contributed (at
least in part) to our observed results.

In any case, our findings provide further evidence for the
hypothesis, that the addition of stereoscopic motion cues directly
and explicitly enhances self-motion perception. Some studies
already had demonstrated an interaction of optic flow perception
and stereoscopic depth vision. Lappe and colleagues suggested a
disparity-dependent weighting function such that more distant
flow vectors contribute more to the optic flow processing than
near ones (Lappe and Grigo, 1999; Lappe et al., 1999). It had
also been shown, that adding disparity to a simulated motion
makes heading judgments more tolerant to noise (van den Berg
and Brenner, 1994). There is also some evidence that perceived
3D-shape influences perceived heading (Beusmans, 1998) and
that the addition of stereoscopic motion cues induces a more
compelling vection (Palmisano, 1996).

These behavioral observations concerning stereoscopic stimu-
lation in humans are paralleled by findings from neurophysiolog-
ical studies in visual self-motion areas of the animal model, i.e.,
the macaque monkey. Observations from recordings in macaque
area MST suggest also a contribution of depth to heading.
Heading tuning improved in the majority of MST neurons when
depth planes were included as compared to non-depth conditions
(Upadhyay et al., 2000). In addition, Roy et al. (1992) described
a disparity-dependent behavior for MST neurons. Our data con-
firm the enhancing effect of stereoscopic stimulation for heading
perception.

Finally, the third set of experiments revealed that adding hor-
izontal disparity to a non-coherent translational flow field does
not generally result in a better heading performance. Instead,
heading accuracy in the control group improved only for long
presentation times (2000 ms) and a larger number of dots (n =
100). Only in this case, the additional motion-depth-cue (hor-
izontal disparity) made the visual system more robust against
noise.

Partially coherent motion with horizontal disparity impaired
performance in both groups. This is in line with findings, that
the accuracy of heading judgments is related to coherence of the

dots presented in the display (Gu et al., 2008; Fetsch et al., 2009).
Further, it was shown, that older subjects were impaired on a test
of motion coherence patterns for stimuli of a slow to medium
speed (Snowden and Kavanagh, 2006).

We were also interested in the question on how exactly aging
is represented in the brain. To this end, we aimed to modify
an already existing model on heading perception by means of
a biologically plausible correlate of cognitive aging. Based on
MRI-measures it was shown that some brain regions shrink with
age (Raz et al., 2005) which at least in part is due to a neuronal
cell loss (shrinking could also reflect a loss of glia or loss of blood
vessels). Another hypothesis is a progressive drop of the func-
tional properties of neurons. As an example, it has been shown
that aging increased the level of noise and decreased directional
tuning of neurons in the primary visual cortex of cats (Hua et al.,
2006) and macaque monkeys (Leventhal et al., 2003; Yu et al.,
2006). Our network simulation was based on the assumption of
a global cell loss as proposed e.g., in Pakkenberg and Gunderson
(1997). Given these different hypotheses concerning the neural
correlate of a healthy aging brain, we decided to base our network
simulation on the assumption of a global cell loss as proposed
e.g., in Pakkenberg and Gunderson (1997). As neural network
we selected the model introduced by Lappe and Rauschecker
(1993). As mentioned already in the Introduction, a number
of neural network models on the processing of self-motion
information have been published over the last two decades.
The ultimate goals of the different models are quite different.
A recent model by Gu et al. (2010) allows to include specific
features of a population of cells like independent or correlated
noise. It also allows to process visual and vestibular information.
Accordingly, this model is perfectly suited to investigate from
a theoretical point of view heading, the interaction of different
sensory information, response variance etc. The model by Gu and
colleagues thereby focuses on information processing in macaque
area MSTd. It assumes for good reason that visual information
has been processed appropriately along the dorsal pathway up to
area MT. Other models have focused on the processing of visual
information, but have addressed also the information processing
in macaque area MT. One such example was the model by Lappe
and Rauschecker (1993), which has demonstrated its validity in a
number of follow-up studies (Lappe et al., 1996; Lappe and Duffy,
1999; Bremmer et al., 2010). In this latter model we mimicked
healthy aging by inactivating a certain proportion of randomly
chosen neurons. According to the above mentioned work e.g.,
by Pakkenberg and Gunderson (1997) there is a general cell loss
of approximately 1–2% per life decade starting at the age of 30.
Hence, there would be a cell loss of approximately 10% in the
7-th decade of life. The resulting error in our simulation was in
the same range as the one observed in our test group. Our results
cannot verify or falsify the one or the other hypothesis concerning
the neural basis of a healthy aging brain. Our results also cannot
verify or falsify the one or the other network model of heading
perception. Our results, however, demonstrate that combined
experimental and theoretical approaches indeed allow to explain
certain behavioral effects and to postulate new hypotheses (here:
reduced heading performance due to a general neural cell loss)
which can be critically tested in upcoming studies.
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