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results suggest an important facilitatory role of context 
familiarity on object recognition, and in particular egocen-
tric spatial memory, and have implications for enhancing 
spatial memory in older adults.
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Introduction

Relative to the younger brain, the healthy ageing brain is 
subject to a number of functional, structural and biochemi-
cal changes, all affecting cognitive processing (Park and 
Reuter-Lorenz 2009). Among the most prominent of these 
are the age-related structural changes that occur within the 
hippocampus, resulting in reduced spatial learning and 
memory (Antonova et al. 2009; Driscoll et al. 2003; Koni-
shi et  al. 2013; Moffat et  al. 2001). While the decline in 
spatial navigation abilities of older adults for recently 
learned or novel environments is well documented (see 
Moffat 2009 for review), relatively little is known regarding 
the factors that mediate efficient spatial memory in older 
age. The current study assessed whether familiarity with an 
environment may support better spatial memory in older 
adults. Specifically, we investigated whether memory for 
embedded objects was affected by either a familiar or unfa-
miliar environmental context in terms of object recognition, 
egocentric processing (direction judgement), allocentric 
processing (proximity judgement) and cognitive mapping 
abilities.

The ability to navigate in large-scale spaces, i.e. envi-
ronments in which all the spatial information cannot be 
encoded from a single viewpoint (Castelli et al. 2008), is a 
complex skill comprised of several cognitive functions. In 

Abstract  Recent evidence suggests that familiarity with 
an environment may protect against spatial memory decline 
for familiar objects in older adults. We investigated whether 
a familiar context also reduces age-related decline in spa-
tial memory for novel objects. Twenty-four younger and 
23 older participants viewed a virtual rendering of a local 
environment along two different routes, each through a 
well-known (West) or lesser-known (East) area within 
the environment. Older and younger participants reported 
being more familiar with one (i.e. West) area than the other. 
In each trial, participants were presented with one route 
and were instructed to learn ten novel objects and their 
locations along the route. Following learning, participants 
immediately completed five test blocks: an object recogni-
tion task, an egocentric spatial processing (direction judge-
ment) task, an allocentric spatial processing (proximity 
judgement) task and two pen-and-paper tests to measure 
cognitive mapping abilities. First we found an age effect 
with worse performance by older than younger adults in all 
spatial tasks, particularly in allocentric spatial processing. 
However, our results suggested better memory for objects 
and directions, but not proximity judgements, when the 
task was associated with more familiar than unfamiliar con-
texts, in both age groups. There was no benefit of context 
when a separate young adult group (N =  24) was tested, 
who reported being equally familiar with both areas. These 
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addition to relying on the integration of inputs from mul-
tiple sensory modalities such as vision, the vestibular and 
proprioceptive systems (Berthoz and Viaud-Delmon 1999), 
spatial navigation requires the perception of self-motion 
over time, i.e. path integration, where the representation 
of the current spatial location and orientation is continu-
ally updated (e.g. Wiener et  al. 2011). Path integration is 
thought to interact with memory for landmarks in the envi-
ronment (Etienne and Jeffery 2004). Successful naviga-
tion requires the ability to recognise and remember salient 
landmarks and their locations, the binding of landmarks to 
their spatial context, routes taken and the spatial relation-
ship between landmarks in the environment (Newman et al. 
2007). Landmarks, both distal and proximal, may be uti-
lised during navigation to orientate oneself to the environ-
ment and inform one’s heading direction (Epstein and Vass 
2014; Steck and Mallot 2000). Landmarks in an environ-
ment can serve to function as beacons or as associative cues 
during route learning depending on their location within 
the environment (Waller and Lippa 2007). A beacon is a 
landmark that is very close to a goal location and enables 
an individual to travel by moving towards the landmark. 
However, landmarks function as associative cues when they 
are located at the centre of a decision point along a route 
and are associated with a directional response (e.g. left or 
right turn). Whereas beacon-based route learning requires 
the encoding of item-specific information only, encoding 
a landmark as an associative cue requires more cognitive 
resources as the directional information associated with the 
landmark must also be learned (Waller and Lippa 2007). 
Thus, the spatial knowledge acquired during route learning 
may vary significantly contingent upon the function that 
landmarks in the environment serve.

The brain appears to depend on specialised mecha-
nisms for the recognition of objects or landmarks to inform 
spatial navigation, primarily the parahippocampal cor-
tex (PHC) (Epstein and Kanwisher 1998; Epstein 2005). 
Neuroimaging research has suggested that the PHC shows 
greater activation for environmental stimuli, such as build-
ings, urban streets and landscapes compared to everyday 
non-spatial objects during passive viewing (Epstein and 
Kanwisher 1998; Epstein 2005). Furthermore, the PHC has 
been found to respond more strongly to objects that define 
the surrounding space compared with objects with weak 
spatial definition, even when no background or contextual 
information is provided (Mullally and Maguire 2011). It 
is possible that parahippocampal activations for objects 
presented without a scene background occur because the 
landmark object can be considered a cue for a place, or 
as a foundation for an implied scene (Troiani et al. 2014). 
Furthermore, behavioural data have shown that memories 
for scenes associated with highly familiar landmarks were 
more detailed and vivid compared to memories associated 

with less familiar landmarks (Robin and Moscovitch 2014). 
While older adults have generally been shown to be worse 
at recognising landmarks than younger adults (e.g. Head 
and Isom 2010; Liu et al. 2011), landmark recognition has 
been shown to be comparable to that of younger adults 
when the environment is familiar (e.g. Campbell et  al. 
2014; Kirasic 1989). Therefore, it is possible that recogni-
tion memory for novel objects may benefit from a familiar 
environment context.

Two separate spatial strategies may be used to achieve 
successful landmark-based navigation. An egocentric 
strategy, which can be either beacon-based or associative 
cue-based, may be used when following a familiar route, 
either by moving towards a landmark that brings one closer 
to the goal location without use of directional information 
or by the encoding of a sequence of bodily turns associ-
ated with landmarks and their locations (Hartley et  al. 
2003; Waller and Lippa 2007; Wiener et  al. 2013). Ego-
centric spatial processing has been shown to be dependent 
upon the caudate nucleus of the striatum which supports 
action-based response learning (Hartley et al. 2003). Neu-
roimaging studies have reported an age-related reduction 
in caudate nucleus volume (Raz et al. 2003), corresponding 
with reduced memory in older relative to younger adults 
for directions associated with a landmark (Head and Isom 
2010). However, older adults tend to rely more on egocen-
tric strategies than younger adults (Rodgers et  al. 2012), 
with spatial learning associated with activation in the 
caudate nucleus of older relative to younger adults when 
solving spatial tasks (Schuck et  al. 2015). However, there 
is evidence that environment familiarity may mediate age-
related deficits in making direction judgements. For exam-
ple, Kirasic (1991) used a real-world setting and reported 
better performance by older adults on measures of ego-
centric spatial memory when the testing environment was 
familiar rather than unfamiliar.

While an egocentric strategy may be used in a familiar 
environment, an allocentric spatial strategy may be used 
when exploring a new environment as it involves a more 
global representation or “cognitive map” of the environ-
ment in which landmark locations are characterised by 
their spatial relationship to one another (O’Keefe and 
Nadel 1978; Tolman 1948). Allocentric spatial process-
ing is dependent on hippocampal function which supports 
flexible viewpoint-invariant encoding of the environment 
necessary during initial spatial learning until an environ-
ment becomes familiar (Hartley et  al. 2003; Wolbers and 
Büchel 2005). Successful and efficient navigation does not 
rely on one strategy alone but rather requires switching 
between these strategies as dictated by the demands of the 
environment (Harris et  al. 2012; Rich and Shapiro 2009). 
Ageing is thought to reduce allocentric spatial processing, 
with the older brain associated with a reduced volume of 
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the hippocampus (Raz et al. 2010). For example, Head and 
Isom (2010) reported that older adults travelled longer dis-
tances than younger adults to locate a target landmark in an 
unfamiliar virtual maze and were less accurate at identify-
ing landmarks and recognising scenes in a wayfinding con-
dition assessing allocentric processing. Neuroimaging stud-
ies have supported these findings demonstrating reduced 
activation in the hippocampus of older adults while per-
forming spatial memory tasks (Moffat et  al. 2006). While 
the respective spatial processes associated with these brain 
regions are subject to age-related decline, older adults who 
rely more on egocentric spatial processing (Rodgers et al. 
2012) also have more difficulty in forming a cognitive map 
(Iaria et al. 2009) and display more difficulty in switching 
navigational strategies (Harris et al. 2012).

However, some findings suggest that hippocampal-
dependent allocentric processing in older adults may be 
subject to individual differences, and that this process may 
also be improved through spatial navigation training. For 
example, Konishi et al. (2013), using a virtual spatial strat-
egy task, found that although older adults demonstrated a 
shift from a hippocampal-related navigational strategy to 
one mediated by the caudate nucleus, there was sustained 
activation in the hippocampus of those older adults who 
utilised an allocentric spatial strategy (Konishi et al. 2013). 
Moreover, spatial navigation abilities of older adults can be 
improved with training. For example, Lövdén et al. (2012) 
conducted a four-month-long computerised spatial memory 
training intervention combined with treadmill walking and 
found that older adults showed training-related improve-
ments in spatial navigation that were even greater than 
those of trained younger adults. Furthermore, the training 
had a protective effect on hippocampal function, as the hip-
pocampal volume of the intervention group of older adults 
remained constant post-intervention and at 4-month follow-
up, while the hippocampal volume of the treadmill-only 
control group decreased consistent with longitudinal age-
related decline (Lövdén et al. 2012).

Research conducted on spatial navigation tasks within 
large-scale environments also suggests that allocentric 
spatial processing may be improved by familiarity with 
the environment (Maguire et al. 2000; Woollett and Magu-
ire 2010). In a longitudinal study, Hirshhorn et  al. (2012) 
found that mental navigation of a newly learned environ-
ment involved the hippocampus. However, once the envi-
ronment was well learned, extrahippocampal regions such 
as the PHC were activated during mental navigation tasks. 
There is some evidence to suggest that performance of 
older adults on tasks assessing allocentric processing may 
be mediated by the familiarity of the environment. For 
example, previous research has shown age-related differ-
ences in the pointing to landmark locations within famil-
iar and unfamiliar environments (Muffato et al. 2015), with 

better performance in familiar environments. These results 
suggest that older adults retain the ability to build a men-
tal representation of a familiar environment (Meneghetti 
et al. 2013). Rosenbaum et al. (2012) also found a benefit 
for spatial memory in older adults for well-known environ-
ments learned long ago, with comparable performance to 
younger adults on a test of mental navigation. Furthermore, 
the authors found no age-related differences on a prox-
imity judgement task conducted within a highly familiar 
area learned by older adults in the remote past. Moreover, 
Campbell et al. (2014) found that environment familiarity 
had a positive effect on measures of topographical mem-
ory in older adults, again with comparable performance to 
their younger counterparts on tasks such as landmark name 
recall and recognition, landmark map localisation and route 
recall.

In contrast to previous studies in which the effect of the 
familiarity of both landmark objects and environment was 
investigated on spatial cognition in older adults, we investi-
gated whether environment familiarity also benefits spatial 
memory for novel objects not generally found in the par-
ticular environment. This was achieved by using a virtual 
representation of routes taken through familiar and less 
familiar areas within the Trinity College Dublin campus. 
Within each route, we embedded common objects at inter-
section points, and all objects were novel to these particular 
locales. Following a learning session in which participants 
viewed one of the two routes, we assessed participants’ 
object recognition, egocentric and allocentric spatial pro-
cessing, and ability to form cognitive maps using a set of 
five tasks adapted from previous studies (Head and Isom 
2010; Maguire et al. 1996). We hypothesised that familiar-
ity with the environmental context would provide a benefit 
for spatial memory of novel objects, and that this familiar-
ity benefit would be particularly found in older adults (e.g. 
Rosenbaum et  al. 2012) whose spatial cognition is gener-
ally worse than that of younger adults.

Method

Participants

Forty-eight younger (36 female; M  =  24.48, SD  =  5.81, 
range 18–39) and 23 older (18 female; age range 61–79, 
mean age =  69.87, SD =  5.52) participants volunteered to 
take part in the experiment for nominal pay or course credit. 
We recruited two subpopulations of younger adults: 24 under-
graduate and postgraduate students from Trinity College Dub-
lin, the University of Dublin (TCD) (18 female; age range 
18–37, mean age = 23.29, SD = 5.39) or 24 younger adults 
who were not members of the University (18 females; age 
range 18–39, mean age = 25.67, SD = 6.08). The students 
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were recruited from a broad range of disciplines across the 
University to ensure they were equally familiar with all areas 
of the College campus. Due to this groups’ familiarity with 
the campus as a whole, their performance on tasks across 
both areas was used to assess whether any inherent differ-
ences were present between the areas which may facilitate 
performance in one context over another. Non-members of 
TCD were recruited via email and represented young adults 
who had never been members of the University of Dublin. All 
younger participants reported normal or corrected-to-normal 
vision and normal hearing.

Older participants were all community dwelling and 
were recruited by advertising through local ageing organi-
sations and local media. We applied the following inclusion 
criteria when recruiting older participants: aged 60 years of 
age or older, reported normal or corrected-to-normal vision 
and hearing, no evidence of cognitive impairment (assessed 
by the Montreal Cognitive Assessment—MoCA) and abil-
ity to follow instructions for testing. All older adults had 
normal global cognitive function (MoCA; M  =  27.59, 
SD  =  1.65) (Nasreddine et  al. 2005), and none were 
excluded for mild cognitive impairment based on a score of 
below 23 on the MoCA (Luis et al. 2009). All older partici-
pants had normal visual acuity, as measured by the ETDRS 
acuity chart (M = 0.09 logMAR, SD = 0.12) and contrast 
sensitivity (M = 1.96, SD = 0.11, assessed using the Pelli-
Robson contrast sensitivity test) for their age. None of the 
participants reported a history of psychiatric or neurologi-
cal illness.

Prior to testing, all participants indicated on a Likert 
scale, ranging from 1 to 9, their experience with (a) com-
puters and (b) computer games. A score of 1 indicated no 
computer experience, a score of 5 indicated participants 
were fairly experienced with computers, and a score of 9 
indicated they were very experienced. The Santa Barbara 
Sense of Direction Scale (SBSOD) (Hegarty et  al. 2002) 
was also administered as a measure of self-reported envi-
ronmental spatial ability for all participants. Higher scores 
on this measure indicated better sense of direction. Partici-
pant responses are summarised in Table 1.

We conducted a one-way ANOVA (with 3 participant 
groups as the between-group factor) on each of the test 
scores. First, it was important to ensure that there was 
no difference in self-reported sense of direction between 
groups as measured by the SBSOD scale. There was no 
effect of group [F(2, 68)  =  1.7, p  =  0.19, ηp

2  =  0.05], 
although there was a trend for older adults to rate their 
sense of direction as higher than that of either the students 
and younger adults (see Table 1). We found a main effect of 
participant group for ratings of computer experience [F(2, 
67) =  20.58, p  <  0.001, ηp

2 =  0.38] and computer game 
experience [F(2, 67) =  10.1, p < 0.001, ηp

2 =  0.23]. Post 
hoc comparisons (Tukey’s unequal N HSD tests) revealed 

that older adults rated their computer experience and com-
puter game experience much lower than either the student 
or younger adult cohorts (ps < 0.05).

The experiment was approved by the School of Psychol-
ogy Research Ethics Committee, Trinity College Dublin, 
and conformed to the Declaration of Helsinki. All partici-
pants provided informed, written consent prior to taking 
part in the experiment.

Stimuli and apparatus

Participants were tested in a windowed testing laboratory at 
the Institute of Neuroscience in Trinity College Dublin. The 
experiment was programmed, and responses were acquired 
using Presentation® software (http://www.neurobs.com). 
The experiment was presented on a Dell Latitude E4300 
laptop and displayed on a HP L1710 17″ LCD colour 
monitor. The screen resolution was set to 1024 × 768 pix-
els. The videos subtended an approximate visual angle of 
32.67° horizontally and 18.8° vertically encompassing the 
entire stimuli dimensions onscreen from a viewing distance 
of 57 cm at which participants were positioned.

Virtual environment

Trinity College Dublin is a campus-based University situ-
ated in the centre of the city of Dublin, Ireland. The cam-
pus footprint is elongated along an East–West axis, with the 
main entrance to the college at the West end of the cam-
pus. The West end of the campus is very familiar and has 
both historic and cultural status within Ireland: the build-
ings within the West end of the campus are approximately 
200  years old, and it is home to one of the most visited 
artefacts in Ireland (the Book of Kells). In comparison, the 
East end of the campus is less familiar, the buildings are 
relatively modern, and it offers no landmark attractions for 
the visiting public.

Both ends of the campus were modelled as virtual 
environments representing all the building and landscape 

Table 1   Characteristics and mean responses in students, younger 
adults and older adults across the SBSOD scale, experience with 
computers and computers games (standard deviations in parentheses)

High scores on the SBSOD indicate a good sense of direction, and 
high scores on each of the computer-based questions indicate a 
greater amount of experience

Students
N = 24

Younger adults
N = 24

Older adults
N = 23

SBSOD 3.98 (0.9) 3.72 (1.11) 4.24 (0.87)

Computer experience 6.92 (1.5) 6.54 (1.41) 3.86 (2.25)

Computer game  
experience

4.92 (1.95) 4.46 (2.41) 2.27 (1.93)

http://www.neurobs.com
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architecture within each of the East and West ends (see 
Fig. 1). Navigation through these areas was simulated using 
a proprietary engine based on Ogre 3D. Specifically, navi-
gation was simulated using a virtual camera which was 
positioned at typical eye height (1.6 m above the ground) 
and followed a predefined path within each area (West 
or East) at a speed of 2  m/s. The route followed existing 
paths and obstacles were always avoided. Each scene was 
rendered at 30 fps, and the engine exported uncompressed 
images at 720p resolution that were afterwards converted 
to a video and compressed using the H.264 codec. We cre-
ated two videos each for the East (less familiar) and West 
(familiar) virtual routes, and videos of each end were used 
during the learning phase of the experiment. There were 
10 intersections along each route; thus, route complexity 
was equated across each area. The route through the East 

campus contained 4 left turns, 3 right turns and 3 straight-
ahead directions, encompassing an area of approximately 
26,400  m2. The route through the West end of campus 
contained 4 left turns, 2 right turns and 4 straight-ahead 
directions, encompassing an area of approximately 33,000 
square metres.

We embedded target objects along each route (see 
Fig.  2). During the simulated navigation, a unique target 
object appeared in the centre of each intersection as soon 
as the camera came within 20 metres of the intersection. 
Within each scene, the average height of each object was 
simulated to be approximately 2.13 m. There were 20 tar-
get objects in all, divided into two sets (for list of target 
objects, see Table 2). Each set was allocated to one route, 
and objects were counterbalanced across routes yielding 
the four different learning routes (i.e. East end with target 

Fig. 1   Examples of images from the a real and b virtual West area and the c real and d virtual East area of the Trinity College Dublin campus

Fig. 2   Example images of target objects embedded at intersections along the a familiar and b less familiar routes
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set A or B; West end with target set A or B), yielding two 
different versions of each route. Each participant was pre-
sented with both an East and West route during the experi-
ment and both target sets of objects.

Test stimuli

The test phase of the experiment was comprised of three 
computer-based tasks and 2 pen-and-paper tasks. Each 
task was designed to assess different components of spatial 
memory.

For the object recognition task, screen shots of colour-
rendered images of target objects were taken from each 
route and edited using GNU Image Manipulation Pro-
gramme (http://www.gimp.org) to eliminate all contextual 
information, such as buildings or trees, while maintain-
ing the image properties (i.e. size, colour and perspective) 
of each object. The object images were presented against 
a black background and subtended an approximate visual 
angle of between 3.68° and 13.89° horizontally and 9.74° 
and 11.79° vertically, with the participants seated 57  cm 
from the screen. There were 10 target objects and 10 dis-
tractor objects presented in each test. Distractor objects 
were different exemplars of the same category of object 
as a target object and shared similar object but not image 
properties with the target objects. For example, the distrac-
tor object for the target object green golf cart was a dif-
ferent exemplar, i.e. a red golf cart with different features 
shown from a slightly different view (see Fig.  3 for an 
example).

The test for egocentric spatial processing (i.e. self-to-
object orientation) involved a direction judgement task (see 
Head and Isom 2010), where the ability to remember which 
specific direction was taken when the object was encoun-
tered during the route was assessed. Due to the placement 
of the object in the centre of each intersection, the associa-
tive cue function of the landmark was assessed. For this 

task, a stimulus included a single image of a target object 
(without contextual information) presented together with 
three images of an arrow pointing left, upwards and right 
which provided a visual cue for possible direction taken. 
See Fig. 4a for an example of a stimulus in this category.

An assessment of allocentric (i.e. object-to-object ori-
entation) spatial processing was conducted using a prox-
imity judgement task based on Maguire et al. (1996). Spe-
cifically, this task assessed participants’ knowledge of the 

Table 2   Two sets of target objects, each of which was allocated to each of the East and West routes and counterbalanced across participants

Corresponding distractor objects are also listed

Target set A Distractor set A Target set B Distractor set B

Dublin flag Triquetra flag Irish flag French flag

Green golf cart Red golf cart Beige golf cart Red golf cart

Red telephone box Blue telephone box Blue telephone box Silver telephone box

Blue motor bicycle Red motor bicycle Red motor bicycle Blue motor bicycle

Blue car Red car Orange truck White truck

Yellow forklift Red forklift Blue racing bicycle Blue mountain bicycle

Beige marble fountain Brown marble fountain Bronze statue (mother and child) Bronze statue (single figure)

Brown outhouse Red outhouse Grey air vent White air vent

Silver shopping cart Blue shopping cart Grey tannoy speakers White tannoy speakers

Grey stone wishing well Red brick wishing well Cream tent Blue tent

Fig. 3   Example images from the stimulus set of a a target object and 
b a distractor object presented during the object recognition task

Fig. 4   An example of images of test stimuli from a a direction judge-
ment trial and b a proximity judgement trial

http://www.gimp.org
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Euclidean distance between the objects within each cam-
pus area. A stimulus comprised of a scene of three object 
images, arranged in a triangular formation with an image 
of a target object positioned on top and two images of other 
target objects taken from the route and positioned under-
neath (see Fig.  4b). All object images were of the same 
relative size as shown during the route. The object in the 
top position in the scene was the reference object, and all 
target objects were presented in this position across trials. 
The lower two objects were chosen from the route in pseu-
dorandom order, ensuring that the lower two objects were 
not encountered sequentially next to the reference object on 
the route (i.e. this helped avoid using an egocentric strategy 
to solve the task).

The final two tests were conducted using a printed out 
map, each scaled to 1496  ×  917 pixels and measuring 
11.9 ×  28.9  cm on size A4 paper for both areas through 
campus. In the first, “target landmark location” task, the 
test stimulus was a 2D scaled map of the East or West end 
of the College campus. None of the target objects were 
indicated, and the task for the participants was to indicate, 
on the map, the locations that they remembered encoun-
tering a target object (by marking “X” on the map). In the 
other, “target landmark naming” task, the test stimulus was 
again a 2D scaled map of the route through the East or West 
section of campus. Each map was marked with a number of 
“X”s which marked the location of each target object along 
the route. Participants were required to identify the target 
object by providing the name of the object at each location 
indicated on the map.

Design

The overall experimental design was based on a 2-way 
mixed, factorial design with participant group (two younger 
adult groups and one older adult group) as the between-
group factor, and familiarity of the campus area through 
which a route was learned (i.e. familiar West area and less 
familiar East area) as the within-group factor.

The dependent variables for the object recognition, 
direction judgement and proximity judgement tasks were 
accuracy scores and response times. The dependent vari-
able for the landmark location task was distance error. Dis-
tance error was calculated by allotting a score of 1 point 
if the participant marked an “X” within 2 cm of the exact 
location of the target object, 0.5 point if they were within 
3 cm of the target objects’ location and 0.33 point if they 
were within 4  cm of the target objects’ location. Scoring 
of this task was validated by another independent judge 
who was blind to the research question. A paired t test 
confirmed no significant difference between the distance 
error scores of the two judges [t(70) < 1]. The dependent 
variable for the target landmark naming task was naming 

accuracy. Responses were marked as correct if the partici-
pant correctly named or identified each of the landmarks. 
The experimenter clarified any verbal descriptions of land-
marks that were unclear or ambiguous.

There were two main blocks to the task, based on area 
familiarity, and block order was counterbalanced across 
participants. Each block began with a video presentation of 
a route through the area, which was immediately repeated. 
The five tests immediately followed the presentation of the 
route, comprising three computer-based tasks and two pen-
and-paper tests. The order of presentation of trials within 
each of the object recognition, direction judgement and 
proximity judgement tasks was randomised across partici-
pants. To minimise cross-over effects, the five tasks were 
presented in the same sequential order across participants: 
object identification, direction judgement, proximity judge-
ment, landmark location and landmark naming.

Procedure

Prior to testing, all participants were presented with a ques-
tionnaire in which they indicated using a Likert scale rang-
ing from 1 to 9 their experience with (a) computers and 
(b) computers games as well as completing the SBSOD 
questionnaire (see participants section). Participants were 
then presented with a map of the college campus and were 
required to provide familiarity ratings to each of the East 
and West ends of the campus (see pre-validation study 
below).

For the main experiment, which consisted of two con-
secutive experimental blocks, participants were instructed 
to view the video presented at the beginning of each block 
and to pay attention to the route, the target objects they 
encountered, and the location of each of the target objects 
in the scene. It was made clear to participants that tar-
get objects referred to the objects that appeared at each 
intersection.

In the learning phase, each video of the route was pre-
sented twice to each participant. During the test phase, 
participants could take a self-timed break between each of 
the five different tasks. The first of these tasks, the object 
recognition task, consisted of 20 trials, including 10 trials 
of target objects from the route and 10 trials of distractor 
objects. Each trial for the three computer-based tasks was 
preceded by a fixation cross-presented for 500 ms. The vis-
ual stimulus of the object, either target object or distractor 
object, was then presented until a response was made or for 
a total of 5 s. Response times were recorded from the onset 
of the visual stimulus for each computerised task. Partici-
pants were asked to indicate as quickly and as accurately 
as possible whether or not they had seen the object on the 
previous route shown by pressing one of two assigned keys 
(“z” and “m”) on the keyboard.
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There were 10 trials in the direction judgement task. A 
visual stimulus in the direction judgement task (a target 
object and arrows, as described in the Stimulus section) 
was presented until a keyboard response was made or for 
a total of 20 s. Participants were asked to indicate as accu-
rately as possible whether the target object from the route 
was associated with a right turn, left turn or maintained a 
straight-ahead course by pressing one of three correspond-
ing keys (i.e. left, up or right arrow) on a keyboard.

There were 20 trials in the proximity judgement task. A 
visual stimulus in the proximity judgement task comprised 
of 3 target objects (see Stimulus section), which remained 
on screen until a keyboard response was made, or for a 
total of 20 s. Participants were required to choose which of 
two objects, presented below the reference object in each 
stimulus, was closer (as the crow flies or in bee-line dis-
tance) to the reference object’s location by pressing one 
of two keys on the keyboard (“z” and “m” for left object 
and right object, respectively). The object closest to the 
reference object in each trial of the proximity judgement 
task was congruent across Euclidean and route distance in 
87.5 % of trials.

The three computer-based tasks were then followed by 
two paper-based tasks, presented in the same sequential 
order of “target landmark location” followed by “target 
landmark naming” across all participants. The “target land-
mark location” memory task was a measure of allocentric 
“cognitive mapping” (Moffat and Resnick 2002). In the 
first task, participants had to either indicate, with an X, the 
location of each of the 10 target objects (landmarks) along 
the route, and in the second task had to provide the name 
of the target object (landmark) at each of 10 indicated loca-
tions along the route (target object naming). The entire 
experiment took between 30 and 45 min for each partici-
pant to complete.

Validation of the virtual environment

In order to validate the virtual representation of the Trinity 
College campus, 15 current members of staff and students 
who had worked/studied in TCD for at least 2 years were 
shown 10 (static) images, which represented snapshots 
from the virtual routes taken through the East (5 images) 
and West (5 images) areas of the campus. They were sub-
sequently asked to indicate the location of each image on 
a 2D map of the College campus. The dependent variable 
for this task was distance error which was calculated as 
described for the landmark location task. Mean percentage 
performance accuracy was high for both the East (M = 84, 
SD = 20.28) and West (M = 86.66, SD = 12.34) areas. A 
paired t test confirmed no significant difference between 
accuracy performance across the two areas of campus 
[t(14)  <  1]. These results indicated that persons working 

or studying in TCD could readily recognise the virtual ren-
dered images of the campus and could locate each image 
with a high degree of precision.

Pre‑validation study

We first wanted to validate our a priori distinction between 
the West and East ends of the college campus as being 
more or less familiar, respectively. To that end, prior to 
testing, all participant groups provided familiarity ratings 
for each of two areas within the real campus environment. 
Participants were shown an aerial view of the campus map 
and an image depicting an example of a building located in 
either the East or West areas of the campus to help localise 
the participant on the map. Using a Likert scale from 1 to 7, 
participants were asked to indicate how familiar they were 
with each area. A score of 1 indicated “not at all familiar”, 
whereas a score of 7 indicated “highly familiar” with that 
area.

The mean ratings to each of the areas, across the partici-
pant groups, are shown in Table 3. T tests were conducted 
on participants’ ratings to each area across groups. As 
expected, the TCD student group indicated that they were 
highly familiar with both the East and West areas of col-
lege, and there was no difference in their familiarity ratings 
across College areas. In contrast, and again as expected, the 
ratings from the young adult group indicated that they were 
significantly more familiar with the West than East area of 
college. A mixed ANOVA confirmed these results. There 
was a main effect of route [F(1, 61) =  31.9, p  <  0.001, 
ηp

2 =  0.34] with post hoc analysis using the Tukey HSD 
test revealing that the West area (M =  4.84, SD =  1.88) 
was rated as more familiar than the East area (M = 3.75, 
SD = 2.03; p < 0.001). There was a main effect of partici-
pant group [F(2, 61) = 11.36, p < 0.001, ηp

2 = 0.27], with 

Table 3   Mean familiarity ratings provided to the East and West areas 
of the Trinity College campus (standard deviations in parentheses) 
provided by each participant group

The mean recognition and location scores to buildings from each area 
are also shown for the older adults only. T test results indicate signifi-
cant differences in familiarity across areas for all groups except TCD 
students and older adults (see text for further details)

Participant groups West East t test p value

TCD students 5.9 (0.91) 5.4 (1.19) t(23) = 1.65 0.12

Younger adults 4.65 (1.58) 2.52 (1.27) t(23) = 6.61 0.001

Older adults

 Familiarity ratings 4.05 (2.40) 3.52 (2.32) t(23) = 1.56 0.13

 Building name 
score

2.80 (1.01) 1.67 (0.72) t(14) = 5.26 0.001

 Building location 
score

2.60 (1.3) 1.53 (0.74) t(14) = 3.10 0.008
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higher ratings by students (M  =  5.65, SD  =  0.81) than 
younger (M = 3.59, SD = 1.21) or older adults (M = 3.79, 
SD  =  2.23) (all ps  <  0.001). A significant interaction 
between route and group [F(2, 61)  =  8.73, p  <  0.001, 
ηp

2 = 0.22] suggested a difference in ratings across areas for 
the younger adults only (p < 0.001) but not for the students 
(p = 0.66) or older adults (p = 0.59).

Although the ratings from the older adults suggested that 
they were more familiar with the West than East area of 
college, this difference failed to reach significance. Further-
more, their familiarity ratings to the East area of the cam-
pus indicated that they felt neither familiar nor unfamiliar 
with that area (see Table 3). While the difference between 
self-reported familiarity for the two areas was smaller for 
the older compared to the younger adults, previous findings 
have reported that older adults’ scores taken from subjec-
tive measures do not match those obtained from objective 
measures particularly in terms of sense of direction and 
wayfinding abilities (see Rosenbaum et  al. 2012; Tail-
lade et al. 2013), possibly due to age-related difficulties in 
metacognition (Vanderhill et al. 2010). As such, in order to 
disambiguate this finding, we decided to obtain a further, 
objective measure of familiarity from the older adult group 
only. Fifteen of the total number of older adults completed 
the new test. Participants were shown images of five ran-
domly chosen buildings from each of the two areas and 
were asked to name each of the buildings, and then were 
asked to mark each building’s location on a map of the East 
and West area. The results from paired t tests (see Table 3) 
indicated that older adults recognised and were able to 
accurately locate more buildings in the West area compared 
to the East area, suggesting greater familiarity with the 
West area of the college. For convenience, we henceforth 
refer to the West area of college as the “familiar” area, and 
the East area shall be referred to as the “less familiar” area.

Results

The TCD student sample was specifically recruited 
because, to this group, both the West and East areas of the 
College campus were equally familiar. Although we had 
carefully ensured that all target objects were presented 
within each area, by counterbalancing the target sets across 
areas, we nevertheless wanted to ensure that there were no 
inherent differences between the areas which may facilitate 
performance in one context over another. To that end, we 
analysed performance by the student participant group sep-
arately from the other two groups.

We first conducted a series of paired t tests to compare 
students’ accuracy and response time performance across 
the areas for all five tasks. First, there was no difference in 
accuracy performance in each of the three computer-based 

tasks, namely object recognition, direction and proximity 
judgement tasks or the two map-based tasks across the 
routes through the two areas of campus (see Table 4). We 
then measured the students’ response times in each of the 
three computer-based tasks. Again, we found no difference 
in the time taken to make a correct response (i.e. hits) on 
each task across the different contexts (see Table 5).1 With 
the exception of differences in accuracy performance to the 
direction judgement task across the two routes, which 
approached significance, these results ensured that the con-
text of the West and East areas of college was similar and 
that neither facilitated better memory performance across 
the range of tests. In other words, these results assured us 
that there are no inherent differences across the areas that 
may account for any performance differences that may be 
found between areas for the younger and older adults.

In the main analyses of the results, we compared per-
formance across the (non-student) younger and older adults 
whose previous familiarity scores (see Table  3) had indi-
cated that the West end of the College campus was more 
familiar than the East end. We first analysed the data 
based on ratings for computer experience with age group 
(younger, older) as the between-group factor, route (famil-
iar or less familiar area) as the within-group factor and the 
composite “computer experience” score as the covariate 
were conducted on the mean accuracy scores and response 
time data for each of the computer-based tasks (object rec-
ognition task, direction and proximity judgement tasks). 
For each group separately (i.e. students, younger adults, 
older adults), and for each task, trials with outlier response 
times were removed from further analyses. Response times 

1  Response times of more than 2.5 standard deviations above or 
below the trial mean of the group were considered outliers (approxi-
mately 4.86 % of the data were removed).

Table 4   Mean performance accuracy of the student group across the 
object recognition, direction judgement, proximity judgement, object 
landmark naming and object landmark location memory tasks (with 
standard deviations in parentheses)

Familiar Less familiar t test results p value

Object  
recognition

92.71 (8.47) 92.92 (7.06) t(23) = 0.1 0.92

Direction 
judgement

82.92 (20.32) 75.00 (19.11) t(23) = 1.96 0.06

Proximity 
judgement

71.67 (12.99) 75.63 (14.62) t(23) = 1.45 0.16

Landmark 
locating

64.70 (24.74) 59.49 (25.72) t(23) = 1.17 0.25

Landmark 
naming

87.08 (25.45) 82.92 (24.93) t(23) = 1.06 0.30
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of more than 2.5 standard deviations above or below the 
trial mean of the respective group were considered outli-
ers (approximately 2.82 % of the data were removed). Due 
to a technical error, the “computer experience” data were 
missing for one older adult. Initial analyses using separate 
mixed ANCOVAs revealed no effect of computer experi-
ence [all F(1, 43) < 1], nor any interaction between com-
puter experience and route for accuracy performance for 
the object recognition, direction judgement or proxim-
ity judgement tasks (all ps = n.s). Furthermore, computer 
experience did not correlate with accuracy performance 
for any dependent measure across participant groups (all 
ps =  n.s.). Since computer experience did not affect the 
main findings, we decided henceforth to conduct separate 
mixed ANOVAs (again with group and route as factors) 
on the mean accuracy on the above-computerised tasks 
as well as the pen-and-paper target landmark naming and 
target landmark location tasks. However, computer expe-
rience did interact with route for reaction times on the 
object recognition and proximity judgement tasks and so 
was included as a covariate on all reaction time analyses 
only. The mean reaction times for younger and older adults 
across the object recognition, direction judgement and 
proximity judgement tasks are reported in Table 6.

Object recognition task

The results of the ANOVA on accuracy scores revealed 
a main effect of participant group [F(1, 45)  =  14.42, 
p  <  0.001, ηp

2  =  0.24] with worse performance in the 
older (M = 86.09, SD = 6.12) than younger (M = 92.19, 
SD = 4.85) adults. There was a main effect of route [F(1, 
45) = 17.12, p < 0.001, ηp

2 = 0.28] with better recognition 
of objects encountered along the route through the famil-
iar (M = 92.13, SD = 5.87) than less familiar (M = 86.28, 
SD = 9.53) area. The interaction between route and group 
[F(1, 45) < 1] failed to reach significance, suggesting that 
younger and older adults recognised target objects more 
accurately when encountered along the route in the familiar 
area (younger: M = 94.58, SD = 4.87; older: M = 89.57, 
SD  =  5.82) compared to those in the less familiar area 
(younger: M  =  89.79, SD  =  7.29; older: M  =  82.61, 
SD = 10.32) as shown in Fig. 5.

Direction judgement task

An analysis of accuracy performance on the direction 
judgement task revealed a main effect of participant group 
[F(1, 45) = 19.99, p < 0.001, ηp

2 = 0.31] with older adults 
remembering the direction taken less well (M  =  56.96, 
SD  =  17.37) than younger (M  =  77.71, SD  =  14.37) 
adults. There was a main effect of route [F(1, 45) = 47.01, 
p < 0.001, ηp

2 = 0.51], with better directional memory for 
objects encountered along the route through the familiar 
(M = 77.87, SD = 21.16) than less familiar (M = 57.23, 
SD  =  22.04) area. The interaction between participant 
group and route failed to reach significance [F(1, 45) < 1], 
suggesting that both older and younger adults remem-
bered directions more accurately in a familiar environment 

Table 5   Mean reaction times of the student group across the object 
recognition, direction judgement and proximity judgement tasks 
(with standard deviations in parentheses)

Familiar Less familiar t test p value

Object  
recognition

1060 (315) 1169 (350) t(22) = 1.87 0.08

Direction  
judgement

1416 (752) 1364 (582) t(21) = 0.6 0.56

Proximity  
judgement

3598 (1588) 3569 (1473) t(22) = 0.89 0.38

Table 6   The mean reaction time taken (in milliseconds) to the cor-
rect trials in each of the object recognition, direction judgement and 
proximity judgement tasks across the younger and older adult groups 
(with standard deviations in parentheses)

The RTs are presented for routes taken through familiar and less 
familiar areas in the college environment

Route Younger adults Older adults

Familiar Less  
familiar

Familiar Less  
familiar

Object  
recognition

1082 (321) 1166 (369) 1540 (412) 1539 (446)

Direction 
judgement

1253 (587) 1456 (739) 2297 (1053) 2332 (930)

Proximity 
judgement

3580 (1115) 3151 (1163) 3793 (1886) 4069 (1819)

Fig. 5   Mean percentage accuracy performance on the object recogni-
tion task across younger and older adult group for the routes through 
the familiar and less familiar areas. Error bars indicate ±1 standard 
error of the mean. Chance performance in this task was 50 % as indi-
cated
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compared to the less familiar area (as shown in Fig. 6). The 
performance of the older adults was generally poor on this 
task, and we analysed their data relative to chance perfor-
mance (33.33 %) using a single-sample t test. Older adults’ 
performance was significantly better than chance for both 
routes through either familiar [t(22) = 6.95, p < 0.001] or 
less familiar [t(22) = 4.06, p = 0.001] areas.

Proximity judgement task

A mixed ANOVA conducted on the accuracy performance 
in the proximity judgement task revealed a main effect of 
participant group [F(1, 43) = 20.03, p < 0.001, ηp

2 = 0.31] 
with older adults performing worse at judging relative 
proximity between objects (M =  55.76, SD =  7.13) than 
younger adults (M =  67.71, SD =  10.73). There was no 

effect of route [F(1, 45)  <  1], or any interaction between 
participant group and route [F(1, 45)  <  1]. The perfor-
mance of the older adults was generally poor on this task, 
and we analysed their data relative to chance performance 
(50  %) using a single-sample t test. Older adults’ perfor-
mance was significantly better than chance for both routes 
through either the familiar [t(22) = 2.44, p = 0.023] or less 
familiar [t(22) = 2.71, p = 0.013] areas (see Fig. 7).

Reaction times

Three separate ANCOVAs (with computer experience 
included as a covariate) conducted on the reaction times to 
the trials with correct responses only (i.e. hits) for the three 
computerised tasks revealed a main effect of participant 
group for the object recognition [F(1, 40) = 9.11, p = 0.004, 
ηp

2  =  0.19] and direction judgement [F(1, 41)  =  9.71, 
p =  0.003, ηp

2 =  0.19] tasks. Older adults responded more 
slowly than younger adults on both tasks (all ps  <  0.001). 
There was no effect of group for the proximity judgement 
task [F(1, 42) < 1]. A main effect of route was found for the 
object recognition task only [F(1, 40) =  5.03, p =  0.031, 
ηp

2 =  0.11] with faster responses to the route through the 
familiar than less familiar area (p < 0.05). A significant inter-
action between route and computer experience was found for 
the object recognition [F(1, 40) = 4.22, p = 0.046, ηp

2 = 0.1] 
and proximity judgement tasks [F(1, 42) = 7.01, p = 0.011, 
ηp

2 =  0.14]. Separate Pearson’s correlations between com-
puter experience and response times to recognise the target 
objects from the routes across the two campus areas were 
conducted. For both the familiar [r(44) = −0.3, p = 0.044] 
and less familiar areas [r(44) = −0.357, p = 0.012], there 
was a negative correlation between computer experience and 
reaction times. Similarly, two separate Pearson’s correla-
tions carried out between computer experience and response 
time for the proximity judgement on the routes through the 
familiar and less familiar areas revealed no correlation found 
between these factors for the familiar area [r(44) = −0.02, 
p = 0.91]. For the route through the less familiar area, there 
was a significant negative correlation between computer 
experience and reaction times [r(44) = −0.36, p = 0.013]. 
Together, these findings suggest that those with greater com-
puter experience responded more quickly across both routes 
on the object recognition task and to the route through the 
less familiar area on the proximity judgement task. No other 
significant effects were found (all ps = n.s.).

Landmark location task

The landmark location task involved indicating the location 
of the target objects encountered on each route on a 2D map 
of each area (East or West) of the College. A mixed ANOVA 
was conducted on the mean accuracy scores on this task. We 

Fig. 6   Mean accuracy performance on the direction judgement task 
across the younger and older adult groups for the routes through the 
familiar and less familiar areas. Error bars indicate ±1 standard error 
of the mean. Chance performance of 33 % is indicated

Fig. 7   Mean percentage accuracy performance on the proximity 
judgement task across younger and older adult group for the routes 
through the familiar and less familiar areas. Error bars indicate ±1 
standard error of the mean. Chance performance in this task was 
50 % as indicated
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found a main effect of participant group [F(1, 45) = 22.79, 
p  <  0.001, ηp

2 =  0.34] with worse performance for older 
(M  =  33.17, SD  =  15.67) than younger (M  =  57.89, 
SD  =  19.53) adults. There was a main effect of route 
[F(1, 45) = 11.09, p = 0.002, ηp

2 = 0.2] with better perfor-
mance for locating target objects in the familiar (M = 50.9, 
SD  =  23.27) than the less familiar area (M  =  40.68, 
SD = 25.05). The interaction between participant group and 
route approached significance [F(1, 45) = 3.77, p = 0.058, 
ηp

2 = 0.08], as shown in Fig. 8. Post hoc comparisons (Bon-
ferroni-corrected t tests) were conducted to analyse this 
relative benefit of a familiar environment across older and 
younger adults on this task. Older adults were significantly 
better [t(22) = 3.79, p = 0.001] at locating target objects in 
the familiar (M = 41.36, SD = 21.75) than the less famil-
iar area (M =  24.98, SD =  15.26). In contrast, there was 
no benefit of area for the younger adults [t(23)  =  0.97, 
p = 0.34] (familiar: M = 60.05, SD = 21.26; less familiar: 
M = 55.73, SD = 23.43).

Landmark naming task

The landmark naming task involved identifying each tar-
get object encountered along each route on a 2D map 
of the East and West areas of college as indicated on a 
map. A mixed ANOVA conducted on the mean accu-
racy scores revealed a main effect of participant group 
[F(1, 45) = 43.79, p < 0.001, ηp

2 = 0.5]: performance was 
worse in the older (M = 46.52, SD = 18.12) than younger 
(M =  83.33, SD =  19.93) adult group. The difference in 
landmark naming performance to the familiar (M = 69.79, 
SD = 29) and less familiar (M = 60.85, SD = 33.09) areas 
failed to reach significance [F(1, 45) =  3.53, p =  0.067, 
ηp

2 =  0.07]. There was no interaction between participant 
group and route [F(1, 45) < 1], as shown in Fig. 9.

Correlations between performance on the object 
recognition and performance on direction judgement, 
proximity judgement, landmark locating and landmark 
naming tasks

When an object was encountered along each route, partici-
pants were instructed to remember the object itself, as well 
as the direction taken at that object’s location. As such, it 
is feasible to assume that objects were either represented 
within a spatial context (i.e. together with the direction 
taken) or as object representations which are independent 
from the spatial context (e.g. Hollingworth and Hender-
son 1998; Oliva and Torralba 2007). To assess these pos-
sibilities, we investigated whether accuracy performance 
by the younger and older adult groups together on the 
object recognition task was related to performance on all 
spatial tasks. First, we conducted separate correlations on 
the accuracy performance between the object recognition 
task and direction judgement task, irrespective of route. We 
found a significantly positive correlation across these tasks 
[r(45) = 0.51, p < 0.001]. The positive correlation between 
performance accuracy on these two tasks indicates that bet-
ter performance on object recognition is associated with 
better spatial memory for directions taken (see Fig. 10a).

In the second analysis, we investigated whether accuracy 
performance on the object recognition task was related to 
performance on the proximity judgement task regardless of 
route. We found a significantly positive correlation across 
these tasks [r(45) =  0.47, p < 0.001]. The positive corre-
lation between performance accuracy on these two tasks 
indicates that better performance on object recognition was 
associated with better memory for relative object positions 
(see Fig. 10b).

A separate correlation was also conducted on the accu-
racy scores between accuracy performance on the object 

Fig. 8   Mean accuracy at locating the target objects in the landmark 
location task across the younger and older adult groups for the routes 
through the familiar and less familiar areas. Error bars indicate ±1 
standard error of the mean

Fig. 9   Mean accuracy at naming the target objects in the landmark 
naming task across the younger and older adult groups for the routes 
through the familiar and less familiar areas. Error bars indicate ±1 
standard error of the mean
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recognition and landmark locating task. Again, we found a 
significantly positive correlation across these tasks 
[r(45) =  0.31, p =  0.031] (see Fig.  10c), indicating that 
better performance on object recognition was associated 
with better memory for the location of target objects on a 
map. The correlation conducted on the accuracy perfor-
mance between the object recognition and landmark nam-
ing task revealed a significantly positive correlation across 
these tasks [r(45) = 0.5, p < 0.001] (see Fig. 10d). These 
correlations were also conducted on performance of the 
younger and older groups separately. However, while the 
correlations between object recognition and direction 
judgement, proximity judgement and landmark naming for 
both groups were consistently in a positive direction, these 
correlations failed to reach significance.2

2  Younger adults: correlations between object recognition and direc-
tion judgement [r(22)  =  0.28, p  =  0.19], proximity judgement 
[r(22) = 0.29, p = 0.16], landmark location [r(22) = 0.05, p = 0.81] 
and landmark naming [r(22) = 0.26, p = 0.21]. Older adults: object 
recognition and direction judgement [r(21)  =  0.36, p  =  0.09], 
proximity judgement [r(21)  =  0.29, p  =  0.19], landmark loca-
tion [r(21) =  0.02, p =  0.92] and landmark naming [r(21) =  0.23, 
p = 0.3].

We also assessed whether performance was better across 
trials for each target object in the direction judgment, prox-
imity judgement, landmark location and landmark nam-
ing tasks when that target object was correctly recognised 
compared to when it was forgotten (see Fig.  11). To that 
end we conducted a by-item analysis with route (familiar, 

Fig. 10   Plots showing the 
correlation between accuracy 
performance on the object 
recognition task and a direction 
judgement, b proximity judge-
ment, c landmark locating and 
d landmark naming tasks for 
performance across younger 
and older adults only

Fig. 11   Mean accuracy across the direction judgement, proximity 
judgement, landmark location and landmark naming tasks for remem-
bered compared to forgotten target objects. Error bars indicate ±1 
standard error of the mean
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less familiar), target object (remembered, forgotten) and 
task (direction judgment, proximity judgement, landmark 
location and landmark naming) as factors on a trial-by-
trial basis. There was a main effect of target object [F2(1, 
9) = 24.04, p < 0.001, ηp

2 = 0.73], with a higher percentage 
of remembered (M = 69.67, SD = 5.36) relative to forgot-
ten target objects (M = 48.12, SD = 14.41). The effect of 
route and task failed to reach significance (p = n.s.). There 
was a significant interaction between target object and task 
[F2(3, 7) = 3.13, p = 0.042, ηp

2 = 0.26], with better perfor-
mance on the direction judgement, landmark location and 
landmark location tasks when the object was remembered 
compared to when it was forgotten (all ps < 0.01). No other 
significant interactions were found (all ps = n.s.).

Taken together, the consistent findings of positive cor-
relations between the object recognition task and the prox-
imity judgement, landmark locating and landmark naming 
tasks, suggest that better performance on the object recog-
nition task was associated with better spatial memory as 
assessed across a range of tasks. The item analysis further 
suggests that spatial memory across tasks was better when 
target objects were remembered relative to when they were 
forgotten.

Discussion

The aim of this study was to investigate whether the 
familiarity of an environment affected spatial memory and 
memory for novel objects embedded in the environment. 
We compared the effect of familiar and less familiar envi-
ronments on memory in younger and older adults using a 
virtual representation of the campus of Trinity College 
Dublin. First, we found no evidence for significant perfor-
mance differences across College areas on all of the spatial 
memory tasks in student members of Trinity College who 
reported being equally familiar with both areas (although 
in the direction judgement task performance was margin-
ally better for the West area of campus). We then compared 
the performance of older adults and younger adults, who 
were both more familiar with one area (West) of the Col-
lege campus than another (East). First, we found that older 
adults performed worse than their younger counterparts 
across all tasks. However, our findings indicated a ben-
efit for environment familiarity for both younger and older 
adults on their performance in recognising novel objects 
and in judging the correct direction taken at each object. 
Moreover, our results suggested that older adults’ recall of 
landmark locations on a map was better for objects embed-
ded in the familiar area than in the less familiar area within 
the College campus. No such benefit was found when the 
task involved judging the relative proximity of objects to 
each other.

Our results are consistent with previous findings sug-
gesting age differences in spatial memory for familiar ver-
sus unfamiliar environments (e.g. Bruce and Herman 1983; 
Campbell et  al. 2014; Kirasic 1989, 1991; Muffato et  al. 
2015). However, the results from the current study extend 
these findings in an important way: here we show that the 
benefit provided by environment familiarity also impacts 
on object recognition and egocentric processing of novel 
items in both younger and older adults, but not for judging 
the relative proximity between these novel items. As the 
East area of campus was less familiar to both younger and 
older adults, the novel objects placed in the centre of each 
intersection along the route likely functioned as associative 
cues which participants relied upon to remember the direc-
tion taken at each object (Waller and Lippa 2007). Previous 
research has found that older adults tend to rely more on 
beacon-based than associative cue-based egocentric strate-
gies when navigating through a novel environment (Wiener 
et al. 2013), which may have further hindered their perfor-
mance on the direction judgement task in the less familiar 
area relative to younger adults. However, within the famil-
iar area, it is possible that participants may have used their 
knowledge about the environment from long-term memory 
to memorise the route (Schinazi and Epstein 2010). In line 
with the results of the object recognition and direction 
judgement tasks, research conducted on the role of sche-
mas in memory formation has demonstrated that the pres-
ence of a cognitive framework (or schema) facilitates new 
learning both when the new information is congruent or 
incongruent (i.e. novel) to that schema (van Kesteren et al. 
2012). Therefore, it is possible that the schema related to 
the contextual cue of the well-known West area of campus 
allowed for more robust encoding of events occurring at 
specific locations within that area (i.e. the embedded novel 
objects). Previous findings have also suggested that famil-
iar, as opposed to less familiar, landmarks or locations pro-
vide a more robust spatial cue or context in which an event 
can be constructed and thus remembered with more details 
and vividness, improving scene memory pertaining to that 
landmark (Robin and Moscovitch 2014; Robin et al. 2015). 
Furthermore, in line with faster reaction times for object 
recognition in the familiar compared to less familiar area, 
Robin and Moscovitch (2014) found that retrieval times 
were faster for scene memories based on more familiar 
than less familiar cues, suggesting that less effortful cogni-
tive processes were involved in recalling an event based on 
a highly familiar spatial context.

Regarding the proximity judgement task, the allocen-
tric processing necessary to successfully complete the 
task relies on the hippocampus, a structure known to have 
reduced activation during spatial learning tasks in older 
adults (Moffat et  al. 2006). The successful completion of 
this task requires knowledge relating to the topographical 



Exp Brain Res	

1 3

spatial relationship between target objects. Humans have 
been shown to be quite efficient at estimating the proxim-
ity to a distant target location using parameters such as 
direction, Euclidean distance and route distance (Howard 
et  al. 2014; Thorndyke and Hayes-Roth 1982). Using a 
paradigm designed to separate the Euclidean distance from 
path distance to a goal location, Howard et al. (2014) were 
able to identify distinct brain activations depending on the 
type of distance being represented. Specifically, they found 
that posterior hippocampal activity was correlated with the 
path distance to the goal location, while entorhinal activ-
ity was correlated with the Euclidean distance to goal loca-
tion. However, trials within the proximity judgement task 
in the current study were not separated in terms of Euclid-
ean or route distance between the reference object and the 
closer object. Therefore, it is possible that trials could have 
been solved by either an egocentric or allocentric spatial 
strategy. Nevertheless, all participants found the proxim-
ity judgement task challenging as suggested by their accu-
racy performance (i.e. students 73.65  %, younger adults 
67.71  % and older adults 55.76  % accuracy on average) 
and by the slow reaction times by both the younger groups 
and older adults relative to other tasks (see Table 6). This 
finding is indicative of the use of allocentric processing 
which requires the use of additional cognitive operations, 
necessitating longer response times compared to egocentric 
processing (Byrne et  al. 2007). In particular, older adults 
performed worse on this measure than younger adults.

In contrast to our results, Rosenbaum et al. (2012) found 
no difference in performance between younger and older 
adults on a proximity judgement task, suggesting a general 
benefit for a highly familiar environment on allocentric pro-
cessing in older adults. The current study found no benefit 
for environment familiarity on proximity judgements for 
either the younger cohorts or older adults. However, there 
are some important differences between these studies that 
may account for these differences in the proximity judge-
ment tasks. First, the objects referred to by Rosenbaum 
et al. (2012) were landmarks which were already familiar 
within the environment and could potentially be used for 
navigation, whereas the objects used in the current study 
were novel and therefore unfamiliar within the context of 
the familiar environments and had little to do with naviga-
tion. A second methodological difference between the stud-
ies is that in the present study we used a virtual rendering 
of a familiar environment, whereas the Rosenbaum et  al. 
(2012) study was based on the veridical city of Toronto. 
A virtual environment allows the experimenter to present 
important information about spatial layout while also con-
trolling for extraneous information which may be irrelevant 
to the task, such as the presence of other people or traffic, 
but may affect performance. However, results of the valida-
tion study demonstrated that participants were easily able 

to locate scenes from the virtual routes used in the current 
study on a map of the area, suggesting the virtual environ-
ment was a faithful rendering of the real TCD campus. 
Furthermore, previous studies have shown a strong correla-
tion between spatial memory performance for virtual and 
real-world environments across younger, older and clinical 
populations (Cushman et al. 2008; Lloyd et al. 2009; Sorita 
et al. 2013).

Another possible difference between the studies is that 
the older adults in our study may not have been presented 
with sufficient time to form a cognitive map of the testing 
environment during the course of the experimental ses-
sion. Research has shown that older adults take longer to 
form a cognitive map than their younger counterparts (Iaria 
et al. 2009; Rosenbaum et al. 2012); therefore, it remains 
an outstanding issue as to whether or not performance in 
the proximity judgement task would improve with longer 
learning time. Furthermore, because the environment uti-
lised by Rosenbaum et al. was well known to older adults 
in the remote past, it is possible that extrahippocampal 
regions may have supported performance on the proximity 
judgement task, as opposed to the hippocampus (Hirshhorn 
et al. 2012; Rosenbaum et al. 2007), resulting in compara-
ble performance to younger adults.

Our results are similar to those reported by Head and 
Isom (2010) from their wayfinding condition: relative to 
younger adults, older adults in the current study had dif-
ficulty recalling where a target landmark object was located 
on a 2D map of each area through which the routes tra-
versed, as well as difficulty with naming the target land-
marks on the map. Older adults’ performance on these 
tasks, as well as on the proximity judgement task, is indica-
tive of an inability to form, or recall, a sufficient cognitive 
map of each environment (Head and Isom 2010; Moffat 
et al. 2001). However, older adults’ performance suggested 
a benefit for landmark location memory in the familiar 
area compared to the less familiar area. This result was not 
found for younger adults, who found several tasks easier 
and performed comparably well across the two routes. The 
ability to localise target landmarks on a 2D aerial view map 
when originally learned from a first person perspective has 
been considered a measure of “cognitive mapping” ability 
(Moffat and Resnick 2002). However, it is possible that this 
task could be solved using either allocentric or egocentric 
spatial processing in the current study. Specifically, the 2D 
map as presented to participants may have provided suf-
ficient cues to complete the task by associating egocentric 
directional information with a location. For example, the 
2D map contained an outline of the buildings in the area 
which may have provided a context to recall which particu-
lar target object was associated with a given location, par-
ticularly in the familiar environment where the buildings 
and their locations were well known. Given that previous 
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studies have reported that older adults consistently rely 
on an egocentric strategy when an allocentric strategy is 
required to solve a spatial task (Wiener et  al. 2013), it is 
likely that older adults relied on an egocentric-based strat-
egy to solve the landmark location task. It is possible there-
fore that the current finding suggests that familiarity with 
an environment mediated older adults’ ability to localise 
objects presented within that environment through use of 
an egocentric spatial strategy.

Although the current study took both objective and self-
reported measures of familiarity, future research could also 
provide more objective measures of familiarity such as the 
frequency and duration of visits to the different areas of the 
campus. Epstein et  al. (2007a, b) used participants’ over-
all magnitude of the BOLD response in cortical regions 
involved in spatial orientation to photographs of the well-
known area of the campus relative to photographs of the 
lesser-known area as an index of familiarity. However, in 
the current study the performance of students who were 
equally familiar with both areas was not different across 
the two routes. In contrast, younger adults who rated the 
West end of campus as more familiar than the East end per-
formed better on the familiar route in the object recognition 
and direction judgement tasks than on the route they rated 
as less familiar. These data suggest that the self-reported 
familiarity by both the students and younger adults was 
predictive of their subsequent performance across the 
familiar and less familiar routes and, moreover, that the 
participant groups had been categorised correctly.

The results from neuroimaging studies provide insight 
into the possible neural underpinnings of the behavioural 
effects observed in our study. The two distinct spatial rep-
resentations of an environment, egocentric and allocentric, 
are thought to be mediated by separate brain regions. Ego-
centric spatial processing has been shown to be supported 
more by the caudate nucleus, whereas allocentric process-
ing is supported by the hippocampus (e.g. Hartley et  al. 
2003; Iaria et  al. 2003; Maguire et  al. 1998; Packard and 
McGaugh 1996). The relative navigational skills of each 
individual has been shown to differentially activate these 
brain regions, with accurate wayfinding performance (allo-
centric spatial processing) activating the right posterior hip-
pocampus and accurate route following or learning (ego-
centric spatial processing) activating the head of the right 
caudate nucleus (Hartley et al. 2003).

The hippocampus receives the input, via the entorhinal 
cortex, from the PHC, which in turn receives inputs pri-
marily from the visuospatial association areas in the dor-
sal visual stream, as well as from other structures includ-
ing the retrosplenial cortices (e.g. Davachi et  al. 2003; 
Suzuki and Amaral 1994). Research on visual scene pro-
cessing suggests that the retrosplenial cortical region plays 
an important role in  situating the local scene within the 

broader spatial environment (Epstein et al. 2007a, b), while 
the PHC is implicated in mediating contextual association 
between objects as well as increasing activation for navi-
gationally relevant landmarks (Aminoff et al. 2007; Janzen 
and van Turennout 2004). More pertinently, Epstein et  al. 
(2007a) reported stronger activations to images of familiar 
locations than to images of unfamiliar locations in the para-
hippocampal region, retrosplenial cortex and transverse 
occipital sulcus of younger adults, with experience modu-
lating the visual processing of these scenes. The strength of 
activation in the PHC to the presentation of scenes was also 
found to positively correlate with self-reported navigational 
abilities (Epstein et al. 2005).

The current results suggest that these findings may be 
extended to the representations of novel objects embed-
ded within a familiar environment. For example, the find-
ings reported by Hayes et al. (2007) suggest that the PHC 
is involved not only in scene processing, but may also 
reinstate visual context to an object to mediate successful 
episodic memory retrieval. This finding is relevant to the 
current study, as during the test phase of the experiment all 
images of objects from the two routes were presented on 
black backgrounds, devoid of contextual information. It is 
plausible that successful recognition of these objects was 
supported via the PHC in which the familiar context learned 
during passive viewing of the route through the familiar 
area was associated with each object. Furthermore, better 
performance in recognising target objects from the environ-
ment was associated with better performance on all other 
tasks reported in the current study. However, there was an 
age effect present in all tasks; therefore, it is possible that 
group differences in performance were driving the correla-
tion. To that end, although correlations conducted for the 
younger and older groups separately failed to reach sig-
nificance, there were positive correlations between object 
recognition and direction judgement, proximity judge-
ment and landmark naming for both groups. Furthermore, 
when a target object was successfully remembered, spatial 
memory across tasks was better for that object compared 
to if an object was forgotten. These findings suggest that 
target objects were represented within the spatial context 
(i.e. together with the direction taken) in which they were 
learned as opposed to being represented independently of 
spatial context (e.g. Hollingworth and Henderson 1998).

Previous studies have reported comparable spatial mem-
ory performance of younger and older adults for familiar 
environments (e.g. Campbell et  al. 2014; Kirasic 1991; 
Muffato et  al. 2015; Rosenbaum et  al. 2012) though this 
was not found to be the case in the current study. How-
ever, the aforementioned studies were based on landmarks 
already familiar within the environment, whereas the cur-
rent study required the effortful binding of novel objects 
to the environment context, which may have proved more 
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difficult for older relative to younger adults. It is also pos-
sible that more general age-related declines in cognitive 
function such as information processing speed, work-
ing memory, visuospatial memory and executive function 
(Cabeza et  al. 2005) may have contributed to the lack of 
interaction between age group and route due to the over-
lap of the cognitive processes necessary for efficient global 
cognitive function and spatial navigation (Taillade et  al. 
2013).

Older adults have been shown to have reduced volume 
and reduced activity in the PHC compared to younger 
adults (Antonova et al. 2009), which may explain the age-
related decline in performance across the object recogni-
tion and direction judgement tasks. The results of Meulen-
broek et al. (2004) suggest that this age difference may be 
due to a reduction in the ability to bind the target object to 
its background context, based on reduced parahippocampal 
activity. However, while Chee et al. (2006) found that older 
age is associated with a reduction in the ability of the hip-
pocampus to efficiently bind objects to novel backgrounds, 
the authors also found evidence for preserved background 
processing in the PHC of older adults. Kessels et al. (2005) 
also reported an age-related decline in the ability to bind 
an object to its spatial location. Similarly, older adults 
have been found to have stronger activation in the PHC 
in an contextual memory retrieval task consistent with an 
age-related increase in familiarity-based recognition (e.g. 
Cabeza et al. 2004). Furthermore, Craik and Schloerscheidt 
(2011) found that when target objects, previously learned 
within a particular context, were subsequently presented 
in the original, switched, new or no context (i.e. a blank 
background), then older adults performed better in a rec-
ognition test when the object was presented with no con-
text compared to a new context. These findings suggest that 
older adults’ recognition performance was influenced by 
the combined activation of the representation of the object 
and its context, and that an unfamiliar context was more 
detrimental to performance than no context. While the cur-
rent study does not provide direct evidence of a neuroana-
tomical substrate for representations of novel objects in a 
familiar environment, the results are consistent with the 
above evidence for stronger activations within spatial corti-
cal regions for stimuli located in a familiar scene or back-
ground. Future research using neuroimaging techniques is 
needed to explore this finding further.

Overall, the response times of the older adults were 
slower on the measures of object recognition and direction 
judgement relative to the younger adult groups. Again, as 
we found no interaction between age group and route for 
any of the computerised tasks, it is possible that slower 
response times were in part the result of impaired process-
ing speed with increasing age (Salthouse 1996). However, 
there was no difference in the response times of older or 

younger adults to the proximity judgement task. The 
increased reaction times of both age groups suggest that the 
probable use of allocentric processing to effectively solve 
this task was particularly cognitively demanding (Byrne 
et  al. 2007). As well as reaction time variability being a 
consequence of cognitive ageing (e.g. Hultsch et al. 2002), 
slower reaction times by older adults on computer-based 
tasks could be due to a lack of fluency with the use of com-
puters, though not indicative of worse spatial memory per 
se (Moffat et  al. 2001). Interestingly, although age differ-
ences were evident in self-ratings of experience with com-
puters and computer games, the composite score of these 
variables did not contribute to the participants’ accuracy 
performance on any of the measures. However, computer 
experience correlated with reaction times for the object rec-
ognition task on both the familiar and less familiar routes 
and proximity judgement task on the less familiar route 
only, but not with reaction times on the direction judge-
ment task for either route. This suggests that those with less 
computer experience responded more slowly, particularly 
on the more difficult or cognitively demanding tasks such 
as proximity judgement.

In summary, this study successfully replicated a con-
sistent finding in the literature of impaired spatial learning 
with ageing, which has previously been demonstrated in 
human as well as in comparative studies, using both real-
world and virtual environments (e.g. Begega et  al. 2001; 
Head and Isom 2010; Kirasic 1991; Moffat 2009; Wiener 
et  al. 2012, 2013; Wilkniss et  al. 1997). Furthermore, by 
utilising a virtual representation of both a familiar and less 
familiar environment, we found that environment famili-
arity benefitted object recognition and egocentric spatial 
processing in both younger and older adults. In particular, 
environment familiarity mediated older adults’ ability to 
remember the relative locations of objects presented within 
that environment. Although more research is necessary to 
ascertain exactly how familiar environments support these 
cognitive benefits, the current findings suggest that con-
text familiarity may free up cognitive resources for learn-
ing new information presented within this spatial context 
(Allen 1999; Kirasic 1991).

Acknowledgments  This research was funded by the European 
Commission FP7 “VERVE” Project, Grant No. 288914 and by Sci-
ence Foundation Ireland Principal Investigator awards (“Metropolis” 
Project Number 06/IN.1/I96 and “Socialising Agents” Project Num-
ber 10/IN.1/13003).

References

Allen GL (1999) Spatial abilities, cognitive maps and wayfinding: 
bases for individual differences in spatial cognition and behavior. 
In: Golledge RG (ed) Wayfinding behavior. Johns Hopkins, Bal-
timore, pp 46–80



	 Exp Brain Res

1 3

Aminoff E, Gronau N, Bar M (2007) The parahippocampal cor-
tex mediates spatial and nonspatial associations. Cereb Cortex 
17(7):1493–1503. doi:10.1093/cercor/bhl078

Antonova E, Parslow D, Brammer M, Dawson GR, Jackson 
SH, Morris RG (2009) Age-related neural activity dur-
ing allocentric spatial memory. Memory 17(2):125–143. 
doi:10.1080/09658210802077348

Begega A, Cienfuegos S, Rubio S, Santı́n JL, Miranda R, Arias JL 
(2001) Effects of ageing on allocentric and egocentric spa-
tial strategies in the Wistar rat. Behav Process 53(1–2):75–85. 
doi:10.1016/S0376-6357(00)00150-9

Berthoz A, Viaud-Delmon I (1999) Multisensory integration in spa-
tial orientation. Curr Opin Neurobiol 9:708–712. doi:10.1016/
S0959-4388(99)00041-0

Bruce PR, Herman JF (1983) Spatial knowledge of young and elderly 
adults: scene recognition from familiar and novel perspectives. 
Exp Aging Res 9(3):169–173. doi:10.1080/03610738308258447

Byrne P, Becker S, Burgess N (2007) Remembering the past and imag-
ining the future: a neural model of spatial memory and imagery. 
Psychol Rev 114(2):340–375. doi:10.1037/0033-295X.114.2.340

Cabeza R, Daselaar SM, Dolcos F, Prince SE, Budde M, Nyberg L 
(2004) Task-independent and task-specific age effects on brain 
activity during working memory, visual attention and episodic 
retrieval. Cereb Cortex 14(4):364–375. doi:10.1093/cercor/
bhg133

Cabeza R, Nyberg L, Park D (2005) Cognitive neuroscience of aging: 
linking cognitive and cerebral aging. Oxford University Press, 
New York. doi:10.1176/appi.ajp.163.3.560

Campbell JI, Hepner IJ, Miller LA (2014) The influence of age and 
sex on memory for a familiar environment. J Env Psychol 40:1–
8. doi:10.1016/j.jenvp.2014.04.007

Castelli L, Latini Corazzini L, Geminiani GC (2008) Spatial navi-
gation in large-scale virtual environments: gender differ-
ences in survey tasks. Comput Hum Behav 24(4):1643–1667. 
doi:10.1016/j.chb.2007.06.005

Chee MWL, Goh JOS, Venkatraman V, Tan JC, Gutchess A, Sutton 
B, Park DC (2006) Age-related changes in object processing and 
contextual binding revealed using fMR adaptation. J Cogn Neu-
rosci 18(4):495–507. doi:10.1162/jocn.2006.18.4.495

Craik FIM, Schloerscheidt AM (2011) Age-related differences in rec-
ognition memory: effects of materials and context change. Psy-
chol Aging 26(3):671–677. doi:10.1037/a0022203

Cushman LA, Stein K, Duffy CJ (2008) Detecting navigational 
deficits in cognitive aging and Alzheimer disease using vir-
tual reality. Neurology 71(12):888–895. doi:10.1212/01.
wnl.0000326262.67613.fe

Davachi L, Mitchell JP, Wagner AD (2003) Multiple routes to mem-
ory: distinct medial temporal lobe processes build item and 
source memories. Proc Natl Acad Sci USA 100(4):2157–2162. 
doi:10.1073/pnas.0337195100

Driscoll I, Hamilton DA, Petropoulos H, Yeo RA, Brooks WM, 
Baumgartner RN, Sutherland RJ (2003) The aging hippocam-
pus: cognitive, biochemical and structural findings. Cereb Cortex 
13(12):1344–1351. doi:10.1093/cercor/bhg081

Epstein RA (2005) The cortical basis of visual scene processing. Vis-
ual Cogn 12(6):954–978. doi:10.1080/13506280444000607

Epstein RA, Kanwisher N (1998) A cortical representation of 
the local visual environment. Nature 392(6676):598–601. 
doi:10.1038/33402

Epstein RA, Vass LK (2014) Neural systems for landmark-based 
wayfinding in humans. Philos Trans R Soc Lond Ser B Biol Sci 
369(1635):20120533. doi:10.1098/rstb.2012.0533

Epstein RA, Higgins JS, Thompson-Schill SL (2005) Learning places 
from views: variation in scene processing as a function of expe-
rience and navigational ability. J Cogn Neurosci 17(1):73–83. 
doi:10.1162/0898929052879987

Epstein RA, Higgins JS, Jablonski K, Feiler AM (2007a) Visual scene 
processing in familiar and unfamiliar environments. J Neuro-
physiol 97(5):3670–3683. doi:10.1152/jn.00003.2007

Epstein RA, Parker WE, Feiler AM (2007b) Where am I now? Dis-
tinct roles for parahippocampal and retrosplenial cortices in 
place recognition. J Neurosci 27(23):6141–6149. doi:10.1523/
jneurosci.0799-07.2007

Etienne AS, Jeffery KJ (2004) Path integration in mammals. Hip-
pocampus 14(2):180–192. doi:10.1002/hipo.10173

Harris MA, Wiener JM, Wolbers T (2012) Aging specifically impairs 
switching to an allocentric navigational strategy. Front Aging 
Neurosci 4(29):1–9. doi:10.3389/fnagi.2012.00029

Hartley T, Maguire EA, Spiers HJ, Burgess N (2003) The well-worn 
route and the path less traveled: distinct neural bases of route 
following and wayfinding in humans. Neuron 37(5):877–888. 
doi:10.1016/S0896-6273(03)00095-3

Hayes SM, Nadel L, Ryan L (2007) The effect of scene context on 
episodic object recognition: parahippocampal cortex mediates 
memory encoding and retrieval success. Hippocampus 889:873–
889. doi:10.1002/hipo

Head D, Isom M (2010) Age effects on wayfinding and route learn-
ing skills. Behav Brain Res 209(1):49–58. doi:10.1016/j.
bbr.2010.01.012

Hegarty M, Richardson AE, Montello DR, Lovelace K, Subbiah I 
(2002) Development of a self-report measure of environmental 
spatial ability. Intelligence 30:425–447

Hirshhorn M, Grady C, Rosenbaum RS, Winocur G, Moscovitch M 
(2012) The hippocampus is involved in mental navigation for a 
recently learned, but not a highly familiar environment: a longi-
tudinal fMRI study. Hippocampus 22(4):842–852. doi:10.1002/
hipo.20944

Hollingworth A, Henderson JM (1998) Does consistent scene context 
facilitate object perception? J Exp Psychol Gen 127(4):398–415. 
doi:10.1037/0096-3445.127.4.398

Howard LR, Javadi AH, Yu Y, Mill RD, Morrison LC, Knight 
R, Spiers HJ (2014) The hippocampus and entorhinal cor-
tex encode the path and Euclidean distances to goals dur-
ing navigation. Curr Biol 24(12):1331–1340. doi:10.1016/j.
cub.2014.05.001

Hultsch DF, MacDonald SWS, Dixon RA (2002) Variability in reac-
tion time performance of younger and older adults. J Gerontol 
Psychol Sci 57(2):P101–P115. doi:10.1093/geronb/57.2.P101

Iaria G, Petrides M, Dagher A, Pike B, Bohbot VD (2003) Cognitive 
strategies dependent on the hippocampus and caudate nucleus in 
human navigation: variability and change with practice. J Neuro-
sci 23(13):5945–5952

Iaria G, Palermo L, Committeri G, Barton JJS (2009) Age differences 
in the formation and use of cognitive maps. Behav Brain Res 
196(2):187–191. doi:10.1016/j.bbr.2008.08.040

Janzen G, van Turennout M (2004) Selective neural representation 
of objects relevant for navigation. Nat Neurosci 7(6):673–677. 
doi:10.1038/nn1257

Kessels RPC, Te Boekhorst S, Postma A (2005) The contribution of 
implicit and explicit memory to the effects of errorless learning: 
a comparison between young and older adults. J Int Neuropsy-
chol Soc 11(2):144–151. doi:10.1017/S1355617705050174

Kirasic KC (1989) The effects of age and environmental familiar-
ity on adults’ spatial problem-solving performance: evidence 
of a hometown advantage. Exp Aging Res 15(4):181–187. 
doi:10.1080/03610738908259773

Kirasic KC (1991) Spatial cognition and behavior in young and 
elderly adults: implications for learning new environments. Psy-
chol Aging 6(1):10–18. doi:10.1037/0882-7974.6.1.10

Konishi K, Etchamendy N, Roy S, Marighetto A, Rajah N, Bohbot 
VD (2013) Decreased functional magnetic resonance imaging 
activity in the hippocampus in favor of the caudate nucleus in 

http://dx.doi.org/10.1093/cercor/bhl078
http://dx.doi.org/10.1080/09658210802077348
http://dx.doi.org/10.1016/S0376-6357(00)00150-9
http://dx.doi.org/10.1016/S0959-4388(99)00041-0
http://dx.doi.org/10.1016/S0959-4388(99)00041-0
http://dx.doi.org/10.1080/03610738308258447
http://dx.doi.org/10.1037/0033-295X.114.2.340
http://dx.doi.org/10.1093/cercor/bhg133
http://dx.doi.org/10.1093/cercor/bhg133
http://dx.doi.org/10.1176/appi.ajp.163.3.560
http://dx.doi.org/10.1016/j.jenvp.2014.04.007
http://dx.doi.org/10.1016/j.chb.2007.06.005
http://dx.doi.org/10.1162/jocn.2006.18.4.495
http://dx.doi.org/10.1037/a0022203
http://dx.doi.org/10.1212/01.wnl.0000326262.67613.fe
http://dx.doi.org/10.1212/01.wnl.0000326262.67613.fe
http://dx.doi.org/10.1073/pnas.0337195100
http://dx.doi.org/10.1093/cercor/bhg081
http://dx.doi.org/10.1080/13506280444000607
http://dx.doi.org/10.1038/33402
http://dx.doi.org/10.1098/rstb.2012.0533
http://dx.doi.org/10.1162/0898929052879987
http://dx.doi.org/10.1152/jn.00003.2007
http://dx.doi.org/10.1523/jneurosci.0799-07.2007
http://dx.doi.org/10.1523/jneurosci.0799-07.2007
http://dx.doi.org/10.1002/hipo.10173
http://dx.doi.org/10.3389/fnagi.2012.00029
http://dx.doi.org/10.1016/S0896-6273(03)00095-3
http://dx.doi.org/10.1002/hipo
http://dx.doi.org/10.1016/j.bbr.2010.01.012
http://dx.doi.org/10.1016/j.bbr.2010.01.012
http://dx.doi.org/10.1002/hipo.20944
http://dx.doi.org/10.1002/hipo.20944
http://dx.doi.org/10.1037/0096-3445.127.4.398
http://dx.doi.org/10.1016/j.cub.2014.05.001
http://dx.doi.org/10.1016/j.cub.2014.05.001
http://dx.doi.org/10.1093/geronb/57.2.P101
http://dx.doi.org/10.1016/j.bbr.2008.08.040
http://dx.doi.org/10.1038/nn1257
http://dx.doi.org/10.1017/S1355617705050174
http://dx.doi.org/10.1080/03610738908259773
http://dx.doi.org/10.1037/0882-7974.6.1.10


Exp Brain Res	

1 3

older adults tested in a virtual navigation task. Hippocampus 
23(11):1005–1014. doi:10.1002/hipo.22181

Liu I, Levy RM, Barton JJS, Iaria G (2011) Age and gender differ-
ences in various topographical orientation strategies. Brain Res 
1410:112–119. doi:10.1016/j.brainres.2011.07.005

Lloyd J, Persaud NV, Powell TE (2009) Equivalence of real-world 
and virtual-reality route learning: a pilot study. Cyberpsychol 
Behav 12(4):423–427. doi:10.1089/cpb.2008.0326

Lövdén M, Schaefer S, Noack H, Bodammer NC, Kühn S, Heinze 
HJ, Lindenberger U (2012) Spatial navigation training pro-
tects the hippocampus against age-related changes during early 
and late adulthood. Neurobiol Aging 33(3):620.e9–620.e22. 
doi:10.1016/j.neurobiolaging.2011.02.013

Luis CA, Keegan AP, Mullan M (2009) Cross validation of the 
Montreal Cognitive Assessment in community dwelling older 
adults residing in the Southeastern US. Int J Geriatr Psychiatry 
24(2):197–201. doi:10.1002/gps

Maguire EA, Burke T, Phillips J, Staunton H (1996) Topo-
graphical disorientation following unilateral temporal lobe 
lesions in humans. Neuropsychologia 34(10):993–1001. 
doi:10.1016/0028-3932(96)00022-X

Maguire EA, Burgess N, Donnett JG, Frackowiak RSJ, Frith CD, 
O’Keefe J (1998) Knowing where and getting there: a human 
navigation network. Science 280(5365):921–924. doi:10.1126/
science.280.5365.921

Maguire EA, Gadian DG, Johnsrude IS, Good CD, Ashburner J, 
Frackowiak RSJ, Frith CD (2000) Navigation-related structural 
change in the hippocampi of taxi drivers. Proc Natl Acad Sci 
USA 97(8):4398–4403. doi:10.1073/pnas.070039597

Meneghetti C, Borella E, Fiore F, Beni R (2013) The ability to point 
to well-known places in young and older adults. Aging Clin 
Exper Res 25(2):203–209. doi:10.1007/s40520-013-0027-8

Meulenbroek O, Petersson KM, Voermans N, Weber B, Fernández G 
(2004) Age differences in neural correlates of route encoding and 
route recognition. NeuroImage 22(4):1503–1514. doi:10.1016/j.
neuroimage.2004.04.007

Moffat SD (2009) Aging and spatial navigation: what do we know 
and where do we go? Neuropsychol Review 19(4):478–489. 
doi:10.1007/s11065-009-9120-3

Moffat SD, Resnick SM (2002) Effects of age on virtual environment 
place navigation and allocentric cognitive mapping. Behav Neu-
rosci 116(5):851–859. doi:10.1037//0735-7044.116.5.851

Moffat SD, Zonderman AB, Resnick SM (2001) Age differences in 
spatial memory in a virtual environment navigation task. Neuro-
biol Aging 22(5):787–796. doi:10.1016/S0197-4580(01)00251-2

Moffat SD, Elkins W, Resnick SM (2006) Age differences in the 
neural systems supporting human allocentric spatial navi-
gation. Neurobiol Aging 27(7):965–972. doi:10.1016/j.
neurobiolaging.2005.05.011

Muffato V, Della Giustina M, Meneghetti C, De Beni R (2015) Age-
related differences in pointing accuracy in familiar and unfamil-
iar environments. Cognit Process 16(S1):313–317. doi:10.1007/
s10339-015-0720-y

Mullally SL, Maguire EA (2011) A new role for the parahippocam-
pal cortex in representing space. J Neurosci 31(20):7441–7449. 
doi:10.1523/jneurosci.0267-11.2011

Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, White-
head V, Collin I, Chertkow H (2005) The Montreal Cogni-
tive Assessment, MoCA: a brief screening tool for mild 
cognitive impairment. J Am Geriatr Soc 53(4):695–699. 
doi:10.1111/j.1532-5415.2005.53221.x

Newman EL, Caplan JB, Kirschen MP, Korolev IO, Sekuler R, 
Kahana MJ (2007) Learning your way around town: how 
virtual taxicab drivers learn to use both layout and land-
mark information. Cognition 104(2):231–253. doi:10.1016/j.
cognition.2006.05.013

O’Keefe J, Nadel L (1978) The hippocampus as a cognitive map. 
Oxford University Press, Oxford

Oliva A, Torralba A (2007) The role of context in object recog-
nition. Trends Cognit Sci 11(12):520–527. doi:10.1016/j.
tics.2007.09.009

Packard MG, McGaugh JL (1996) Inactivation of hippocampus or 
caudate nucleus with lidocaine differentially affects expres-
sion of place and response learning. Neurobiol Learn Mem 
72(0007):65–72. doi:10.1006/nlme.1996.0007

Park DC, Reuter-Lorenz P (2009) The adaptive brain: aging and 
neurocognitive scaffolding. Ann Rev Psychol 60:173–196. 
doi:10.1146/annurev.psych.59.103006.093656

Raz N, Rodrigue KM, Kennedy KM, Head D, Gunning-Dixon F, 
Acker JD (2003) Differential aging of the human striatum: longi-
tudinal evidence. Am J Neuroradiol 24(9):1849–1856

Raz N, Ghisletta P, Rodrigue KM, Kennedy KM, Lindenberger U 
(2010) Trajectories of brain aging in middle-aged and older 
adults: regional and individual differences. NeuroImage 
51(2):501–511. doi:10.1016/j.neuroimage.2010.03.020

Rich EL, Shapiro M (2009) Rat prefrontal cortical neurons selec-
tively code strategy switches. J Neurosci 29(22):7208–7219. 
doi:10.1523/jneurosci.6068-08.2009

Robin J, Moscovitch M (2014) The effects of spatial contextual famil-
iarity on remembered scenes, episodic memories, and imagined 
future events. J Exp Psychol Learn Mem Cognit 40(2):459–475. 
doi:10.1037/a0034886

Robin J, Wynn J, Moscovitch M (2015) The spatial scaffold: the 
effects of spatial context on memory for events. J Exp Psychol 
Learn Mem Cognit. doi:10.1037/xlm0000167

Rodgers MK, Sindone JA III, Moffat SD (2012) Effects of age on 
navigation strategy. Neurobiol Aging 33(1):202.e15–202.e22. 
doi:10.1016/j.neurobiolaging.2010.07.021

Rosenbaum RS, Winocur G, Grady CL, Ziegler M, Moscovitch M 
(2007) Memory for familiar environments learned in the remote 
past: fMRI studies of healthy people and an amnesic person 
with extensive bilateral hippocampal lesions. Hippocampus 
17(12):1241–1251. doi:10.1002/hipo

Rosenbaum RS, Winocur G, Binns MA, Moscovitch M (2012) 
Remote spatial memory in aging: all is not lost. Front Aging 
Neurosci 4(25):1–10. doi:10.3389/fnagi.2012.00025

Salthouse TA (1996) The processing-speed theory of adult age 
differences in cognition. Psychol Rev 103(3):403–428. 
doi:10.1037/0033-295X.103.3.403

Schinazi VR, Epstein RA (2010) Neural correlates of real-world 
route learning. NeuroImage 53(2):725–735. doi:10.1016/j.
neuroimage.2010.06.065

Schuck NW, Doeller CF, Polk TA, Lindenberger U, Li S-C (2015) 
Human aging alters the neural computation and represen-
tation of space. NeuroImage 117:141–150. doi:10.1016/j.
neuroimage.2015.05.031

Sorita E, N’kaoua B, Larrue F, Criquillon J, Simion A, Sauzéon H, 
Mazaux J-M (2013) Do patients with traumatic brain injury 
learn a route in the same way in real and virtual environments? 
Disabil Rehabil 35(16):1371–1379. doi:10.3109/09638288.201
2.738761

Steck SD, Mallot HA (2000) The role of global and local landmarks 
in virtual environment navigation. Presence Teleop Virtual Envi-
ron 9(1):69–83. doi:10.1162/105474600566628

Suzuki WA, Amaral DG (1994) Perirhinal and parahippocampal cor-
tices of the macaque monkey: cortical afferents. J Comp Neurol 
350(4):497–533

Taillade M, Sauzéon H, Déjos M, Arvind Pala P, Larrue F, Wallet G, 
N’Kaoua B (2013) Executive and memory correlates of age-
related differences in wayfinding performances using a virtual 
reality application. Aging Neuropsychol Cognit 20(3):298–319. 
doi:10.1080/13825585.2012.706247

http://dx.doi.org/10.1002/hipo.22181
http://dx.doi.org/10.1016/j.brainres.2011.07.005
http://dx.doi.org/10.1089/cpb.2008.0326
http://dx.doi.org/10.1016/j.neurobiolaging.2011.02.013
http://dx.doi.org/10.1002/gps
http://dx.doi.org/10.1016/0028-3932(96)00022-X
http://dx.doi.org/10.1126/science.280.5365.921
http://dx.doi.org/10.1126/science.280.5365.921
http://dx.doi.org/10.1073/pnas.070039597
http://dx.doi.org/10.1007/s40520-013-0027-8
http://dx.doi.org/10.1016/j.neuroimage.2004.04.007
http://dx.doi.org/10.1016/j.neuroimage.2004.04.007
http://dx.doi.org/10.1007/s11065-009-9120-3
http://dx.doi.org/10.1037//0735-7044.116.5.851
http://dx.doi.org/10.1016/S0197-4580(01)00251-2
http://dx.doi.org/10.1016/j.neurobiolaging.2005.05.011
http://dx.doi.org/10.1016/j.neurobiolaging.2005.05.011
http://dx.doi.org/10.1007/s10339-015-0720-y
http://dx.doi.org/10.1007/s10339-015-0720-y
http://dx.doi.org/10.1523/jneurosci.0267-11.2011
http://dx.doi.org/10.1111/j.1532-5415.2005.53221.x
http://dx.doi.org/10.1016/j.cognition.2006.05.013
http://dx.doi.org/10.1016/j.cognition.2006.05.013
http://dx.doi.org/10.1016/j.tics.2007.09.009
http://dx.doi.org/10.1016/j.tics.2007.09.009
http://dx.doi.org/10.1006/nlme.1996.0007
http://dx.doi.org/10.1146/annurev.psych.59.103006.093656
http://dx.doi.org/10.1016/j.neuroimage.2010.03.020
http://dx.doi.org/10.1523/jneurosci.6068-08.2009
http://dx.doi.org/10.1037/a0034886
http://dx.doi.org/10.1037/xlm0000167
http://dx.doi.org/10.1016/j.neurobiolaging.2010.07.021
http://dx.doi.org/10.1002/hipo
http://dx.doi.org/10.3389/fnagi.2012.00025
http://dx.doi.org/10.1037/0033-295X.103.3.403
http://dx.doi.org/10.1016/j.neuroimage.2010.06.065
http://dx.doi.org/10.1016/j.neuroimage.2010.06.065
http://dx.doi.org/10.1016/j.neuroimage.2015.05.031
http://dx.doi.org/10.1016/j.neuroimage.2015.05.031
http://dx.doi.org/10.3109/09638288.2012.738761
http://dx.doi.org/10.3109/09638288.2012.738761
http://dx.doi.org/10.1162/105474600566628
http://dx.doi.org/10.1080/13825585.2012.706247


	 Exp Brain Res

1 3

Thorndyke PW, Hayes-Roth B (1982) Differences in spatial knowl-
edge acquired from maps and navigation. Cogn Psychol 
14(4):560–589

Tolman EC (1948) Cognitive maps in rats and men. Psychol Rev 
55(4):189–208. doi:10.1037/h0061626

Troiani V, Stigliani A, Smith ME, Epstein RA (2014) Multiple 
object properties drive scene-selective regions. Cereb Cortex 
24(4):883–897. doi:10.1093/cercor/bhs364

van Kesteren MTR, Ruiter DJ, Fernández G, Henson RN (2012) How 
schema and novelty augment memory formation. Trends Neuro-
sci 35(4):211–219. doi:10.1016/j.tins.2012.02.001

Vanderhill S, Hultsch DF, Hunter MA, Strauss E (2010) Self-reported 
cognitive inconsistency in older adults. Aging Neuropsychol 
Cognit 17(4):385–405. doi:10.1080/13825580903265699

Waller D, Lippa Y (2007) Landmarks as beacons and associative 
cues: their role in route learning. Memory Cognit 35(5):910–
924. doi:10.3758/BF03193465

Wiener JM, Berthoz A, Wolbers T (2011) Dissociable cognitive 
mechanisms underlying human path integration. Exp Brain Res 
208(1):61–71. doi:10.1007/s00221-010-2460-7

Wiener JM, Kmecova H, de Condappa O (2012) Route repetition and 
route retracing: effects of cognitive aging. Front Aging Neurosci 
4(7):1–7. doi:10.3389/fnagi.2012.00007

Wiener JM, de Condappa O, Harris MA, Wolbers T (2013) Maladaptive 
bias for extrahippocampal navigation strategies in aging humans. J 
Neurosci 33(14):6012–6017. doi:10.1523/jneurosci.0717-12.2013

Wilkniss SM, Jones MG, Korol DL, Gold PE, Manning CA 
(1997) Age-related differences in an ecologically based 
study of route learning. Psychol Aging 12(2):372–375. 
doi:10.1037/0882-7974.12.2.372

Wolbers T, Büchel C (2005) Dissociable retrosplenial and hip-
pocampal contributions to successful formation of survey 
representations. J Neurosci 25(13):3333–3340. doi:10.1523/
jneurosci.4705-04.2005

Woollett K, Maguire EA (2010) The effect of navigational expertise 
on wayfinding in new environments. J Env Psychol 30(4):565–
573. doi:10.1016/j.jenvp.2010.03.003

http://dx.doi.org/10.1037/h0061626
http://dx.doi.org/10.1093/cercor/bhs364
http://dx.doi.org/10.1016/j.tins.2012.02.001
http://dx.doi.org/10.1080/13825580903265699
http://dx.doi.org/10.3758/BF03193465
http://dx.doi.org/10.1007/s00221-010-2460-7
http://dx.doi.org/10.3389/fnagi.2012.00007
http://dx.doi.org/10.1523/jneurosci.0717-12.2013
http://dx.doi.org/10.1037/0882-7974.12.2.372
http://dx.doi.org/10.1523/jneurosci.4705-04.2005
http://dx.doi.org/10.1523/jneurosci.4705-04.2005
http://dx.doi.org/10.1016/j.jenvp.2010.03.003

	Familiar environments enhance object and spatial memory in both younger and older adults
	Abstract 
	Introduction
	Method
	Participants
	Stimuli and apparatus
	Virtual environment
	Test stimuli

	Design
	Procedure
	Validation of the virtual environment
	Pre-validation study


	Results
	Object recognition task
	Direction judgement task
	Proximity judgement task
	Reaction times
	Landmark location task
	Landmark naming task
	Correlations between performance on the object recognition and performance on direction judgement, proximity judgement, landmark locating and landmark naming tasks

	Discussion
	Acknowledgments 
	References




