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The capacity to process complex dynamic scenes is of critical importance in real life. For
instance, traveling through a crowd while avoiding collisions and maintaining orientation
and good motor control requires fluent and continuous perceptual-cognitive processing.
It is well documented that effects of healthy aging can influence perceptual-cognitive
processes (Faubert, 2002) and that the efficiency of such processes can improve with
training even for older adults (Richards et al., 2006). Here we assess the capacity of older
participants to improve their tracking speed thresholds in a dynamic, virtual reality envi-
ronment. Results show that this capacity is significantly affected by healthy aging but that
perceptual-cognitive training can significantly reduce age-related effects in older individu-
als, who show an identical learning function to younger healthy adults. Data support the
notion that learning in healthy older persons is maintained for processing complex dynamic
scenes.
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INTRODUCTION
In our daily activities, we constantly interact with our environ-
ment. This environment is dynamic and requires the integration
of various objects, motions, speeds, locations etc. There is ample
evidence that the healthy aging process affects visual perceptual
processing. Age-related deficits are particularly noticeable when
the cognitive processes involved in the integration of information
are more complex and require simultaneous assimilation of many
aspects of the environment (Faubert, 2002). For example, in order
to avoid collisions and be efficient in our displacements while
driving, walking down a busy street, or through a crowded shop-
ping center, we must process rapid movement and react quickly.
In addition, our attention is distributed to encompass numerous
elements simultaneously; for example, crossing the street requires
an evaluation of traffic and pedestrian movement dynamics while
maintaining a navigational goal. To conduct this efficiently, all
the information available in our visual field must be integrated.
Researchers report that older adults have difficulty with dividing
their attention between a central stimulus and another stimu-
lus simultaneously presented in the peripheral visual field (Ball
et al., 1988; Richards et al., 2006) along with processing of com-
plex motion (Habak and Faubert, 2000; Bennett et al., 2007; Tang
and Zhou, 2009). This is generally consistent with verbal reports
by older individuals that getting older has repercussions on their
daily life (Kosnik et al., 1988).

A perceptual-cognitive task of particular relevance for explor-
ing multifocal attention and complex motion information is mul-
tiple object tracking (MOT). MOT is a task where the observer
is required to simultaneously track multiple moving items among
many. The ability of the observer is typically evaluated by the

number of elements that can be tracked successfully (Pylyshyn,
1989), and performance decreases with the number of targets
(Pylyshyn and Storm, 1988; Yantis, 1992). Furthermore, a recent
study has demonstrated that speed is a critical factor that is inde-
pendent of other events in the scene, such as collisions, number
of distractors, and distance between target and distractor (Feria,
2013). Pylyshyn and Storm (1988) proposed the FINST model
to explain how people track items. Their model, based on prim-
itive vision mechanisms, suggests that the visual system assigns
preattentive indices to each element that works independently
(Pylyshyn, 1994). On the other hand, Yantis (1992) proposed that
targets are grouped together to form a higher-order perceptual
representation or a virtual polygon, which requires a single atten-
tional channel; this grouping is maintained during motion and
facilitates tracking. However, more recent work has proposed that
the visual system deploys a multifocal attention mechanism to
keep track of the moving items (Cavanagh and Alvarez, 2005).

Regardless of the models to explain how people track multi-
ple objects, older observers are less efficient at tracking multiple
objects (Trick et al., 2005; Sekuler et al., 2008). Trick et al. (2005)
have demonstrated that performance of older observers declines
with an increasing number of objects being tracked. In their condi-
tions, the maximum number of items that older adults could track
was around three, whereas younger adults could track up to four.
They suggested an age-related deficit in either the ability to report
item position or to follow the position of multiple items. On the
other hand, Sekuler et al. (2008), have suggested that age-related
deficits are associated with tracking time, where longer tracking
time and higher displacement speed reduce performance in older
observers.
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A number of questions remain, however, in regards to the
perceptual-cognitive abilities of older observers. Some obvious
questions are whether older observers’ capacity and learning rate
differ from that of younger adults. Previous studies on divided
attention with the useful field of view (UFOV) have shown that
older adults could benefit from training (Ball et al., 2002; Richards
et al., 2006; Edwards et al., 2009). However, the UFOV task,
although useful for assessing dual attention throughout the visual
field, does not directly assess dynamic scene processing. Faubert
and Sidebottom (2012) demonstrated that remarkable improve-
ments on the 3D-MOT task can be achieved with younger adults in
a relatively short time. As argued by Faubert and Sidebottom, the
potential for transferability of training on a perceptual-cognitive
task to real-life situations like sports, navigation and driving,
depends on a number of factors including visual field size, the
necessity for tracking multiple dynamic objects, the presence or
absence of stereoscopy (Viswanathan and Mingolla, 2002; Tinjust
et al., 2008), and the use of speed. In a recent study we showed
the relevance of 3D-MOT training by demonstrating that it can
effectively transfer to a socially relevant percept such as biological
motion, under conditions that are critical for collision avoidance
(Legault and Faubert, 2012). We had previously demonstrated that
the distance of a walker in virtual space impacted older observers’
abilities to determine walking direction (Legault et al., 2012). In the
following study (Legault and Faubert, 2012) we tested three groups
of older observers. One group was trained on the 3D-MOT task,
another was trained on a visual task for the same duration, and a
third was a control with no training. When the groups were sub-
sequently assessed on the biological motion task, only the group
trained on the 3D-MOT showed improvements.

The purpose of the present study was therefore to address
these questions directly with two experiments. The goal of the
first experiment was to determine if older observers have lower
limits in their capacity to track multiple moving objects when
compared to young adults (Trick et al., 2005). The second experi-
ment addressed the training capacity of older observers compared
to younger adults. If one assumes that aging reduces learning func-
tions, then older observers should not progress at the same rate as
younger observers. On the other hand if learning is maintained,
then a similar progression rate as a function of training would be
observed. Yet a third outcome is possible. If training can reverse
age-related impairments, then older observers may show an even
better learning rate.

EXPERIMENT 1
In a MOT-type task where the dependent measure used was the
maximum number of elements that could be tracked, Trick et al.
(2005) suggested that older adults’ tracking ability was probably
lower then young adults (three items in their conditions). Faubert
and Sidebottom (2012) proposed that speed thresholds may be a
more relevant and controllable measure of MOT demands than
using the total number of items as a dependent measure. To read-
dress the proposed limitation of three items for older observers,
Experiment 1 compared the speed thresholds of younger and
older observers tracking three and four targets. If older observers
are truly limited to three targets then we should not be able to
obtain thresholds regardless of the speed of the elements. If on the

other hand older observers can track four targets and the differ-
ence between tracking three and four targets is purely quantitative
then we should find no group by target condition interactions. A
group by target interaction would indicate both a capacity to track
elements yet with greater relative difficulty for the older group.

METHODS
Participants
Ten younger adults (mean age 27 years old, range: 22–34 years
old) and 10 older adults (mean age 66 years old, range: 61–
74 years old) participated in this study. All participants were naïve
to the purpose of the experiment. All subjects had normal or
corrected-to-normal vision (6/6 or better) with normal stereoacu-
ity as measured by the Frisby test (40 s of arc or better) (Sasieni,
1978; Frisby, 1980). Viewing was binocular. Younger adults had
their most recent eye exam within the last year. Older adults were
recruited at the school of optometry of Université de Montréal and
had their most recent eye exam within the last 6 months. This eye
exam included refraction, binocular vision evaluation, tonometry,
visual field, retinal exam under pupil dilatation. Only subjects
without ocular pathology or other abnormality were included
in the study. Older observers completed the Mini-Mental State
Examination, a screening measure for cognitive impairment and
all scores were within the normal range (range, 26–30/30; subject
mean was 28/30) (Crum et al., 1993). Therefore, they were all con-
sidered cognitively healthy. Ethical approval was obtained from
the University’s ethics board.

Apparatus
The 3D-MOT task was assessed using a fully immersive virtual
environment: the Cave Automatic Virtual Environment (CAVE)
system. The CAVE was an 8× 8× 8 feet room that includes three
canvas walls (one frontal and two laterals) and an epoxy floor
that all serve as surfaces for image projection (Faubert and Allard,
2004). Four high-resolution projectors were synchronized and the
image was updated in real-time to maintain the true viewing per-
spective of the observer (no false parallax). A magnetic motion
tracker system (Flock-of-Birds) was used to measure head posi-
tion, which was used to correct for the viewing perspective of the
observers in real-time. The CAVE was under the computer con-
trol of an SGI ONYX 3200 (two Infinite Reality 2 graphics cards)
generating a stereoscopic environment. The stereoscopy was gen-
erated with Crystal Eyes 2 active shutter glasses synchronized at
96 Hz (48 Hz per eye).

Stimuli and procedure
Before testing, participants were familiarized with the virtual envi-
ronment and the stimulus. They were then asked to wear the
stereoscopic goggles, which allowed them to perceive the 3D char-
acteristics of the environment. Each participant sat at 177 cm from
the central wall of the CAVE with eye height set at 160 cm from
the ground. They were asked to stare at the fixation point, located
straight ahead. Stimuli consisted of nine spheres projected into a
virtual cube having transparent virtual light blue walls. The ante-
rior side of the cube measured 42 ° of visual angle and was seen at
57 cm. The spheres followed a linear trajectory in the 3D virtual
space but were bouncing on one another and on the walls when
collisions occurred (see Figure 1).
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We used the 3D-MOT speed threshold protocol (Faubert and
Sidebottom, 2012). There were two conditions: three or four tar-
gets to track. Each block (i.e., staircase) lasted about 10 min. In
one session, participants ran three staircases per condition (three
or four spheres), for a total of 60 min. Each trial had five phases (see
Figure 2). Phase 1, presentation phase: nine yellow static balls were
presented for 2.5 s in random positions. Phase 2, indexation phase:
three or four spheres turned red for 2 s for target identification,
before turning back to yellow. Phase 3, tracking phase: all spheres
started moving in random directions at a speed defined by the
staircase procedure (see below) and bounced off of one another
and off the virtual walls for 10 s. Phase 4, identification phase: the
spheres stopped moving and each had a unique identification label
from 1 to 9. The participants’ task was to report, verbally, the 3
(or 4) numbers corresponding to the three (or four) target spheres
that had been indexed. Phase 5, feedback phase: feedback was given,
showing the observer the spheres that were initially indexed. Speed
thresholds were then evaluated using a one up one down staircase
procedure (Levitt, 1971) that is, after a correct response, ball speed
displacement was increased by 0.05 log units and decreased by
the same proportion after each incorrect response, resulting in
a threshold criterion of 50%. The staircase was interrupted after
eight inversions and the threshold was estimated by the geometric
mean speed of the last four inversions. The initial virtual speed was

FIGURE 1 | Illustration of the experimental 3D-MOT set-up in the CAVE
environment. The walls of the virtual cube are shown here for illustration
purposes. They were not visible in the actual set-up.

fixed at 3.75 cm/s. To obtain a correct answer, participants had to
correctly report all the targets.

RESULT AND DISCUSSION
From the 10 older participants, only nine were included in the
analysis. One could not perform the task even for three targets
at very low speeds (e.g., 1 cm/s). This participant was considered
as an outlier since he was the only one from 30 (including 20 in
Experiment 2) that could not complete the task. A 2× 2 split-
plot ANOVA on log speed thresholds revealed a significant Age
(between variable)×Number of targets (3 or 4, within variable)
interaction, F(1, 17)= 6.45, p= 0.021. Subsequently, paired t -test
showed significant differences for number of targets; younger
adults: t (1, 9)= 3.480, p= 0.007, older adults: t (1, 8)= 8.204,
p < 0.001.

Results show that older adults can successfully follow three
and four targets, but at significantly lower speeds (Figure 3).
Healthy aging clearly reduces the ability to track many objects.
Performance for younger adults with four targets is similar that
with three targets for older adults. Furthermore, as shown by a
significant interaction, performance decline between three and
four spheres is more pronounced for older adults, suggesting
that they have difficulty managing more information and require
more time to process it. Our results show that older observers
are not limited to tracking three targets. However, we do show
greater relative difficulty for tracking four targets in this pop-
ulation as evidenced by the significant interaction, which par-
tially supports the conclusion of the Trick and colleague study
that healthy older observers have more difficulty tracking four
targets.

EXPERIMENT 2
In the second experiment we trained younger and older adults
during five consecutive weeks on the 3D-MOT task to determine
the performance progress for younger and older adults. Here we
wanted to determine which of the three possible outcomes pre-
vails for 3D-MOT: either (1) they have a slower learning rate than
younger adults; (2) they still have equivalent learning functions;
or (3) training can reverse some age-related impairment, in which
case training should reduce the performance difference between
both age groups.

METHODS
Participants
Two new experimental groups participated in this experiment.
One group was composed of 20 young observers (mean age

FIGURE 2 | Illustration of the five critical phases: (A) presentation of
randomly positioned spheres in a virtual volumetric space, (B)
identification of the spheres to track during trial, (C) removal of

identification and movement of all spheres with dynamic interactions,
(D) observer’s response by identifying the spheres, (E) feedback was
given to the observer.
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FIGURE 3 |Ten younger and nine older adults speed thresholds
(±SEM) for three and four targets.

24 years old, range: 18–35 years old) and another consisted of 20
older observers (mean age 67 years old, range: 64–73 years old). All
observers came to the lab once a week for five consecutive weeks.
The same inclusion and exclusion criteria were used as for Exper-
iment 1. Again, the older observers’ scores on the Mini-Mental
State Examination were all within the normal range (range, 28–
30/30; subject mean was 29/30) (Crum et al., 1993). Therefore,
they were all considered cognitively healthy. All participants com-
pleted a short survey on video game habits. The survey questions
are listed below.

Name of the game
Electronic game device
Number of hours per session
Number of sessions per month

Stimuli and procedure
The same set-up, stimuli and procedure as in Experiment 1 were
used. We used the three-target protocol and for every session, par-
ticipants ran three blocks (three thresholds) for a total of a 30-min
session per week.

RESULTS AND DISCUSSION
A split-plot ANOVA on log speed thresholds comparing post-
training condition (week 5) versus the initial scores (week 1)
revealed a significant group effect, F(1, 41)= 18.250, p < 0.001
and a significant training effect F(1, 41)= 65.747, p < 0.001.
Specifically, younger adults obtained higher thresholds com-
pared to older adults and thresholds increased with testing
sessions (Figure 4). However, we did not obtain a significant
Age×Training interaction, F(1, 41)= 2.615, p= 0.114, which
reveals that both groups obtained similar benefit from training.
There is a similar progression for both groups. Figure 4 shows
that trained older observers obtained thresholds that were similar
to those of untrained younger adults (week 1) [t (1, 19)= 0.495,
p= 0.626].

Figure 5 represents normalized data relative to week-1 baseline
scores and indicates that younger and older adults exhibit the same
learning growth. However, at week 5, the improvement for older

FIGURE 4 |Twenty younger and 20 older adults speed thresholds
(±SEM) for five consecutive weeks.

FIGURE 5 | Normalized speed thresholds (±SEM) for 20 younger and
20 older adults. (Ratio of speed threshold relative to week 1).

observers still appears on the rise, while younger observer group
scores tend to level off. It is possible therefore, that improvement
from training in the older group has not plateaued at 5 weeks.
Interestingly, Richards et al. (2006) found that their older adults
needed more practice to reach younger adult levels.

GENERAL DISCUSSION
In this paper, we assessed 3D-MOT for younger and older adults. In
both experiments, we reported a significant age-related deficit, in
which older adults obtained lower performance scores compared
to younger adults. These results are generally consistent with previ-
ous MOT research showing reduced performance for older adults
(Trick et al., 2005; Sekuler et al., 2008; Kennedy et al., 2009). Specif-
ically, in Experiment 1, we showed that both younger and older
adults obtained a significant reduction of their speed thresholds
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when their performances are compared for the three-target condi-
tion with the four-target condition. Trick et al. (2005), found that
older adults could only track around three moving objects under
their stimuli conditions. However, our results cannot be explained
by the fact that observers only tracked three balls+ one by chance.
If this were the case, the fourth ball would be identified correctly
only one time out of six (17% chance), and the staircase would,
on average, decrease ball speed. However, all thresholds obtained
were higher than the initial starting staircase value of 3.75 cm/s.
For the staircase to increase speed after the initial start value, the
probability of identifying the correct four balls had to be higher
than 50%, so observers must have followed all four balls. Older
adults can track four items but they need a reduction of target
movement speed to achieve this. Our results are generally consis-
tent with previous studies showing that target quantity (Pylyshyn
and Storm, 1988; Yantis, 1992; Alvarez and Franconeri, 2007) and
object speed (Alvarez and Franconeri, 2007; Sekuler et al., 2008;
Faubert and Sidebottom, 2012), are critical factors influencing
performance. Trick et al. (2005) suggested that the difficulty for
older participants to track four balls could be related to main-
taining ball representation in working memory, until observers
could report the targets. If an age-related effect on speed thresh-
old was due to the ability of older observers to report four targets,
then performance with slow speeds should have also been affected.
However, at the slowest speed with four targets (i.e., staircase ini-
tial value of 3.75 cm/s) the percentage of correct trial was similar
for older (89%) and young (90%) observers. Therefore, the dif-
ference between groups is unlikely related to working memory
capacity alone. Furthermore, collisions cannot totally explain the
differences observed between three and four targets. The propor-
tion of collisions that occurs between a target and a non-target is,
on average, 0.5357 (2× 3× 5/8× 7) and 0.5714 (2× 4× 4/8× 7)
when tracking three and four balls out of eight, respectively. So
everything else being equal, there will be only 1.0666 times more
collisions between targets and non-targets when tracking four
instead of three targets. So, if we measure observer’s performance
in relation with the number of collisions, we still have significant
difference in both groups between three and four balls conditions
[younger: t (1, 9)=−1.099, p= 0.024), older: t (1, 8)=−7.275,
p < 0.001]. Consequently, the number of collisions cannot explain,
by itself, the reduced speed thresholds when tracking four rather
than three targets. This is consistent with Feria’s (2013) conclusion
that MOT performance cannot only be explained by the number
of collisions. Nevertheless, 3D-MOT is a complex task that can be
sensitive to many factors related to dividing attention, tracking,
stereopsis, collisions, and occlusions. Thus, further experiments
will be required to identify which functions may be affected by
aging.

In Experiment 2, results show that both younger and older
adults obtained similar training gains from 3D-MOT. Their per-
formance after 5 weeks of training was significantly improved;
participants processed the 3D-MOT task successfully at faster
speeds. Overall, younger adults show better performance than
older adults but the lack of significant interaction shows similar
training gains between groups. Figure 5, clearly shows this trend.
Our findings are consistent with previous work showing improve-
ment of perceptual processing with training (Kramer et al., 1995;

Richards et al., 2006; Andersen et al., 2010). Specifically, tasks
become more automatic with training, reducing attentional costs
(Ma et al., 2010).

As expected, our results show that younger adults obtained bet-
ter performance than older adults. An element that can contribute
to higher performance in younger adults is their previous expo-
sure to certain stimuli as found in video games (Sekuler et al.,
2008). Younger adults tend to be more exposed to video games,
internet, television, etc. Some studies have shown that expertise
can increase the ability to track multiple items (Green and Bave-
lier, 2006). However, we conducted a video game habit survey
for each of our participants and video game experience cannot
explain the difference between younger and older adults, because
our participants did not play at any video games more than once
a week except for one gamer (based on Green and Bavelier, 2006
criteria) and his MOT speed thresholds were not substantially dif-
ferent from the others. On the other hand, it could be assumed that
older adults are less exposed to complex dynamic scenes in their
everyday activities. It is possible that older observers engage less in
certain activities because they have difficulty processing complex
visual scenes.

In the present study, our 3D-MOT task was conducted in a vir-
tual reality environment soliciting information integration across
a large visual field. Consistent with previous research using UFOV
(Richards et al., 2006), we observed that both younger and older
adults can be trained and their performance improved, on an
attention related task presented over a wide visual field. Richards
et al. (2006), trained younger and older adults with an UFOV
task, where central and peripheral vision and dual-tasking was
required (see Figure 4 in Richards et al., 2006). After enough prac-
tice, older adults reduced the attentional cost to levels similar to
those of younger adults, and both groups achieved performance
without any divided-attention deficit, something we could not
achieve with the 3D-MOT under our conditions. There are a num-
ber of differences between our MOT task and the Richards et al.
(2006)’s UFOV task: our stimuli were dynamic, and the visual
field size was twice that used by Richards et al. (2006). These
differences may impact transferability to real-life situations. In
previous studies, data show that older adults needed more train-
ing sessions to reach younger adult performance levels (Salthouse,
1990; Kramer and Willis, 2002; Richards et al., 2006). Our data
(Figure 5) indicate that older adults’ progression looks like it had
not yet peaked, and there may still be room for improvement.
More training sessions would be needed to determine if results
obtained at week 5 reflect peak learning levels. To address this
issue, we have conducted a pilot study in which we tested the same
conditions as in Experiment 2, on eight young and eight older
subjects for 10 instead of 5 sessions. The results did not conclu-
sively show any closing of the gap between older and younger
observers. From week 5 to week 10, younger adults maintained
higher speed thresholds; however the learning progression was
identical for both groups. The ANOVA shows a significant group
effect [F(1, 41)= 22.871, p < 0.001] but no significant interaction
[F(4, 164)= 1.967, p= 0.102)]. Furthermore, we have calculated
the linear [F(1, 41)= 3.342, p= 0.075] and the quadratic [F(1,
41)= 0.896, p= 0.349] trends, and results showed similar learn-
ing rates in both groups (i.e., no learning× group interaction).
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Given this lack of interaction one could propose that, in addition
to learning, the older group is also gaining familiarity to the com-
puter. We believe this is not the case for several reasons. First of all,
we have previously shown that the same basic technique is quite
sensitive to different levels of learning as demonstrated by a recent
paper comparing pro-athletes, elite amateurs and university stu-
dents (Faubert, 2013). Given the huge difference observed in the
learning curves in these three categories for the same number of
total thresholds reported here in the first phase (15 thresholds), if
there was a significant difference between learning of the control
group here and the older observers, we should have been quite
sensitive to it early on. Secondly, it is important to note that the
observers in this task are always passive, i.e., there is no interaction
with the computer system and the subjects only identify the tar-
get spheres after the trial is over and therefore there is no motor
control or dual-tasking in this regard. It is a passive viewing task
and the only thing the subjects are learning is how to track the tar-
gets at increasing speeds. Thirdly, we have previously shown that
older subjects (same age group as the present study) that trained in
the same environment (CAVE) but on spatial discrimination task,
showed very little learning and zero transfer to another dynamic
task such as biological motion perception (Legault and Faubert,
2012). This was not the case for the group that trained on the

3D-MOT task that showed transfer to biological motion percep-
tion task at 4 m even if they had never seen the biological motion
task before (see Legault and Faubert, 2012). Taking these points
together, we feel it is highly unlikely that habituation to the com-
puter set-up would explain our results with the older observers.
Note that researchers have shown, using other research paradigms,
transfer in everyday tasks (Tucker-Drob, 2011). There is further
evidence that older adults with expertise can have high perform-
ing levels on real-world tasks (Nunes and Kramer, 2009). It would
therefore be quite interesting to study the combined impact of
expertise and training with the 3D-MOT task in future studies.

Our findings can be summed into two main points. We show
that perceptual-cognitive training for a complex dynamic multi-
focal attention motion task, such as 3D-MOT, can be trained and,
more importantly, that the training benefit for older observers is
of the same magnitude as that for younger healthy adults. Conse-
quently, it would certainly be worthwhile to conduct future studies
on the transferability of this training to real-life tasks, such as
driving or other socially relevant tasks.

ACKNOWLEDGMENTS
This work was supported by NSERC and the NSERC-Essilor
Industrial Research Chair.

REFERENCES
Alvarez, G. A., and Franconeri, S.

L. (2007). How many objects
can you track? Evidence for a
resource-limited attentive track-
ing mechanism. J. Vis. 7, 1–10.
doi:10.1167/7.13.14

Andersen, G. J., Ni, R., Bower, J. D.,
and Watanabe, T. (2010). Percep-
tual learning, aging, and improved
visual performance in early stages
of visual processing. J. Vis. 10, 4.
doi:10.1167/10.13.4

Ball, K., Berch, D. B., Helmers, K. F.,
Jobe, J. B., Leveck, M. D., Mar-
siske, M., et al. (2002). Effects of
cognitive training interventions with
older adults: a randomized con-
trolled trial. JAMA 288, 2271–2281.
doi:10.1001/jama.288.18.2271

Ball, K. K., Beard, B. L., Roenker, D.
L., Miller, R. L., and Griggs, D.
S. (1988). Age and visual-search –
expanding the useful field of view.
J. Opt. Soc. Am. A 5, 2210–2219.
doi:10.1364/JOSAA.5.002210

Bennett, P. J., Sekuler, R., and
Sekuler, A. B. (2007). The
effects of aging on motion
detection and direction identi-
fication. Vision Res. 47, 799–809.
doi:10.1016/j.visres.2007.01.001

Cavanagh, P., and Alvarez, G. A.
(2005). Tracking multiple tar-
gets with multifocal attention.
Trends Cogn. Sci. (Regul. Ed.) 9,
349–354. doi:10.1016/j.tics.2005.05.
009

Crum, R. M., Anthony, J. C., Bas-
sett, S. S., and Folstein, M. F.
(1993). Population-based norms
for the Mini-Mental State Exam-
ination by age and educational
level. JAMA 269, 2386–2391.
doi:10.1001/jama.1993.035001800
78038

Edwards, J. D., Myers, C., Ross,
L. A., Roenker, D. L., Cissell,
G. M., McLaughlin, A. M., et
al. (2009). The longitudinal
impact of cognitive speed of
processing training on driving
mobility. Gerontologist 49, 485–494.
doi:10.1093/geront/gnp042

Faubert, J. (2002). Visual perception
and aging. Can. J. Exp. Psychol. 56,
164–176. doi:10.1037/h0087394

Faubert, J. (2013). Professional ath-
letes have extraordinary skills for
rapidly learning complex and neu-
tral dynamic visual scenes. Sci.
Rep. 3, 1154. doi:10.1038/srep0
1154

Faubert, J., and Allard, R. (2004). “Effect
of visual distortion on postural bal-
ance in a full immersion stereoscopic
environment,” in Stereoscopic Dis-
plays and Virtual Reality Systems XI,
Proceedings of SPIE-IS&T Electronic
Imaging, Vol. 5291, eds A. J. Woods,
J. O. Merrit, S. A. Benton, and M. T.
Bolas (San Jose: SPIE), 5491–5500.

Faubert, J., and Sidebottom, L. (2012).
Perceptual-cognitive training of ath-
letes. J. Clin. Sports Psychol. 6,
85–102.

Feria, C. S. (2013). Speed has an effect
on multiple-object tracking inde-
pendently of the number of close
encounters between targets and dis-
tractors. Atten. Percept. Psychophys.
75, 53–67. doi:10.3758/s13414-012-
0369-x

Frisby, J. P. (1980). The Frisby stereotest:
amended instructions. Br. Orthopt. J.
37, 108–112.

Green, C. S., and Bavelier, D.
(2006). Enumeration versus
multiple object tracking: the
case of action video game play-
ers. Cognition 101, 217–245.
doi:10.1016/j.cognition.2005.10.004

Habak, C., and Faubert, J. (2000). Larger
effect of aging on the perception
of higher-order stimuli. Vision Res.
40, 943–950. doi:10.1016/S0042-
6989(99)00235-7

Kennedy, G. J., Tripathy, S. P., and
Barrett, B. T. (2009). Early age-
related decline in the effective num-
ber of trajectories tracked in adult
human vision. J. Vis. 9, 21.1–21.10.
doi:10.1167/9.2.21

Kosnik, W., Winslow, L., Kline, D.,
Rasinski, K., and Sekuler, R. (1988).
Visual changes in daily life through-
out adulthood. J. Gerontol. 43,
63–70. doi:10.1093/geronj/43.3.P63

Kramer, A. F., Larish, J. F., and Strayer,
D. L. (1995). Training for atten-
tional control in dual-task settings –
a comparison of young and old
adults. J. Exp. Psychol. Appl. 1, 50–76.
doi:10.1037/1076-898X.1.1.50

Kramer, A. F., and Willis, S. L. (2002).
Enhancing the cognitive vitality of
older adults. Curr. Dir. Psychol.
Sci. 11, 173–177. doi:10.1111/1467-
8721.00194

Legault, I., and Faubert, J. (2012).
Perceptual-cognitive training
improves biological motion
perception: evidence for trans-
ferability of training in healthy
aging. Neuroreport 23, 469–473.
doi:10.1097/WNR.0b013e328353e48a

Legault, I., Troje, N. F., and Faubert,
J. (2012). Healthy older observers
cannot use biological-motion point-
light information efficiently within 4
m of themselves. Iperception 3, 1–8.
doi:10.1068/i0485

Levitt, H. (1971). Transformed up-
down methods in psychoacoustics.
J. Acoust. Soc. Am. 49(Suppl. 2), 467.
doi:10.1121/1.1912375

Ma, L., Wang, B., Narayana, S.,
Hazeltine, E., Chen, X., Robin,
D. A., et al. (2010). Changes
in regional activity are accom-
panied with changes in inter-
regional connectivity during 4 weeks
motor learning. Brain Res. 1318,
64–76. doi:10.1016/j.brainres.2009.
12.073

Nunes, A., and Kramer, A. F. (2009).
Experience-based mitigation
of age-related performance
declines: evidence from air
traffic control. J. Exp. Psychol.
Appl. 15, 12–24. doi:10.1037/a0
014947

Frontiers in Psychology | Perception Science June 2013 | Volume 4 | Article 323 | 6

http://dx.doi.org/10.1167/7.13.14
http://dx.doi.org/10.1167/10.13.4
http://dx.doi.org/10.1001/jama.288.18.2271
http://dx.doi.org/10.1364/JOSAA.5.002210
http://dx.doi.org/10.1016/j.visres.2007.01.001
http://dx.doi.org/10.1016/j.tics.2005.05.{\penalty -\@M }009
http://dx.doi.org/10.1016/j.tics.2005.05.{\penalty -\@M }009
http://dx.doi.org/10.1001/jama.1993.035001800{\penalty -\@M }78038
http://dx.doi.org/10.1001/jama.1993.035001800{\penalty -\@M }78038
http://dx.doi.org/10.1093/geront/gnp042
http://dx.doi.org/10.1037/h0087394
http://dx.doi.org/10.1038/srep0{\penalty -\@M }1154
http://dx.doi.org/10.1038/srep0{\penalty -\@M }1154
http://dx.doi.org/10.3758/s13414-012-0369-x
http://dx.doi.org/10.3758/s13414-012-0369-x
http://dx.doi.org/10.1016/j.cognition.2005.10.004
http://dx.doi.org/10.1016/S0042-6989(99)00235-7
http://dx.doi.org/10.1016/S0042-6989(99)00235-7
http://dx.doi.org/10.1167/9.2.21
http://dx.doi.org/10.1093/geronj/43.3.P63
http://dx.doi.org/10.1037/1076-898X.1.1.50
http://dx.doi.org/10.1111/1467-8721.00194
http://dx.doi.org/10.1111/1467-8721.00194
http://dx.doi.org/10.1097/WNR.0b013e328353e48a
http://dx.doi.org/10.1068/i0485
http://dx.doi.org/10.1121/1.1912375
http://dx.doi.org/10.1016/j.brainres.2009.{\penalty -\@M }12.073
http://dx.doi.org/10.1016/j.brainres.2009.{\penalty -\@M }12.073
http://dx.doi.org/10.1037/a0{\penalty -\@M }014947
http://dx.doi.org/10.1037/a0{\penalty -\@M }014947
http://www.frontiersin.org/Perception_Science
http://www.frontiersin.org/Perception_Science/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legault et al. Perceptual-cognitive training and aging

Pylyshyn, Z. W. (1989). The role of loca-
tion indexes in spatial perception:
a sketch of the FINST spatial-
index model. Cognition 32, 65–97.
doi:10.1016/0010-0277(89)90
014-0

Pylyshyn, Z. W. (1994). Some primitive
mechanisms of spatial atten-
tion. Cognition 50, 363–384.
doi:10.1016/0010-0277(94)90036-1

Pylyshyn, Z. W., and Storm, R. W.
(1988). Tracking multiple inde-
pendent targets: evidence for
a parallel tracking mechanism.
Spat. Vis. 3, 179–197. doi:10.
1163/156856888X00122

Richards, E., Bennett, P. J., and Sekuler,
A. B. (2006). Age related differences
in learning with the useful field of
view. Vision Res. 46, 4217–4231.
doi:10.1016/j.visres.2006.08.
011

Salthouse, T. A. (1990). Influence of
experience on age differences in cog-
nitive functioning. Hum. Factors 32,
551–569.

Sasieni, L. S. (1978). The Frisby
stereotest. Optician 176, 7–10.

Sekuler, R., Mclaughlin, C., and Yot-
sumoto, Y. (2008). Age-related
changes in attentional tracking
of multiple moving objects. Per-
ception 37, 867–876. doi:10.1068/
p5923

Tang, Y., and Zhou, Y. (2009). Age-
related decline of contrast sensitiv-
ity for second-order stimuli: earlier
onset, but slower progression, than
for first-order stimuli. J. Vis. 9, 18.
doi:10.1167/9.7.18

Tinjust, D., Allard, R., and Faubert,
J. (2008). Impact of stereoscopic
vision and 3D representation of
visual space on multiple object
tracking performance. J. Vis. 8, 509.
doi:10.1167/8.6.509

Trick, L. M., Perl, T., and Sethi, N.
(2005). Age-related differences in
multiple-object tracking. J. Geron-
tol. B. Psychol. Sci. Soc. Sci. 60,
102–105. doi:10.1093/geronb/60.2.
P102

Tucker-Drob, E. M. (2011). Neu-
rocognitive functions and everyday
functions change together in old
age. Neuropsychology 25, 368–377.
doi:10.1037/a0022348

Viswanathan, L., and Mingolla, E.
(2002). Dynamics of attention in
depth: evidence from multi-element
tracking. Perception 31, 1415–1437.
doi:10.1068/p3432

Yantis, S. (1992). Multielement
visual tracking: attention and
perceptual organization. Cogn.
Psychol. 24, 295–340. doi:10.
1016/0010-0285(92)90010-Y

Conflict of Interest Statement: Isabelle
Legault and Rémy Allard declare that
the research was conducted in the
absence of any commercial or financial
relationships that could be construed
as a potential conflict of interest. Joce-
lyn Faubert is the Chief Science Offi-
cer of CogniSens Inc., a company that
has signed a licensing agreement for

four technologies from the Université
de Montréal and produces the Neuro-
Tracker ™system, the commercial ver-
sion of the 3D-MOT speed task.

Received: 27 November 2012; accepted:
17 May 2013; published online: 06 June
2013.
Citation: Legault I, Allard R and Faubert
J (2013) Healthy older observers show
equivalent perceptual-cognitive training
benefits to young adults for multiple
object tracking. Front. Psychol. 4:323. doi:
10.3389/fpsyg.2013.00323
This article was submitted to Frontiers in
Perception Science, a specialty of Frontiers
in Psychology.
Copyright © 2013 Legault , Allard and
Faubert . This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.

www.frontiersin.org June 2013 | Volume 4 | Article 323 | 7

http://dx.doi.org/10.1016/0010-0277(89)90{\penalty -\@M }014-0
http://dx.doi.org/10.1016/0010-0277(89)90{\penalty -\@M }014-0
http://dx.doi.org/10.1016/0010-0277(94)90036-1
http://dx.doi.org/10.{\penalty -\@M }1163/156856888X00122
http://dx.doi.org/10.{\penalty -\@M }1163/156856888X00122
http://dx.doi.org/10.1016/j.visres.2006.08.{\penalty -\@M }011
http://dx.doi.org/10.1016/j.visres.2006.08.{\penalty -\@M }011
http://dx.doi.org/10.1068/{\penalty -\@M }p5923
http://dx.doi.org/10.1068/{\penalty -\@M }p5923
http://dx.doi.org/10.1167/9.7.18
http://dx.doi.org/10.1167/8.6.509
http://dx.doi.org/10.1093/geronb/60.2.{\penalty -\@M }P102
http://dx.doi.org/10.1093/geronb/60.2.{\penalty -\@M }P102
http://dx.doi.org/10.1037/a0022348
http://dx.doi.org/10.1068/p3432
http://dx.doi.org/10.{\penalty -\@M }1016/0010-0285(92)90010-Y
http://dx.doi.org/10.{\penalty -\@M }1016/0010-0285(92)90010-Y
http://dx.doi.org/10.3389/fpsyg.2013.00323
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Perception_Science/archive

	Healthy older observers show equivalent perceptual-cognitive training benefits to young adults for multiple object tracking
	Introduction
	Experiment 1
	Methods
	Participants
	Apparatus
	Stimuli and procedure

	Result and discussion

	Experiment 2
	Methods
	Participants
	Stimuli and procedure

	Results and discussion

	General discussion
	Acknowledgments
	References


