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Selective neural representation of objects relevant for
navigation

Gabriele Janzen!? & Miranda van Turennout?

As people find their way through their environment, objects at navigationally relevant locations can serve as crucial landmarks. The
parahippocampal gyrus has previously been shown to be involved in object and scene recognition. In the present study, we
investigated the neural representation of navigationally relevant locations. Healthy human adults viewed a route through a virtual
museum with objects placed at intersections (decision points) or at simple turns (non-decision points). Event-related functional
magnetic resonance imaging (fMRI) data were acquired during subsequent recognition of the objects in isolation. Neural activity in
the parahippocampal gyrus reflected the navigational relevance of an object’s location in the museum. Parahippocampal responses
were selectively increased for objects that occurred at decision points, independent of attentional demands. This increase occurred

for forgotten as well as remembered objects, showing implicit retrieval of navigational information. The automatic storage of
relevant object location in the parahippocampal gyrus provides a part of the neural mechanism underlying successful navigation.

Studies on the neural basis of navigation have consistently shown the
hippocampus to be crucially involved in the creation of an allocentric
spatial representation of our environment!~'2. The parahippocampal
gyrus, a brain region highly interconnected with the hippocampus,
has been implicated in the encoding of objects-in-place during navi-
gation®>®13, as well as in the processing of spatial visual scenes!®1°,
Successful navigation is facilitated by the presence of objects, or land-
marks, at different locations along a route!®~!8, Not all objects along a
route, however, are equally relevant for navigation. Whereas objects at
intersections convey information about which of the possible paths is
the correct one, objects placed at simple turns in the road are of much
less significance. Behavioral studies have reported that objects placed
at decision points (that is, intersections) are more likely to be remem-
bered later than objects placed at non-decision points!”. They are also
regarded as more important when participants evaluate the quality of
a route description'®. How this distinction between navigationally
relevant and irrelevant objects is stored and maintained in the brain is
still unknown. To date, all studies have focused on the neural corre-
lates of encoding spatial information during navigation. To find one’s
way back in a surrounding, however, the information about relevant
locations needs to be available at a later moment in time. Therefore, it
is likely that spatial information that is crucial for pathfinding is
encoded and stored differently than information that is of less impor-
tance. Here we report event-related fMRI evidence for differential
representation of objects in the parahippocampal gyrus as a function
of their navigational relevance in a large-scale environment.

In the study phase of the experiment, twenty healthy, right-handed
human adults (10 female) watched a film sequence through a virtual
museum, on one occasion outside the scanner. Participants were told
that they were being trained to be a guide in the museum, and their

task was to remember the objects and the route. The virtual museum
consisted of two mazes of the same shape. In each maze, objects were
placed on tables along the wall (Fig. 1a). Objects occurred either at an
intersection (decision point objects) or at a simple turn (non-deci-
sion point objects, Fig. 1b). Half of the objects in the museum were
toys, and the other half were objects from other semantic categories
(non-toys). Participants were explicitly instructed to pay special
attention to the toys to be able to guide a children’s tour through the
museum (see Methods). The placement of toys was counterbalanced
between decision and non-decision points, resulting in a completely
crossed factorial design with an equal number of attended objects
(toys) and non-attended objects (non-toys) occurring at both deci-
sion and non-decision points (see Methods). This study design
allowed us to distinguish between those effects specifically due to nav-
igational relevance of object location (decision versus non-decision
point objects) and effects related to simply paying more attention to
one group of objects as compared to the other (toys versus non-toys).

After the study phase, fMRI time series were obtained while par-
ticipants performed a simple object recognition task. Participants
were presented with objects that had been shown in the museum,
randomly intermixed with novel toys and novel non-toys. They
indicated by button press whether or not they had seen the object in
the film sequence. Importantly, in the recognition task, all objects
were shown from a canonical perspective on a white background
(Fig. 1c). Thus, during scanning, no maze-related information was
presented. Differences in brain activity for decision and non-deci-
sion point objects could, therefore, only be explained by differences
in navigational relevance during the study phase. Scrambled objects
were included to serve as a low-level visual baseline (see Methods).
All stimuli were presented rapidly, in a randomly intermixed order,
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to prevent participants from anticipating a

and changing strategies for the different 4
types of objects. Our results show that neu- h

ral activity in the parahippocampal gyrus ¥

reflects the navigational relevance of an
object’s previous location.

RESULTS
Behavioral results

Task performance was above chance level. No

significant differences in error rates (misses)
were observed for objects placed at decision
(32.98%) and non-decision (30.97%) points,
or for toys (29.74 %) and non-toys (32.62%).
False-positive responses were 15.71% for the
novel toys and 18.09% for the novel non-
toys. Scrambled objects evoked 1.82% false
positives.

Response times showed an effect of the
attentional manipulation during study. An
analysis of variance (ANOVA) of the recogni-
tion times showed a main effect of attention
(F 19 = 9.63, P < 0.001). Recognition times
were significantly faster for toys than for
non-toys (mean response latencies were
944 ms and 964 ms, respectively; t,o = 3.103,
P<0.01).In addition, an interaction between
attention and decision point was obtained
(Fy19 = 7.71, P < 0.01). Recognition times
were significantly faster for toys placed at
decision points as compared to non-decision
points (mean response latencies were 935 ms
and 954 ms, respectively; t,o = 2.334,
P < 0.05). No significant difference was
observed for non-toys placed at decision and
at non-decision points (mean response laten-

Toy at decision point

Toy at non-decision point

Fixation Object for 500 ms Yes ofr no response

e )

Figure 1 Virtual museum and recognition task. (a) The aerial perspective of the virtual museum.
Participants started the tour in the direction of the arrow. The squares indicate tables on which the
objects were placed. (b) Examples of scenes that participants viewed during the study phase.
Shown here are two attended objects (toys) placed at a decision and a non-decision point from the
viewpoint of the participants. (c) During a recognition task, participants were presented with
objects from the virtual museum that were randomly intermixed with new objects, and then they
indicated by button press whether or not they had seen the object in the prior film sequence.

cies were 973 ms and 955 ms).

Functional brain imaging data

Compared to a low-level visual baseline, objects strongly activated
bilateral occipitotemporal cortices. This region is usually referred to
as the ventral visual pathway and is known to be involved in object
recognition?’. In addition, we found increased activity in bilateral
parahippocampal gyrus, in the left inferior frontal gyrus, and the left
superior parietal lobe (P < 0.00001).

To test for effects of attention, we compared event-related fMRI
responses to toys with those to non-toys. This comparison showed a
significant increase in activity for toys in the right fusiform gyrus
(Fig. 2a). There were no other brain regions showing increased activ-
ity for toys as compared to non-toys. An ANOVA of the averaged beta
weights obtained for all voxels in this region (see Methods) showed a
main effect of attention only (toys vs. non-toys; F; 1 = 19.48, P <
0.001). There was no main effect of decision point, and no interaction
was obtained (Fig. 2b).

To examine the neural correlates of the navigational relevance of
object location, we compared responses obtained for decision-point
objects with responses obtained for non-decision point objects. This
contrast revealed a focal increase in activity in the left and right
parahippocampal gyri for decision-point objects (Fig. 3a). No such
increase was observed in any other brain region. To dissociate effects
of navigational relevance and effects that specifically resulted from

paying attention to a certain object category, parahippocampal
responses to toys were compared with parahippocampal responses to
non-toys. In contrast to the effect of decision point, this comparison
showed decreased neural activity for attended objects (toys) in the
parahippocampal gyrus (Fig. 3b). Importantly, there was no signifi-
cant interaction between the factors attention and object location.

To test whether the observed effect of navigational relevance
reflected automatic changes in object processing?' or whether it was
related to explicit memory processes??, we analyzed event-related
responses in the parahippocampal gyrus separately for remembered
and forgotten objects. Forgotten objects included all objects that par-
ticipants had seen in the museum, but had indicated as ‘not seen
before’ in the recognition test. Participants remembered 67% of the
decision point objects and 69% of the non-decision point objects.
Comparisons of the regional responses in the parahippocampal gyrus
for decision and non-decision point objects showed a decision
point-related increase in activity for remembered as well as forgotten
objects (Fig. 4). For forgotten objects, however, the effect was signifi-
cant in the right parahippocampal gyrus only.

Finally, we examined whether male and female participants showed
differential effects of navigational relevance. To test for such differ-
ences, the beta weights obtained for the region of interest in the
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parahippocampal gyrus were entered in a repeated-measures ANOVA
including the between factor sex (male and female) and the within
factors object location (decision and non-decision point), object cate-
gory (toys and non-toys) and hemisphere (right and left hemisphere).
No significant effect of participant gender resulted.

DISCUSSION
Our data indicate that during route learning, the brain automatically
distinguishes between objects at navigationally relevant and irrele-
vant locations. Representation of objects in the parahippocampal
gyrus was directly related to “their navigational relevance in a large-
scale environment. This selective neural marking for relevant objects
occurred in the absence of any spatial information during retrieval,
and even without conscious recollection of the route or conscious
awareness of having seen the object previously.

Previous findings have emphasized the significance of the parahip-
pocampal gyrus for object-place associations>®!323, The parahip-

Figure 3 Decision-point versus non-decision-point objects. (a) Regions in the
left and right parahippocampal gyrus showing increased activity for decision-
as compared to non-decision-point objects, averaged across participants.
Locations of peak activations, expressed in millimeters as Talairach
coordinates3® were in the right (x= +26, y=-39, z=-12; P< 0.001) and in
the left parahippocampal gyrus (x=-25, y=-39, z=-11; P<0.001). The
size of the region was larger in the right (1,701 mm3) than in the left
hemisphere (243 mm3). No other brain regions showed enhanced responses.
(b) Regional responses in the left and right parahippocampal gyrus showing
increased activity for decision as compared to non-decision point objects. An
ANOVA of the regionally averaged beta weights showed significant main
effects of attention (F; ;9 = 6.69, P< 0.05) and decision point
(F119=10.031, P<0.01). Whereas responses were greater for decision than
for non-decision point objects in both the right ({9 = 2.975, P< 0.01) and
left parahippocampal gyrus (t;9 = 2.534, P < 0.05), the effect of attention
was reversed: reduced responses were observed for toys as compared to non-
toys (right hemisphere: f;g =-2.12, P < 0.05; left hemisphere: t;q = -2.58,
P < 0.05). There was no interaction between the factors attention and
decision point (F; 19 = 0.058, P=0.812). Error bars reflect standard errors
across participants.
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Figure 2 Toys compared to non-toys. (a) A region in the right fusiform gyrus
(BA 37) showing increased activity for attended objects (toys) compared to
non-attended (non-toys). Location of peak activations, expressed in
millimeters as coordinates in the Talairach and Tournoux brain atlas3¢ was
x=+38, y=-63, z=-18, P<0.00002. (b) Regionally averaged beta
weights for the right fusiform gyrus. T-contrasts showed a significant effect
for toys compared to non-toys for both decision-point objects (t;49 = 3.96,

P < 0.001) and non-decision-point objects (f;¢ = 2.56, P < 0.05). Error
bars reflect standard errors across participants.

pocampal gyrus is relevant for the encoding of object locations, but
not for encoding location alone?®. Results also show that this region is
not involved in object processing alone, so the encoding of objects-in-
place is seen as a critical factor’. Importantly, however, our data
clearly show that the parahippocampal activity is modulated by the
specific navigational relevance of an object’s location, even with
showing objects in isolation. Objects previously placed at locations
important for navigation generated more neural activity than did
objects previously placed at locations with no navigational relevance.
This neural marking of an object that occurred at a relevant location
demonstrates the importance of the parahippocampal gyrus for
human object-location memory. Selective representation of decision-
point objects could be a part of the neural mechanism underlying
successful navigation. Further studies involving interactive navigation
in rich visual environments should provide additional evidence for
such a mechanism.

Importantly, we showed that the decision point-related activity in
the parahippocampal gyrus was independent of participants’ atten-
tion to an object. An alternate explanation of the decision-point effect
could have been that during the study phase, participants paid more
attention to objects at decision points, and therefore, these objects
induced more activity during later recognition. To rule out this alter-
nate explanation, we included a control condition in which attention
was explicitly modulated. Behavioral results showed that this manip-
ulation was effective: shorter reaction times were observed for toys as
compared to non-toys. The brain imaging data showed increased
activity in the right fusiform gyrus for the attended objects (toys) as
compared to the non attended objects (non-toys). This finding is con-
sistent with earlier reports associating the cognitive effort of paying
attention with increased neural activity in ventral occipitotemporal
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Figure 4 Remembered and forgotten objects. Parahippocampal responses
were obtained for remembered and forgotten objects at decision and non-
decision points. In the right parahippocampal gyrus, analysis of beta
weights showed significantly larger responses for decision as compared to
non-decision point objects, for both remembered and forgotten objects
(remembered: t;9 = 1.79, P < 0.05, forgotten: ;g =2.37, P<0.01). In
the left parahippocampal gyrus, a significant decision point effect was
observed for remembered objects (19 = 2.57, P< 0.01).

regions?*~27. In the present study, however, attention was manipu-
lated during the study phase, and not during the recognition task. The
increase in fusiform activity could therefore indicate an effect of
attention on later recognition. Importantly, activity in the right
fusiform gyrus was only modulated by attention, and not by naviga-
tional relevance, indicating a dissociation between the two effects.

The pattern of results observed in the parahippocampal gyrus pro-
vided further evidence for differential effects of attention and naviga-
tional relevance. Whereas increased parahippocampal responses were
observed for decision as compared to non-decision point objects,
attended objects were associated with a decrease in activity in this
region. This decrease could be related to better stimulus encoding dur-
ing study for toys as compared to non-toys?’®?°. Alternatively, the
decrease could reflect previously reported repetition-related changes
in object representations®»3!. The present data do not allow us to dis-
tinguish between these different explanations. Regardless of its under-
lying neural mechanism, however, the attention-related decrease in
parahippocampal activity provides clear evidence for a dissociation
between the effects of attention and decision point. The opposite
direction of the attention and the decision-point effect eliminates the
possibility that the decision point-related increase in parahippocam-
pal activity simply results from paying more attention during learning.

Further strong support for this claim is provided by the absence of
an interaction between the factors attention and navigational rele-
vance: an identical increase in activity was observed for decision-
point versus non-decision-point objects, regardless of whether they
were attended or not (Fig. 3b). This dissociation between navigation-
ally relevant object location and global attentional processes during
route learning shows that the effect of decision points is highly auto-
matic.

Furthermore, we tested whether the observed effect of navigational
relevance reflected automatic changes in object processing, or
whether it was related to explicit memory processes. We observed a
decision point-related increase in activity for remembered as well as
forgotten objects (Fig. 4). Thus, neural activity in the right parahip-
pocampal gyrus reflected the navigational relevance of an object’s
location in the museum, even when participants did not remember
having seen the object before. This independence of explicit memory
strongly suggests that during pathfinding, the navigational relevance
of an object is stored in the parahippocampal gyrus and is automati-
cally activated once the object is encountered again.

Analyses of male and female participants showed no main effect.
Previous results have shown sex differences, especially for spatial
intelligence tasks>2. However, meta- analyses showed that these differ-
ences are highly overrated®. According to other studies, male and
female participants use different strategies while navigating’»*°. A
more recent fMRI study examining sex differences during navigation
shows a differential neural network for men and women during maze
exploration!!. We did not find evidence for such differences between
men and women during simple object recognition.

Our results show that the involvement of the parahippocampal
gyrus in object-place associations is modulated by the navigational
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relevance of an object’s location. We have the ability to find our way
around in many different well-known, and also less well-known
environments. Successful navigation through these environments
is partly dependent on the automatic retrieval of spatial informa-
tion connected to relevant object locations (e.g., turn left at the gas
station). Our results show that this navigational information is
acquired during route learning and stored in the parahippocampal
gyrus for later use. This is a very rapid type of learning. Increased
responses in the parahippocampal gyrus for navigationally relevant
objects were observed after only one exposure to the maze. During
later object recognition, this information is automatically
activated, in the absence of spatial cues, and without explicit mem-
ory of having seen the object before. These rapidly induced changes
in object representations in the parahippocampal gyrus allow for
fast and dynamic updates of our spatial maps, necessary for
pathfinding and navigation.

METHODS

Participants. Twenty healthy human adults (10 female) gave informed written
consent before participating in the experiment. All participants were right-
handed. Mean age was 23 years (range 18-30 years). The study was approved
by the CMO Committee on Research Involving Human Subjects (Region
Arnhem-Nijmegen).

Materials and procedure. The experiment was split in two parts: a study phase
outside the scanner and a recognition phase during which functional images
were acquired. Participants were given the following standardized written
instruction for the study phase: “You apply for a job in a museum that exhibits
belongings of famous people. You will be guided through two sections of the
museum. The exhibits are placed on tables along the wall. Importantly, after
training, you should be able to guide a children’s tour through the museum.
Therefore, while you are watching the film sequences pay special attention to
toys and other things interesting for children.”

The commercially available architecture software (3D TraumhausDesigner
4.0, Data Becker GmbH & CO.KG) was used to create the film sequence
through a virtual reality museum presented on a 1.60 GHz-M Pentium 4 per-
sonal computer with 512 MB of RAM and a 15.0” XGA LCD screen. The virtual
museum consisted of two mazes of the same shape. In each maze, there were 72
objects placed on tables along the wall (Fig. 1a). In total, 144 different objects
were included in the mazes. Two mazes were used to reduce route complexity.
In real-world dimensions, each maze had a length of 279 feet and was 112 feet
wide in relation to a simulated eye level of 5.6 feet. The two mazes were shown
in separate film sequences, lasting 8.5 min each. The order in which the two
film sequence were presented was counterbalanced across subjects.

Objects occurred at decision points or at non-decision points (Fig. 1b).
Thus, in the film sequence, a turn was made at both decision and non-decision
points. This way, the effects of motion were not confounded with those of nav-
igational relevance. Participants had no control over the timing in the virtual
environment to ensure that the amount of time spent at decision and non-
decision points was matched (an object was visible on average 5 s in the vocal
focus and 11 s total).
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Twenty-five minutes after the study phase, fMRI time series were obtained
while participants performed a simple object-recognition task. In this recogni-
tion phase, participants were instructed to decide as accurately and as quickly
as possible whether they had seen the object in the former film sequences by
pressing either a yes or a no response key. They reacted with their right hand,
and responses were given by the index and the middle finger. A trial consisted
of a fixation cross centered on the screen, followed by an object for 500 ms
shown from a canonical perspective on a white background (Fig. 1c). Thus,
during scanning, no maze-related information was presented. The average
inter-stimulus interval was 4,000 ms, jittered between 3,000 ms and 5,000 ms
in steps of 250 ms, counterbalanced over conditions. A total number of 252
stimuli were included in the recognition task. All stimuli were presented rap-
idly, in a randomly intermixed order to prevent participants from anticipating
and changing strategies for the different event types. The entire stimulus mate-
rial consisted of seven sets of 36 objects each, belonging to the following seven
event types: decision objects toys, non-decision objects toys, decision objects
non-toys, non-decision non-toys, novel toys, novel non-toys and scrambled
objects. The scrambled objects were constructed from experimental objects
using mosaic scrambling. All sets of objects were matched for word frequency.

fMRI data analyses. Functional images of the whole brain (455) were acquired
on a 3-tesla MRI system (Siemens TRIO). Using a gradient-echo echo planar
scanning sequence, 36 axial slices were obtained for each subject (voxel size 3 x
3 x 3 mm?, TR = 2,268 ms, field of view = 192, TE = 30 ms, flip angle = 75°).
All functional images were acquired in one run that lasted for 17 min. After the
acquisition of functional images, a high-resolution anatomical scan (T1-
weighted MP-RAGE, 176 slices) was acquired.

fMRI data were analyzed with BrainVoyager 2000 (Brain Innovation).
Functional images were corrected for motion and slice scan time acquisition.
Data were temporally smoothed with a high-pass filter removing frequencies
below 3 cycles per time course. Functional images were coregistered with the
anatomical scan and transformed into Talairach coordinate space using the
nine-parameter landmark method of Talairach and Tournoux®®. Images were
spatially smoothed with a full-width at half-maximum (FWHM) Gaussian
kernel of 6 mm.

Statistical analyses were performed in the context of the general linear
model, including seven effects of interests and confounds. Event-related
hemodynamic responses for each of the different event types were modeled as
delta functions convolved with a synthetic hemodynamic response function.
Both fixed and random-effects group analyses were performed. The statistical
threshold was set at P < 0.001 at the voxel level, uncorrected for multiple com-
parisons. Region-of-interest analyses of the parahippocampal region were per-
formed as follows: first, we functionally defined the parahippocampal region
by selecting all voxels showing an effect of decision versus non-decision points
in the group analysis. The right fusiform region was defined by the compari-
son between toys and non-toys. Then we obtained the beta weights (i.e., the
regression coefficients) as indexes of effect size for all voxels included in these
regions of interest, separately for all individual subjects, for each event type.
These regionally averaged beta weights were analyzed in repeated-measure-
ment ANOVAs. Specific effects were tested by applying t-contrasts to the
regionally averaged beta weights obtained for the different event types.
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