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Summary

Background: Despite decades of research on spatial memory,
we know surprisingly little about how the brain guides naviga-
tion to goals. While some models argue that vectors are rep-
resented for navigational guidance, other models postulate
that the future path is computed. Although the hippocampal
formation has been implicated in processing spatial goal infor-
mation, it remains unclear whether this region processes path-
or vector-related information.

Results: We report neuroimaging data collected from subjects
navigating London’s Soho district; these data reveal that both
the path distance and the Euclidean distance to the goal are
encoded by the medial temporal lobe during navigation. While
activity in the posterior hippocampus was sensitive to the
distance along the path, activity in the entorhinal cortex was
correlated with the Euclidean distance component of a vector
to the goal. During travel periods, posterior hippocampal activ-
ity increased as the path to the goal became longer, but at
decision points, activity in this region increased as the path
to the goal became closer and more direct. Importantly, sensi-
tivity to the distance was abolished in these brain areas when
travel was guided by external cues.

Conclusions: The results indicate that the hippocampal for-
mation contains representations of both the Euclidean dis-
tance and the path distance to goals during navigation. These
findings argue that the hippocampal formation houses a
flexible guidance system that changes how it represents dis-
tance to the goal depending on the fluctuating demands of
navigation.

Introduction

The mammalian brain has developed a remarkable capacity
to create an internal map of space and keep track of current
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heading direction. Evidence of a cognitive map comes from
the spatially localized firing of hippocampal “place cells” and
entorhinal “grid cells,” which code for an animal’s current po-
sition in an environment [1, 2]. “Head direction cells” in com-
panion structures [3] provide a signal for orientation. Despite
substantive gains in understanding how these cells support
spatial cognition, we know surprisingly little about how the
brain uses such information to guide navigation.

While numerous functional MRI (fMRI) studies have
explored the neural correlates of navigation [4-16], few have
tested predictions from computational models. Such models
have mainly used one of two mechanisms for guidance: (1)
the straight-line Euclidean distance to the goal is computed
as part of a heading vector, allowing shortcuts to be detected
[17-21]; and (2) the path to the goal is computed, enabling
optimal routes to be selected and dead ends to be avoided
[22-27]. These two mechanisms provide divergent predic-
tions about how neural activity will be modulated by the dis-
tance to the goal during navigation, but both implicate medial
temporal lobe (MTL) structures. Path-processing models can
be interpreted as predicting that MTL activity will reflect the
distance along the intended path to the goal (path distance)
because computational demands will vary with the path dis-
tance. By contrast, vector models argue that neurons provide
a firing-rate population vector proportional to the Euclidean
distance to the goal. Recently, it has been argued that the
anterior hippocampus provides a global representation of
the environment, whereas the posterior hippocampus con-
tains a fine-grained representation [15, 28]. Thus, it is possible
that the anterior and posterior hippocampus contain different
representations of the distance to the goal such that the
posterior codes the specific regions of space forming the
path and the anterior codes more global Euclidean distance
information.

To test these predictions, we used fMRI and a novel real-
world navigation task in which the Euclidean distance and
the path distance to the goal had separable values over time.
We found that MTL activity was correlated with both the path
distance and the Euclidean distance during navigation and
that the relationship between MTL activity and these spatial
metrics depended on the task demands at different stages of
navigation.

Results

Prior to scanning, subjects learned, via studying maps and an
intensive walking tour, the layout of a previously unfamiliar
environment: the Soho district in London (Figures 1 and 2;
Figure S1, available online). The day after the tour, subjects
were scanned while watching ten first-person-view movies
of novel routes through the environment. Five of the movies
required subjects to make navigational decisions about how
to reach goal locations (navigation routes), and the other
five required no navigational decision making (control routes).
Movies and tasks were counterbalanced across subjects. At
the start of each navigation route, subjects were oriented as
to where they were, and then shortly after (a period temporally
jittered to be between 5 and 13 s), they were shown a goal
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destination (New Goal Event) and asked to indicate via a but-
ton press whether they thought the goal was to their left or
right. They then viewed footage in which their viewpoint tra-
versed the street (travel period) until arriving near the junction
(Figure 2). At this time point, subjects pressed a button to indi-
cate which direction at the upcoming junction provided the
shortest path to the goal (Decision Point), after which the
movie continued along the route. Varying the distance be-
tween the Decision Point and the junction allowed for a tem-
poral jitter (3-9 s) between the Decision Point and outcome
(crossing junction). Subjects were told they could not choose
to turn around or walk backward at any point. At the begin-
ning of each new street section, subjects were told which
street they were on and the direction they were facing (north,
south, east, or west). Routes were predetermined such that
they generally followed the optimal route but occasionally
required a forced detour (Detours) where the movie traveled
along a suboptimal path. Subjects were informed that Detours
were only temporary obstructions and would not affect the
same junction in the future. The goal being navigated to
changed several times (four or five) during each route at addi-
tional New Goal Events. In control routes (alternating in order
with navigation routes), subjects were instructed to not navi-
gate and to avoid thinking about the locations of goals or the
directions to them. Control routes had the identical format to
navigation routes, except that at New Goal Events, subjects
were asked to indicate by a button press whether or not a
drink could be purchased from that goal and were instructed
which button to press at Decision Points. The button to press
at each Decision Point was based on the optimal answer in
the navigation version of that route. All routes ended when
the current goal was reached and the text “final destination
reached” was displayed with a photograph of the goal.
Between routes, a gray screen with a fixation cross appeared
for 17 s. See Figures 1 and 2 and the Supplemental Experi-
mental Procedures for further details.

Behavioral Results

Subjects acquired a detailed spatial knowledge and accurately
performed the tasks (Table S1). For navigation routes, mean
accuracy was 84.82% (SD = 10.96) at New Goal Events and

no. of goals
successfully
located on map

95.90% (SD = 5.77) at New Goal Events
and 97.63% (SD = 5.74) at Decision
Points. Subjects made significantly
fewer errors in the control task (F 23 =
40.27, p < 0.001). Subjects were both
faster to respond and more accurate at
Decision Points when the goal was situ-
ated closer (in terms of the path distance)
and more directly ahead (Table S1). At
New Goal Events, we found no relation-
ship between subjects’ performance
(accuracy and response time) and the magnitude of the change
in any of the spatial parameters (Table S1).

Task performance,
response times,
fMRI data

fMRI Results

fMRI analyses revealed that retrosplenial, parietal, and frontal
cortical regions and the cerebellum were significantly more
active (at an uncorrected threshold of p < 0.001) during the
navigation task blocks, New Goal Events, and Decision Points
than during the control task blocks and events (Figure S2;
Table S2). Significantly greater right posterior hippocampal
activity was also observed during navigation task blocks
than during control task blocks (Table S2).

To gain leverage on the spatial computations performed
by the brain during navigation, we probed the fMRI data with
measures of the Euclidean distance, path distance, and
egocentric direction to the goal. First, we explored our a priori
predictions (see Supplemental Experimental Procedures) dur-
ing New Goal Events, Decision Points, Detours, and Travel
Period Events (events sampled during travel periods at the
temporal midway point between the time points of the other
events, for both navigation and control routes). Second, on
finding significant effects, we examined whether similar
responses occurred in the control routes. Third, where re-
sponses were specific to navigation, we tested whether there
was a significantly greater effect in navigation routes than in
control routes. Finally, we examined whether these responses
were significantly greater during certain event types than
others and whether responses were significantly more corre-
lated with one parameter than with others.

Both Euclidean and Path Distances Are Tracked by the
Hippocampus during Travel

During Travel Period Events in the navigation routes, activity
in the posterior hippocampus was significantly positively
correlated with the path distance to the goal (i.e., more active
at larger distances, see Figures 3A and 3B; Table S2). How-
ever, at the same time points, activity in the anterior hippo-
campus was significantly positively correlated with the
Euclidean distance to the goal (Figures 3A and 3B; Table
S2). Significant correlations were also present when we
downsampled the Travel Period Events to remove 25% of
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the events in which the Euclidean and path distances were
most correlated (Table S2). A region-of-interest (ROIl)-based
analysis of the hippocampal longitudinal axis revealed that
whereas the posterior and mid hippocampus were specif-
ically correlated with the path distance to the goal (but not
the Euclidean distance), the anterior hippocampus was not
specific to the Euclidean distance (Figure 3F; Figure S3).
This was further confirmed by direct contrasts between pa-
rameters (Table S3).

Models assume that the guidance system is under voli-
tional goal-directed control rather than automatic control.
Our data support this view. No significant correlation
between hippocampal activity and the distance (either
Euclidean or path) to the goal was observed during the Travel
Period Events in the control routes. Furthermore, hippocam-
pal activity was also significantly more positively correlated
with distance measures in these events during navigation
routes than during control routes (Figures 3C-3E; Table S2).

Figure 2. Task

(A) Map of the environment (Soho, London). One
of the ten routes is shown (black line) with New
Goal Events (black circles on route), and their
corresponding goal locations (numbered) are
marked. The Euclidean distance (blue dashed
line), path distance (red dashed line), and
egocentric direction (black dashed line) to the
goal are plotted for one location on the route.
(B) An example sequence of movie frames from a
small section of one route in the navigation task.
At New Goal Events, subjects were given a new
goal to navigate to, and they were required to
decide whether that new goal was on the left or
right in relation to their current facing direction.
In between New Goal Events, movies contained
footage of travel along the streets (travel periods)
and paused near each street junction (Decision
Points), where subjects judged which direction
provided the shortest route to the goal. On entry
to every street (temporallyjittered in relation to De-
cision Points), the street name and cardinal direc-
tion were displayed. Occasionally, forced Detours
occurred at street junctions where the movie took
a suboptimal path to reach the goal. The control
task was similar, but no navigational judgments
were required. See Figure S2 for comparisons of
activity in navigation and control tasks.

Travel Period
0:27

K
New Goal Event
0:36

0:40

Travel Period
0:45

Decision Point
0:56

Because route (1-5 versus 6-10) and
task (navigation versus control) were
counterbalanced across subjects, sig-
nificant correlations could not have
been purely stimulus driven. Nor were
the correlations with the distance to
the goal confounded with the time
elapsed or distance traveled since the
route began (Table S2).

Beyond the MTL, at a corrected
threshold, the anterior cingulate was
the only region that showed a significant
correlation with distance in any of our
event types, specifically (1) during navi-
gation routes and (2) more in naviga-
tion routes than in control routes.
It was positively correlated with the
path distance to the goal during Travel
Period Events in navigation routes and significantly more posi-
tively correlated in navigation routes than in control routes
(Figure S4; Table S2).

Travel Period
1:01

Detour
1:09

Travel Period
1:12

Egocentric Goal Direction Is Tracked by the Posterior
Parietal Cortex during Travel

Activity in the MTL during travel periods was not correlated
with egocentric direction to the goal or the interaction be-
tween this directional measure and distance (either
Euclidean or path) to the goal. However, consistent with
prior observations [10], during navigation routes, activity in
the superior posterior parietal cortex was significantly posi-
tively correlated with the egocentric direction to the goal
(i.e., the greater the angle between the current heading
and the heading directly to the goal, the greater the activity
[Figures S3 and S4; Table S2]). No such correlation was
observed during Travel Period Events in the control routes.
However, although the correlation was more positive during



Current Biology Vol 24 No 12
1334

A B C D E
8 *
g 1 1 8
E = *
2 ~ £ ¢ 7 I
§ 0.5 0.5 u? 2 2
o 2
R 0 g o 0
w 0 60 120 180 240 300 -1.5 0.5 g
a -2 -
Time (s) Parameter  Anterior Nav Con Anterior Nav > Con
Estimates  Hippocampus t Hippocampus t
[%]
o 1 1 g 5. 5%
= E
z =
2 05 0.5 77f w3 3
[}
= - 2 1
o 0 0 © h
0 60 120 180 240 300 2-101 ‘(l‘a -1 -1
Time (s) Parameter Posterior Nav Con Posterior Nav > Con
Estimates  Hippocampus t Hippocampus t

F
4
» 3
2
E 2 B .
= Path Distance
w
= 1
8 _]
5 . .
g 0 Euclidean Distance
o
©
o -1

39 -34 2924 -19 14 9

1 Display threshold p < 0.005 uncorrected y-dimension MNI coordinates

Figure 3. Hippocampal Activity Positively Correlates with Euclidean and Path Distances to the Goal during Travel Periods in Navigation Tasks

(A) Top: the normalized Euclidean distance to the goal is plotted against time for the route shown in Figure 2A. Bottom: the normalized path distance to
the goal is plotted against time for the route shown in Figure 2A. Normalization was with respect to the maximum over all routes. On both plots, the circle
indicates the time point at 150 s (marked in Figure 2A), and Travel Period Events are indicated with bisecting lines.

(B) Top: right anterior hippocampal activity correlated significantly with the Euclidean distance to the goal during navigation. Bottom: right posterior hip-
pocampal activity correlated significantly with the path distance to the goal during navigation. Accompanying scatter plots show the normalized Euclidean
distance (top) and path distance (below; separated into four levels) plotted against parameter estimates at the peak voxel for these regions. Note that these
plots were not used for statistical inference (which was carried out within the statistical parametric mapping framework) and are shown solely for illustrative
purposes. The following abbreviation is used: L, left.

(C) Top: the parameter estimates for the peak voxel in the right anterior hippocampus in the navigation (Nav) condition are plotted for navigation and control
(Con) conditions. Bottom: the parameter estimates for the peak voxel in the right posterior hippocampus in the navigation condition are plotted for the
navigation and control conditions. Asterisks indicate significance at a threshold of p < 0.05 (family-wise error was corrected for a priori regions of interest).
See Figure S3 for parameter estimates in all ROls.

(D) Top: right anterior hippocampal activity correlated significantly more positively with the Euclidean distance to the goal during navigation conditions
than during control conditions. Bottom: right posterior hippocampal activity correlated significantly more positively with the path distance to the goal during
navigation conditions than during control conditions. The following abbreviation is used: L, left.

(E) Top: the bar graph shows the parameter estimate for the peak voxel in the right anterior hippocampus in the navigation > control contrast for the
Euclidean distance. Bottom: the bar graph shows the parameter estimate for the peak voxel in the right posterior hippocampus in the navigation > control
contrast for the path distance. Asterisks indicate significance at a threshold of p < 0.05 (family-wise error was corrected for a priori regions of interest).
(F) Left: illustration of the seven sections through the longitudinal axis of the hippocampus. Middle: the parameter estimates of the parametric response to
Euclidean and path distances for each of the seven sections (numbers on the x axis indicate the middle MNI y coordinate of each ROI) during Travel Period
Events in navigation tasks. These parameter estimates were not used for detecting effects of interest but rather for characterizing the response post hoc.
§ symbols indicate a significant Euclidean distance, and asterisks indicate a significant path distance in relation to zero at p < 0.05 (see Table S5).

Error bars in (B), (C), (E), and (F) denote the SEM.

the Travel Period Events in navigation routes than in control
routes, it was not significantly more positive (Table S2). We

Posterior Hippocampal Activity Increases with Proximity
and Orientation toward the Goal at Decision Points

also observed lateral posterior parietal activity negatively
correlated with the egocentric direction to the goal (Fig-
ure S4; Table S2); however, this did not survive at corrected
thresholds.

Hippocampal activity did not correlate with the Euclidean or
path distance at Decision Points. However, because subjects
responded faster, and more accurately, when the path
distance was shorter and the goal was ahead of them
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Figure 4. Posterior Hippocampal Activity Negatively Correlates with the Distance and Direction to the Goal during Decision Points in Navigation Tasks

(A) lllustrative map with part of a route (black line) to a goal location (black circle) and Decision Points (black squares).
(B) The parameter “normalized path distance to the goal x egocentric goal direction” (PD x EGD) at the three Decision Points from the example route in (A) is

plotted against time.

(C) Normalized PD X EGD separated into four levels is plotted against parameter estimates at the peak voxel of the posterior right hippocampus. Note that the
scatter plot was not used for statistical inference (which was carried out within the SPM framework) and is shown solely for illustrative purposes.

(D) Right posterior hippocampal activity correlated significantly negatively with PD x EGD during Decision Points in navigation. The following abbreviation is
used: L, left. See Figure S4 for other coronal sections with this and other contrasts.

(E) The parameter estimates for the peak voxel in the right posterior hippocampus in the navigation condition are plotted for navigation (Nav) and control
(Con) conditions. Asterisks indicate significance at a threshold of p < 0.05 (family-wise error was corrected for a priori regions of interest).

(F) Right posterior hippocampal activity correlated significantly more negatively with PDxXEGD during navigation routes than during control routes. The

following abbreviation is used: L, left.

(G) The bar graph shows the parameter estimate for the peak voxel in the right posterior hippocampus in the navigation > control contrast for PDxEGD.

§ symbols indicate significance at a threshold of p < 0.005 (uncorrected).
Errors bars in (C), (E), and (G) denote the SEM.

(Table S1), we explored whether hippocampal activity was
related to an interaction between the path distance and the
egocentric goal direction by examining the response to the
multiplication of these two variables (Figure 4). We also
included response time in our analysis. We found that posterior
hippocampal activity increased the closer, and more directly
ahead, the goal lay (Figures 4B-4D; Figures S3 and S4; Table
S2). Activity increased such that when subjects were close to
and facing the goal, activity was similar to that during the fixa-
tion period between routes. No significant correlation with the
path distance by egocentric goal direction was observed in the
posterior hippocampus in control routes, and the correlation
between this parameter and posterior hippocampal activity
was significantly more negative in navigation routes than in
control routes (Figures 4E-4G; Table S2). The significant corre-
lation in navigation routes was independent of response time,
which did not modulate MTL activity. The humber of options
at Decision Points (two or three) also had no impact on MTL ac-
tivity (the path distance did not differ between these two types
of Decision Points [ts1) = 0.04, p = 0.97]).

Entorhinal Activity Scales with the Change in the Euclidean
Distance at New Goal Events

At New Goal Events, the distance to the goal changed
abruptly (Figures 5A and 5C). For navigation routes, we

found that the greater the change in the Euclidean distance
(but not the path distance) at these time points, the greater
the evoked response in the right entorhinal cortex (Figure 5D;
Figures S3 and S5; Table S2). At New Goal Events, the goal
could move to a location that was closer to or farther from
the subject (in terms of both path and Euclidean distances).
We found no difference in MTL activity associated with New
Goal Events either when the new goal was located closer to
the subject or when it was located farther away (for both dis-
tance types). Notably, increases and decreases in either the
Euclidean or path distance for these two types of New Goal
Events were not significantly different in magnitude
(Euclidean distance: t4y) = 0.54, p = 0.59; path distance:
t41) = 1.96, p = 0.056). No significant correlation with the
change in the Euclidean distance was observed in the ento-
rhinal cortex in control routes, and the correlation between
entorhinal activity and this parameter was significantly
more positive in the New Goal Events in navigation routes
than in control routes (Figures 5E-5G; Table S2). The correla-
tion between entorhinal activity and the change in the
Euclidean distance during New Goal Events in navigation
routes was also significantly more positive than the correla-
tion with the change in the path distance during New Goal
Events in navigation routes (Table S3). Finally, we also
explored the MTL response to the distance (path and
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Figure 5. Entorhinal Activity and Posterior Hippocampal Activity Positively Correlate with the Change in the Euclidean Distance to the Goal during New Goal
Events and the Change in the Path Distance to the Goal during Detours, Respectively

(A) lllustrative example of how the Euclidean and path distances to the goal can change at New Goal Events.

(B) lllustrative example of how the path distance to the goal can change at Detours. The “no entry” sign marks the Detour, but no marker was presented in
the movie.

(C) Top: the normalized differential (A) of the Euclidean distance to the goal at New Goal Events is plotted against time for the route shown in Figure 2A.
Bottom: the normalized differential (A) of the path distance to the goal at Detours is plotted against time for the route shown in Figure 2A. Normalization
was with respect to the maximum over all routes.

(D) Top: right entorhinal activity significantly correlated with the A Euclidean distance to the goal during New Goal Events in navigation. Bottom: right pos-
terior hippocampal activity significantly correlated with the A path distance during Detours in navigation. Accompanying scatter plots show the normalized A
Euclidean distance (top) and the A path distance (bottom) (separated into four and three levels, respectively) plotted against parameter estimates at the peak
voxel for these regions. Note that these plots were not used for statistical inference (which was carried out within the SPM framework) and are shown solely
for illustrative purposes. See Figure S5 for a display of results on other coronal sections. The following abbreviation is used: L, left.

(E) Top: the parameter estimates for the peak voxel in the entorhinal cortex in the navigation condition are plotted for navigation (Nav) and control (Con)
conditions. Bottom: the parameter estimates for the peak voxel in the posterior hippocampus in the navigation condition are plotted for the navigation
and control conditions. Asterisks indicate significance at a threshold of p < 0.05 (family-wise error was corrected for a priori regions of interest).

(F) Top: right entorhinal activity correlated significantly more positively with the A Euclidean distance to the goal at New Goal Events during navigation routes

(legend continued on next page)
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Euclidean) to the new goal at New Goal Events and found no
significant correlation between MTL activity and either type
of distance (Figure S3).

Right Posterior Hippocampal Activity Reflects the Amount
of Change in the Path Distance at Detours

At Detours, subjects were unable to proceed along the optimal
path and thus had to derive an alternative route to the goal. At
these events, the path distance to the goal increased abruptly
and by varying amounts (Figures 5B and 5C). Our data show
a dissociation between prefrontal and MTL responses at
Detours. Consistent with prior studies [6, 29], prefrontal re-
gions, but not MTL regions, were significantly more active at
Detours than during optimal route progression at junctions
or events in control routes (Figure S2; Table S2). However,
we found that right posterior hippocampal, but not prefrontal,
activity was positively correlated with the magnitude of
change in the path distance during Detours (i.e., Detours that
added a large amount of distance evoked more posterior hip-
pocampal activity than did Detours that added a small dis-
tance [Figures 5D and 5H; Figures S3 and S5; Table S2]). No
equivalent significant correlation was present at correspond-
ing Detour events in the control movies. Although the correla-
tion between the change in the path distance and hippocampal
activity at Detours was greater in navigation routes than in con-
trol routes, this difference did not reach significance (Figures
5E-5G; Table S2). See Table 1 for a summary of these and
other results.

Comparison of Correlations with Spatial Parameters
across Different Event Types

We found that all correlations between MTL activity and the
distance to the goal were specific to each event type (Table
S4). For example, the correlation between posterior hippo-
campal activity and the path distance during Travel Period
Events was significantly more positive during Travel Period
Events than during Decision Points or New Goal Events. The
posterior parietal response to egocentric goal direction was
not significantly more positive during Travel Period Events
than during other events (Table S4).

Analysis of the Mean Response in ROls

When we used an alternative approach of examining the mean
response in our ROIs, we found a small number of differences
from our statistical parametric mapping (SPM) analysis (Fig-
ure S3; Table S6). Examining the Euclidean distance to the
goal during Travel Period Events, we found that although
there was no significant cluster in the right entorhinal cortex
in SPM, our ROI analysis revealed a significant correlation. A
similar pattern was found in the left posterior parietal cortex
for the egocentric goal direction to the new goal at New Goal
Events.

Discussion

Using a novel real-world task, we explored how the brain
dynamically encodes the distance to goals during navigation.
Our results provide support for both vector- and path-pro-
cessing accounts of navigational guidance [17-26] and give
insight into the precise navigation stages during which the
different regions of the MTL process the distance to future
goals. In summary, we found that whereas posterior hippo-
campal activity was related to the path distance to the goal
(during travel, decision making, and forced detours), anterior
hippocampal activity (during travel) and entorhinal activity
(during the processing of new goals) reflected the Euclidean
distance to the goal. These responses were relatively specific
to these time periods, and with the exception of anterior hip-
pocampal activity, responses were relatively selective to one
type of distance.

Our study provides a number of advances over previous
fMRI studies exploring representations of distance in the
MTL [10, 16, 30, 31]. First, the absence of significant effects
in our control routes, and the observation of significantly stron-
ger activity during navigation routes than during control routes
in the majority of analyses, indicates that simply being led
along a path to a goal is insufficient to engage the MTL in pro-
cessing the distance. Rather, our data are consistent with the
view that distance-to-goal coding requires active navigation
based on long-term memory of the environment. Second,
while the visual properties of the stimuli and their temporal dy-
namics might have driven the effects in prior studies [10, 16,
30, 31], we show that this was not the case in our study
because task and route were counterbalanced. Finally, the
fact that we altered the distance to the goal sporadically at
time points (Detours and New Goal Events) along the route
shows that the MTL activity correlated with the distance
was not simply a function of the time elapsed or distance
traveled.

These findings advance our understanding of navigational
guidance systems in several ways. Whereas many models
propose that the brain processes either the path [24-27] or
the Euclidean [17-21] distance component of a vector to the
goal, we reveal that both representations are actively deployed
during different time windows and by different MTL regions.
While it is important to acknowledge that the responses we
observed show modulation over time rather than categorical
on and off responses, our results are consistent with the
following explanation: during the initiation of navigation,
when the spatial relationship to the goal must be established,
information related to the Euclidean distance along the vector
is processed, and when path choice is required at Decision
Points or a detour along a new route is required, information
related to the path distance is represented. Although such re-
sults are consistent with models in which both vector and path
search mechanisms are used [23], no current model captures

than during control routes. Bottom: right posterior hippocampal activity correlated more positively with the A path distance at Detours during navigation

routes than during control routes, but not significantly.

(G) Top: the bar graph shows the parameter estimate for the peak voxel in the right entorhinal cortex in the navigation > control contrast for the A Euclidean
distance to the goal at New Goal Events. Bottom: the bar graph shows the parameter estimate for the peak voxel in the right posterior hippocampus in the
navigation > control contrast for the A path distance at Detours. Asterisks indicate significance at a threshold of p < 0.05 (family-wise error was corrected for

a priori regions of interest).

(H) Left: illustration of seven sections through the longitudinal axis of the hippocampus (these were used for plotting the parameter estimates in the middle
panel). Middle: parameter estimates of the parametric response to the A path distance at Detours during navigation for each of the seven hippocampal ROls
(numbers on the x axis indicate the middle MNI y coordinate of each ROI). These parameter estimates were not used for detecting effects of interest but
rather for characterizing the response post hoc. Asterisks indicate significance relative to zero at p < 0.05 (see Table S5).

Error bars in (D), (E), (G), and (H) denote the SEM.
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Table 1. Summary of Significant Effects with Parametric Measures in
Navigation Routes

Brain Region
Posterior

Anterior Posterior Entorhinal Parietal
Event Type Hippocampus Hippocampus Cortex Cortex
Travel Period + ED +PD NS + EGD
Events
Decision Points NS — PDXEGD NS NS
New Goal Events NS NS + AED NS
Detours NS + APD NS NS

Abbreviations are as follows: +, positive correlation; —, negative correlation;
A, change in the parameter; ED, Euclidean distance; EGD, egocentric goal
direction; NS, not significant; and PD, path distance. See Figure S3 for the
parameter estimates for each parameter, brain region, and event type and
Table S6 for the results of an analysis of the mean response in each ROI.

the dynamic pattern of distance representations we observed.
Thus, we provide much needed empirical data for the develop-
ment of future models.

Previous studies reporting MTL activity correlated with the
distance to goal have provided apparently contradictory re-
ports. While some studies have found that activity increases
as the goal becomes farther away [10, 31], others have reported
that activity increases as the goal becomes closer [16, 30, 32].
These prior studies did not dissect the operational stages
during navigation, nor did they isolate the type of distance
that might have been represented. By doing so, we found
that both profiles of response can occur at different stages of
a single journey and that different types of distances can be
represented in different time windows. A possible determinant
of the activity profile may be whether subjects had to update
their spatial position or decide which path to take. In our study,
and others [10, 31], activity increased as the distance during
periods of spatial updating (e.g., Travel Period Events) became
longer. By contrast, in other studies [16, 30], hippocampal
activity increased as the distance to the goal became shorter
during decision making about which path or direction to take.
Our findings extend prior work by revealing that the proximity
to the goal along the path (but not the Euclidean) distance,
combined with the direction to the goal, modulates hippocam-
pal activity at Decision Points. Previous studies reporting that
hippocampal activity increased with proximity to the goal did
not include goal direction in their analysis [16, 30]; thus, it is
possible that an interaction between distance and direction
was present, but not detected. While several models predict
that the path to the goal is represented in the hippocampal
population activity [22, 24-27] or that activity changes with
goal proximity [17, 18, 20], none argue that activity reflects
both distance and direction. Given that estimates of the dis-
tance along a path have been found to be biased by the number
of junctions and turns along the path [33], it is possible that
facing away from the goal might increase the subject’s internal
estimate of the distance. If so, our combined measure of dis-
tance and direction may more accurately reflect the subjects’
estimate of the distance than the distance we measured from
geospatial data. Exploring this will require further research.

While our primary focus was the MTL, we found responses
in other regions thought to be important for navigation.
Consistent with prior research [5, 11, 16, 34], we observed
greater activity in parietal and retrosplenial cortices during
navigation tasks (route blocks, New Goal Events, and Decision
Points) than during control tasks. Of these regions, the

posterior parietal cortex showed a correlation with the
egocentric direction to the goal, consistent with a similar pre-
vious report [10] and a role in egocentric processing [35]. It is
not clear why parietal activity increases the more the goal
lies behind the subject. It is possible that landmarks and ge-
ometry in the current field of view make it easier to determine
the direction to a goal ahead of the subject, and thus by com-
parison, make it more demanding to track goals located
behind. Alternatively, increased parietal activity may suggest
that subjects pay greater attention to direction the more the
goal lies behind them.

Our results inform the debated specialization of function in
the anterior and posterior hippocampus [28, 36, 37]. Posterior
hippocampal activity was consistently correlated with the path
distance to the goal. This region is the homolog of the rodent
hippocampal dorsal (septal) pole, which contains place cells,
representing small regions of space with their “place fields”
[38], and is thus suited to the fine-grain coding of space along
precise paths [28]. Moreover, such cells can exhibit “forward
sweeps” during travel [39] and “replay” of locations along
the path ahead prior to travel [40], plausibly recruiting more
cells the longer the future path, leading to a predicted positive
correlation between the length of the path and hippocampal
activity. While responses during Travel Period Events and De-
tours are consistent with this prediction, our response at Deci-
sion Points is the opposite of this prediction. Thus, while our
data consistently indicate that the posterior hippocampus pro-
cesses information about the path, it does not appear to do so
in a manner directly predicted from “preplay.” Greater integra-
tion of rodent and human neural recording methods would be
useful for gaining traction on this issue.

Our observed anterior hippocampal activity tracking the dis-
tance to the goal during travel periods is consistent with a role
in spatial updating [13, 31, 41-43]. If human anterior hippocam-
pal cells, like those of rodents [38], have broad spatial tuning, it
would make them suited to extracting global environmental in-
formation rather than precise paths [28]. Similarly, the spatially
extensive repeating grid-like firing of entorhinal grid cells may
make them ideal for computing vectors rather than paths [19,
21, 23]. Our observation of a Euclidean-based code in the right
entorhinal cortex is consistent with the finding that the same
region codes the Euclidean distance to the goal in London
taxi drivers navigating a simulation of London [10]. We found
that the entorhinal cortex was equally active for increases
and decreases in the Euclidean distance, indicating that reset-
ting the distance rather than purely extending it may drive the
response. It is possible that the entorhinal cortex is driven by
resetting because it may be more computationally demanding
to make large alterations in the representation of the distance
than to make small changes. Alternatively, another explana-
tion, provided by Morgan et al. [31], is that this response is
driven by a repetition-suppression effect. According to this
view, the activity is maximal when the change in the distance
is large because it provides the least overlap in the regional
representation of the distance.

In this study, we separated path and Euclidean distances.
Future studies will be required for dissecting the path distance
from other variables. Two such variables are “time to reach the
goal” and “reward expectation.” While our analysis revealed
that time elapsed was not correlated with hippocampal activ-
ity, itis possible that correlates of the path distance rather than
purely the distance relate to the estimated time to the goal.
Similarly, because reaching a goal is rewarding and the likeli-
hood of this increases with proximity along the path, the
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path distance and reward expectation are related. Manipu-
lating travel speed, travel costs, and reward outcomes may
help separate distance, time, and reward expectation. This
would help clarify whether the anterior cingulate activity
observed to correlate with the path distance is related to
reward expectation. Such a prediction is based on evidence
that this region processes progress toward goals [44] and
the probability of obtaining a reward [45].

Here, we examined navigation in a recently learned environ-
ment. In future research, it will be useful to compare how dis-
tance is represented in recently learned and remotely learned
environments. It is possible that in remotely learned environ-
ments, the distance to the goal is represented by cortical
regions rather than the hippocampus [46, 47] and that the
type of distance represented changes with familiarity of the
environment.

Supplemental Information

Supplemental Information contains five figures, six tables, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.05.001.
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15. Sir Tom Baker

16. Sister Ray Records
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21. Westminster Kingsway College
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23. Lo Profile Cafe
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B (Continued)

20. Westminster
Ki sway College

21. Number One Salon

18. Silk Society

22. Ingestre

Court
7

19. Soho Screening

Figure S1. Environmental Knowledge Assessment and Training Material. (A) Environmental
knowledge assessment. Top: Image from testing material used to test street name
knowledge before and after training. Bottom: Image from testing material used to test goal
location knowledge before and after training. (B) Goal location training material. This
material was used to allow subjects to learn about the location of the various goal locations.
Note that goal numbers in this material were unrelated to goal location presentation order
during New Goal Events during fMRI scanning. Start location material was similar to these
but indicated viewpoints at the 10 locations where each route would start.



Tasks (Nav > Con)
M Travel Period Events (Nav > Con)
[ Detours (Nav > Con)
New Goal Events (Nav > Con)
Decision Points (Nav > Con)

overlap of Decision Points + Detours — medial prefrontal cortex

overlap of Nav > Con Tasks + New Goal Events — superior frontal gyrus

overlap of Nav > Con Task + New Goal Events — surpamarginal gyrus / intraparietal sulcus
overlap of Nav > Con Task + New Goal Events + Decision Points — Retrosplenial cortex
overlap of New Goal Events + Decision Points — Posterior parietal cortex (angular gyrus)

™ Q0 T W

Figure S2. Navigation versus control. Comparison of the navigation condition with the
control condition for the task blocks and the four events. The activation maps are displayed
on the mean structural image at a threshold of p < 0.005 uncorrected, 5 voxels minimum
cluster size. Values in the top right corner of each image refer to the MNI y-value for that
slice. Slices were chosen to optimally display the pattern of response.
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Figure S3. Parameter estimates in each region of interest (ROI) for each spatial parameter
for each event type. (A) The peak response in each ROI. (B) The mean response in each ROI.



ED = Euclidean distance, PD = path distance, EGD = egocentric goal direction. L = Left, R
Right, Ant = anterior, Pos = posterior, HC = hippocampus, Ent = entorhinal cortex, PPC =
posterior parietal cortex. Error bars denote SEM. For peak responses in (A) * = significant at
p < 0.05 corrected for predicted ROIs (right hemisphere for the MTL), see Table S2 for Z-
scores derived from SPM. For mean responses in (B) § = significant at p < 0.05 for predicted
ROIs or p < 0.05 bonferroni corrected for other regions, see Table S6 for t-scores and p-
values derived from SPSS. See Figures S4 and S5 below for visualisation of the SPM analysis
on mean structural images. Note, only regions that showed a significant response and
distinct cluster with a minimum of 5 voxels in the ROl were reported in Table S2. There were
cases where this criterion was not met, yet a significant mean response in the ROI-based

analysis, or a high peak parameter estimate in our ROI, was observed.



Travel Period Events — Positive Contrast

Euclidean Distance (p < 0.005 uncorrected)
Path Distance (p < 0.005 uncorrected)
Egocentric Goal Direction (p < 0.005 uncorrected)

[l Path Distance x Egocentric Goal Direction (p < 0.005 uncorrected)
A. Path Distance p < 0.05 corrected for whole brain, B. Path Distance Nav > Con p <0.001 uncorrected



Figure S4 Activity correlated with the spatial parameters at Travel Period Events and
Decision Points. The activation maps are displayed on the mean structural, 5 voxels
minimum cluster size. Values in the top right corner of each image refer to the MNI y-value
for that slice. Slices were chosen to optimally display the pattern of response. Path distance
X egocentric distance was only examined at Decision Points. The anterior cingulate activity
displayed in images A and B in the section ‘Travel Period Events — Positive Contrast’ is the
only brain region that was both significant at a threshold of p < 0.05 (corrected for whole
brain volume) for the navigation routes (image A, see Table S2) and also significant at a
threshold of p < 0.001 uncorrected for Nav > Con for the same parameter and time period
(image B: x,y, z, =-3, 20, 37; Z-score = 3.72).



New Goal Events

B 2 Euclidean Distance
B A Path Distance
A Egocentric Goal Direction

Figure S5 Activity correlated with the change in spatial parameters during New Goal
Events and Detours. The activation maps are displayed on the mean structural at a
threshold of p < 0.005 uncorrected, 5 voxels minimum cluster size. Values in the top right
corner of each image refer to the MNI y-value for that slice. Slices were chosen to optimally
display the pattern of response. Only path distance changed at Detours.



Supplemental Tables

Table S1. Behavioural Results.

Mean (standard deviation) performance scores (% correct) for the pre- and post-training environmental knowledge assessment

Pre-training Post-training
Streets 1.44 (3.36) 74.68 (22.55)
Goals 1.81(3.61) 96.92 (6.96)

2x2 repeated measures ANOVA (training phase (pre/post), information type (streets/goals)) revealed a significant main effect of
training phase (F (1,23 = 1092.36, p < 0.001) a significant main effect of information type (F (123 = 23.72, p < 0.001) and a significant
interaction (F (1,23= 21.00, p < 0.001).

Mean (standard deviation) performance scores (% correct) for New Goal Events and Decision Points in the navigation and
control tasks

Navigation Control
New Goal Events | 84.82 (10.96) 95.90 (5.77)
Decision Points 79.91 (13.28) 97.63 (5.74)

Mean (standard deviation) reaction times (msec) for New Goal Events and Decision Points in the navigation and control tasks

Navigation Control
2036.02 (667.90) 1436.74 (331.71)
1902.60 (699.95) 1265.26 (370.63)

New Goal Events

Decision Points



Table S1. Behavioural Results (Continued)

Correlation coefficients for behavioural measures and spatial parameters at Decision Points

Path distance x

Euclidean distance

Path distance Euclidean distance = Egocentric goal . .
. . . Egocentric goal x Egocentric goal
(meters) (meters) direction (0°- 180°) o e
direction direction
Accuracy -0.272%* 0.119 -0.342* -0.367** -0.117
Reaction time 0.363** -0.099 0.285* 0.409** 0.115

Correlation coefficients for behavioural measures and spatial parameters at New Goal Events

Change in: Change in: Change in:
Path distance Euclidean distance = Egocentric goal
(meters) (meters) direction (0°- 180°)
Accuracy -0.121 -0.049 -0.141
Reaction time -0.005 -0.06 0.143

*sigat p <0.05, ** sigat p <0.01. See Results for details of the analysis of the task performance measures.



Table S3. Contrasts between different spatial parameters at the same event type

Brain region Event type Parameter comparison Z-score
Ant. hippocampus Travel Period Events ED > PD 1.86
Post. hippocampus Travel Period Events ED < PD 3.34*
Post. hippocampus Decision Points PDXEGD < ED 2.69°
Entorhinal Cortex New Goal Events AED > APD 3.31°

* significant at p < 0.05 corrected for region of interest, 5 voxel minimum cluster size. 5 significant at p < 0.005 uncorrected for region of interest,
5 voxel minimum cluster size. Coordinates were very similar to those in the tables above and so are not re-listed here. ED = Euclidean distance,
PD = path distance, EGD = egocentric goal direction, A = change in the variable, Ant = Anterior, Post = Posterior. In this table ‘<’ and >’ refer to
one parameter being significantly more positively, or negatively, correlated relative to the other parameter, not that the absolute correlation of
one parameter is greater than the other.



Table S4. Contrasts between the same spatial parameter at different event types

Region
Anterior Hippocampus

Anterior Hippocampus

Posterior Hippocampus

Posterior Hippocampus

Posterior Hippocampus

Posterior Hippocampus

Posterior Hippocampus

Posterior Parietal Cortex

Posterior Parietal Cortex

-/+ correlation, Parameter

+, ED

+, ED

+, PD

+, PD

-, PDXEGD

-, PDXEGD

+, APD

+, EGD

+, EGD

Event comparison
Travel Period Events > New Goal Events

Travel Period Events > Decision Points

Travel Period Events > New Goal Events

Travel Period Events > Decision Points

Decision Points > Travel Period Events

Decision Points > New Goal Events

Detours > New Goal Events

Travel Period Events > New Goal Events

Travel Period Events > Decision Points

Z-score

4.15*

4.04*

3.00*

3.78*

3.16*

3.22*

3.26*

0.33

-0.93

* significant at p < 0.05 corrected for region of interest, 5 voxel minimum cluster size. Coordinates were very similar to those in the tables above
and so are not re-listed here. ED = Euclidean distance, PD = path distance, EGD = egocentric goal direction, A = change in the variable.



Table S5. Analysis of ROl data from the 7 sections through the right hippocampus

Travel Travel Travel Detours
MNI-y ED PD ED-PD APD

t (p —value) t (p —value) t (p —value) t (p —value)
-39 -1.05 (0.30) 2.86 (0.010* -2.22 (0.04* 1.54 (0.14)
34 -1.30(0.21) 4.48 (< 0.001)** -3.75 (0.001)* 2.12 (0.04)*
-29 -0.40 (0.70) 4.31 (< 0.001)** -2.84 (0.01)* 1.75 (0.09)
24 0.01 (0.99) 3.71(0.001)* -2.39 (0.025)* 0.52 (0.61)
-19 1.25 (0.22) 3.02 (0.01)* -1.38(0.18) -0.09 (0.92)
-14 2.27 (0.01)* 1.79 (0.09) 0.25 (0.81) -0.15 (0.87)
-9 2.81(0.01)* 2.19 (0.04)* 0.35 (0.73) -0.07 (0.95)

ED = Euclidean distance, PD = Path distance, red font indicates a significant response. * significant at p < 0.05, MNI-y = MNI y-coordinate values for
the middle of the ROl slice through the hippocampus, ** significant at p < 0.001 corrected, ED, PD and APD were all independent samples t-tests, n
=23, ED-PD comparisons were paired samples t-test, n=23



Table S6. T-scores (uncorrected p-values) from an analysis of ROl mean responses for navigation routes

L-Ant-HC

Travel Period Events

ED 1.91 (0.068)
PD 2.27 (0.033)
EGD -2.95 (0.007)
Decision Points

ED -0.14 (0.889)
PD 0.88 (0.386)
EGD -1.58 (0.128)
PDxEGD -0.65 (0.525)

R-Ant-HC

2.55(0.018)%
1.96 (0.062)

-2.56 (0.017)

-0.38 (0.711)
0.96 (0.348)
-1.54 (0.138)

-0.36 (0.724)

L-Pos-HC

-0.87 (0.395)

3.54 (0.002)§ 4.07 (0.000)§

R-Pos-HC

-1.18 (0.250)

-3.68 (0.001)§ -2.87 (0.009)

1.38 (0.182)
-1.47 (0.154)
0.69 (0.497)

-1.54 (0.138)

1.87 (0.182)
-1.68 (0.154)
1.08 (0.497)

-1.45 (0.138)

L-Ent

1.57 (0.129)
0.45 (0.655)

-0.91 (0.371)

-0.67 (0.508)
0.58 (0.565)
-0.29 (0.776)

0.27 (0.790)

R-Ent L-PPC R-PPC

3.51(0.002)§ 3.46 (0.002) 1.14(0.265)

0.02 (0.982) -6.32(0.000)§ -3.06 (0.006)

-1.62 (0.118) 2.95(0.007)§ 1.63(0.116)

-1.32 (0.200) 0.64 (0.531) -0.07 (0.946)

1.80(0.086) -0.49 (0.629) 0.61(0.547)

-2.25(0.034) -0.52(0.607) -1.77 (0.089)

-0.36 (0.724) -1.93(0.065) -1.61(0.121)



Table S6. T-scores (uncorrected p-values) from an analysis of ROl mean responses for navigation routes (Continued)

L-Ant-HC R-Ant-HC L-Pos-HC R-Pos-HC L-Ent R-Ent L-PPC R-PPC

New Goal Events

AED 1.67 (0.109) 2.14(0.043)§ -0.23(0.820) 0.36(0.719) 1.95(0.064) 3.58(0.002)§ 1.57(0.131) -0.88(0.389)
APD 1.25(0.224) 0.64 (0.530) 0.02(0.985) -0.22(0.830) 1.20(0.243) 0.17(0.871) 0.27(0.789) 0.22(0.830)
AEGD -0.48 (0.634) 0.10(0.920) -0.01(0.989) 0.96 (0.349) -0.34(0.739) 1.68(0.107) 0.46(0.648) 0.01(0.995)
ED -1.30 (0.206) -1.08 (0.293) 0.47 (0.643) 1.31(0.202) -1.27(0.217) -0.90(0.375) -0.91(0.372) -1.92(0.068)
PD 0.82(0.422) 0.67(0.513) -0.24(0.816) -0.69(0.497) 0.33(0.745) 0.19(0.850) -2.03(0.054) -1.06(0.301)
EGD -0.42 (0.679) 0.17 (0.868) 1.20(0.244) 0.62 (0.540) -0.24(0.812) 0.11(0.913) 2.20(0.038)§ 0.02 (0.982)
Detours

PD -0.92 (0.369) -0.15(0.880) 1.25(0.225) 2.12(0.045)§ -1.75(0.094) -1.29(0.209) 2.18 (0.040) 2.24(0.035)

ED = Euclidean distance, PD = Path Distance, EGD = Egocentric Goal Direction, L = Left, R = right, Ant = anterior, Pos = Posterior. Red font
indicates significant values. § = p < 0.05 for a priori regions of interest (see Procedures below) or p < 0.05 bonferroni corrected for multiple
comparisons with each event type (16 comparisons for Travel Period Events, 21 for Decision Points, 35 for New Goal Events, and 5 for Detours).



Supplemental Experimental Procedures

Subjects

Twenty-four right-handed, healthy volunteers (13 males, mean age = 26.25 years, SD
= 3.52 years, range = 20 — 35 years) with normal or corrected to normal vision
participated in this experiment. All subjects were free from colour blindness,
neurological and psychiatric disease and gave informed written consent in
accordance with the local research ethics committee. Only subjects who reported
minimal, or no experience, with the environment were invited to take part in the
study. Subjects were also screened with the Santa Barbara Sense of Direction Scale
[S1]. To avoid testing poor navigators, only those scoring over 3.6 (1 SD below the
mean score provided by [S1]) were selected. Subjects tested in our study had a mean

score of 4.89 (SD = 0.68).

Test Environment

Soho, London UK, was selected due to its high density of streets (increasing Decision
Point sampling) and large number of pubs, clubs, restaurants, cafes and shops, which
served as useful landmarks and goals. The region was bounded by Oxford Street in
the north, Brewer Street in the south, Lexington Street to the West, and Dean Street
to the East. We used a real-world environment rather than a virtual one, to allow
subjects the full range of natural sensory cues to encode the space, which has been

found to improve spatial memory [S2].



Assessment of Prior Knowledge of the Environment

We assessed subjects’ prior knowledge of the environment precisely one week prior
to the day of scanning. Subjects were shown a map of the region used with all street
names removed, except Oxford Street (Figure S1). They were asked to label as many
of the streets as they could. Next, they were shown the same map with street names
shown, a set of red dots marked and a list of landmarks (Figure S1). Subjects are
asked to indicate if they were familiar with any of the landmarks, and if so to

indicate which of the red dots identified its location.

Training

Subjects were required to learn the layout of 26 streets and the location of 23 goals
within our test environment in Soho (Figures 1, 2 and S1). The training strategy
employed was based on the method London taxi drivers use to learn ‘The
Knowledge’ of London. To ensure that subjects acquired accurate knowledge about
the topography of Soho we provided both survey- and ground-level information
throughout training. Following completion of the prior knowledge assessment,
subjects were given a pack of training materials, this contained: coloured
photographs of the 23 goals along with their locations (Figure S1), coloured
photographs of 10 start positions along with their locations, a list of 5 routes across
the test environment to learn, blank maps for self-testing, and a set of instructions.
Subjects were instructed to spend at least 30 minutes looking at each set of

photographs with the aim of memorising the location of each goal and start position.



All subjects later confirmed this was the case. Subjects were instructed that they
would be expected to remember the name and location of each goal/start solely
from presentation of the photograph. To facilitate this process self-testing was
encouraged and blank maps, along with examples of the kind of self-testing that
might be useful, were enclosed. Finally, to encourage subjects to think about the
street layout and devise optimal routes between locations, subjects were required to
devise and memorise the optimal (shortest) route between 5 sets of locations (only
small sub-sections of these routes overlapped with the routes during scanning). A
monetary incentive (£2 extra payment if they scored >70% correct across all tasks)
was used to encourage subjects to utilise their training packs as much as possible.
Importantly, subjects were specifically told not to use any other maps of Soho to aid

their training and instead to rely solely on the materials in this pack.

On the day prior to scanning, subjects were taken on a two-hour tour of the
test region in Soho, during which their spatial knowledge was rigorously tested and
feedback was given. All subjects were taken on the same training route. This was
carefully designed so that each start location was visited once and each goal location
was passed at least twice and from different directions. When each of these
locations was reached the experimenter showed subjects the coloured photograph
of the start or goal as well as their current position on a map. Throughout the tour
the experimenter highlighted all useful topographical information and encouraged
the subjects to attend to landmarks that would be salient and/or useful for
orientation during the subsequent navigation task (i.e., they were highly salient in

the movie footage). Subjects were periodically probed about their knowledge of



upcoming streets and goals (e.g. ‘What is the name of the next street coming up on
the left?’, ‘There are two goals ahead of us on this road; do you know what they
are?’). They were also asked at 6 different locations to indicate, via pointing, the
direction along the Euclidean distance to distant goals and describe the optimal
route to reach them. None of these goals were later tested from these street
segments in the fMRI task. Feedback was provided to the subject for each question
asked, using the map where necessary, to ensure subjects benefitted as much as
possible from the tour experience. Immediately after the tour, subjects were taken
to a café and their post-training knowledge of the test environment was assessed,
using the same procedure that had been used pre-training. Immediate feedback was
provided to guide subjects towards any aspects they should ‘revise’ on the final
evening before scanning. At no point during the training were subjects asked to

estimate the path or Euclidean distance.

Stimuli and task

Details of the stimuli are presented in Figure 2. The 10 routes were novel
combinations of the streets experienced during the guided tour. Immediately prior
to the scan session itself, a training session was conducted to ensure that
participants were pre-exposed to both route types and understood the task
requirements. A total of 3 training routes were viewed (2 navigation and 1 control).
During this period, subjects experienced multiple changes to the goal at several New
Goal Events, and thus were aware that their goal would change from time to time

during scanning. They were reminded that they must pay attention to the current



goal in order to perform correctly. During scanning, routes were separated by a 17
second interval. During the first 12 seconds of this a centrally positioned white
fixation cross was presented on a grey screen and during the latter 5 seconds, just
before each route commenced, the fixation cross was replaced with either the cue
‘NAVIGATE’ or ‘CONTROL’; to indicate which type of route would follow. Throughout
each route the instruction ‘NAV’ or ‘CON’ was displayed at the top of the screen,
depending on the route type. The mean duration of the routes was 266.60 sec (SD =
43.63, range = 198 — 325). Routes were presented at walking speed (mean = 1.6 m/s
SD = 0.41). The routes were designed to minimize the correlation between Euclidean
and path distance to the goal and to maximise the number of turns experienced.
Each route was produced in two task formats: Navigation and Control. Route and

task were counterbalanced across subjects.

Correlations between the spatial parameters across event types

Correlation Coefficients comparing parameters across all routes

Euclidean — Path Euclidean — EGD Path — EGD

Travel Period Events 0.49* -0.04 0.06
Decision Points 0.58* -0.15 0.46*
New Goal Events 0.05 -0.24 0.52*

(change in values)




Mean Correlation Coefficients (with range) of the each of the routes

Euclidean — Path Euclidean — EGD Path — EGD
Travel Period Events 0.21 (-0.12 - 0.46) -0.13(-0.43-0.31) -0.18(-0.34-0.10)
Decision Points 0.38 (-0.66 - 0.95) -0.29(-0.89-0.41) -0.19(-0.73-0.48)

New Goal Events 0.24 (-0.56 - 0.79) -0.08 (-0.64-0.63) 0.20 (-0.60 - 0.75)
(change in values)

EGD = Egocentric Goal Direction, * significant at p < 0.05

For all routes, the duration that start images remained on screen prior to the
display of the first New Goal Event in each route was temporally jittered to last
between 5 and 13 seconds. Timing remained constant for New Goal Events and
Decision Points. New Goal Events lasted 9 seconds in total, during which the movie
was paused. In the initial 4 seconds a colour photograph of the new goal was
overlaid, along with text describing its location. For the remaining 5 seconds the
photograph of the goal remained but the location description was replaced with the
question ‘GOAL L/R?’. During this time the subject was expected to make their
button press response. Decision Points lasted 5 seconds, during which the movie was
paused and the subject was presented with the options to turn at the junction ahead
(e.g. ‘TURN L/S/R?’), and again, subjects were expected to respond during this time.
The amount of time between Decision Points and the onset of the following turn was
temporally jittered to last between 3 and 9 seconds to allow separate measures of
the BOLD signal at these two events. After each turn, at the beginning of each new

street section, text appeared on screen for 3 seconds describing the subject’s



current location and general heading direction (e.g., ‘Broadwick st, facing east’). At
the end of each route, the duration of the final shot of each movie instructing the
subject that the final destination had been reached was also temporally jittered so
that it remained on screen for between 3 and 9 seconds. In control routes, subjects
were instructed which button to press at Decision Points, and had to decide whether
it was possible to purchase a drink at the goal location during New Goal Events.
Subjects were informed that they could use the street name and direction
information presented on entering new streets to orient in control routes, but they

must not think about navigating to the goals presented in the New Goal Events.

Immediately after scanning (outside the scanner), subjects completed a
debrief interview where all navigation routes viewed during scanning were re-
presented in the same order on a laptop (screen size: 12 inch). We do not report
data from this debriefing here. Response time and accuracy scores were calculated
by comparing the subjects button presses during fMRI scanning with the correct
answers based on measurements of the ideal paths and directions to the goal.
Statistical analysis of these and all other behavioural data was conducted with SPSS

(© IBM Corp).

The ten routes within the test region of Soho were filmed using a HD Sony Z1
and a camera stabilizer (B Hague). Final Cut Pro was used to edit and overlay text
onto the original footage to form the first-person-view movie stimuli used in the
experiment.  Minimizing the correlation was achieved by selecting specific
combinations of starting locations, New Goal Events, and Detours. Because of the

geometric relationship between these two parameters some degree of correlation



was inevitable, particularly given that at the end of each route the subject reached
the goal location and that the goal was not changed too frequently. These
constraints were determined to be important from pilot studies. Session 1 started
with a navigation route, while session 2 started with a control route. MATLAB 7.5 (©
Mathworks) and the Cogent2000 v1.28 Toolbox
(http://www.vislab.ucl.ac.uk/cogent_2000.php) were used to control stimulus
presentation, interact with the scanner and record response data. All button press

responses were made using a button box positioned in the subject’s right hand.

Calculation of spatial parameters

Distance and direction data were derived as follows. For each route, the latitude and
longitude of start and end points, as well as all those of all the street junctions in
between were determined using the program Google Earth (© Google 2010) and
converted into Northings and Eastings on a transverse Mercator projection using
software from DMAP (©Alan Morton). Each of these coordinates was given a time
stamp, indicating the time since the start of that route. MATLAB 7.5 (© Mathworks)
was used to provide a linear interpolation over these coordinates to create an
estimate of the viewers’ spatial position for every second of every route movie.
Coordinates of the goal locations were used to create a record of Euclidean distance
and egocentric direction to the goal. Euclidean distance measurements were re-
scaled across all 10 routes to be between 0 and 1, where a value of 0 corresponded
to being at the goal and a value of 1 to being at the maximum Euclidean distance

from the goal.



The path distance was the length of the optimal (shortest) route to the
current goal. This was measured by summing the length, in meters, of all the
component street sections that made up the optimal route. Path distance scores
were re-scaled across all 10 routes to be between 0 and 1, where a value of 0
corresponded to being at the goal and a value of 1 to being at the maximum path

distance from the goal.

To calculate the egocentric direction to the goal, we first determined the
current heading direction (along the route) and the heading direction pointing
directly to the goal at each location on each route. The current heading direction
was determined by finding the phase angle between current location and the
location of the viewer 1 second later on the route. Because there was no future
location for each final location, we assumed the viewer was heading in the same
direction at the final location as the location occupied 1 second previously. The
heading direction pointing directly to the goal was determined by finding the phase
angle between the current location and the goal location. The egocentric direction to
the goal was the (smallest) angular difference between the current heading direction
and the heading direction pointing to the goal. In this study, our main focus was on
measuring the overall variation in the egocentric direction toward the goal, thus we
collapsed across left and right directions. This meant that values greater than 180°
were then subtracted from 360° to bring all values into a range between 0° and
180°. Egocentric direction values were re-scaled across all 10 routes to be between 0
and 1, where a value of 0 corresponded to the goal being directly in front of the

subject (0°) and 1 corresponded to the goal being directly behind the subject (180°).



fMRI acquisition and analysis

Participants were scanned at the Birkbeck-UCL Centre for Neuroimaging (BUCNI)
using a 1.5 Tesla Siemens Avanto MRI scanner (Siemens Medical Systems, Erlangen,
Germany), with a 32-channel head coil. The experimental task, performed over two
sessions, lasted around forty-five minutes and twenty-six seconds. A total of nine
hundred and forty-one (+ 2) functional scans were acquired using a gradient-echo
echoplanar imaging (GE-EPI) sequence (TR = 2,897 ms, TE = 50 ms, flip angle = 90°,
FoV = 192mm?). In each volume thirty-four oblique axial slices, approximately
perpendicular to the hippocampus and 3 mm thick were acquired. Following this a
high-resolution T1 structural scan was acquired (MPRAGE, 176 slices, 1 x 1 x 1 mm
resolution). Foam padding was used to minimise head motions and ear-plugs were
used to dampen the noise of the scanner. Stimuli were projected centrally onto a
screen at the front of the magnet which participants viewed using a mirror mounted
on the head coil (21 x 13 degrees of visual angle of the whole screen). The first 6
functional volumes of each session (dummy scans) were discarded to permit T1
equilibrium. Statistical parametric mapping (SPMS;
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) was used for spatial
preprocessing and subsequent analyses. Images were spatially realigned to the first
volume of the first session to correct for motion artefacts, coregistered with the
structural scan, normalised to a standard EPI template in Montreal Neurological
Institute (MNI) space, and spatially smoothed with an isotropic 8 mm FWHM

Gaussian kernel filter.



After preprocessing, the smoothed, normalised functional imaging data were
entered into a voxel-wise subject-specific general linear model (GLM) (i.e., the first
level design matrix). The effects of interest were task epochs (navigation or control)
and event-related effects corresponding to: New Goal Events (9 sec duration),
Decision Points (5 sec duration), turns along the optimal route (6 sec duration),
Detours (6 sec duration) and Travel Period Events (which were time points (zero
duration) during the travel periods equidistant between the other events). The
number of events varied across subjects because route and task were counter-
balanced. Thus, for navigation routes numbers of each type of event were: 21 or 22
New Goal Events, 26 or 27 Decision Points, 12 or 14 Detours, 79 or 80 Travel Period
Events. There was the same variation in control route event numbers, e.g. 21 or 22
New Goal Events in control routes. Regressors for each of events/epochs were
entered separately for navigation and control routes. For this GLM, the regressors of
interest and six subject-specific movement parameters (included as regressors of no
interest) derived from the realignment phase of preprocessing, were included. The
periods of fixation between blocks was not modelled and treated as the implicit
baseline. Each of the regressors of interest was then convolved with the canonical
haemodynamic response function (HRF) and a high pass filter with a cut-off of 128 s
was used to remove low-frequency drifts. Temporal autocorrelation was modelled
using an AR(1) process. At the first level, linear weighted contrasts were used to
identify effects of interest, providing contrast images for group effects analysed at
the second (random-effects) level. The basic GLM was used to contrast navigation
and control tasks and key events as well as Detours with congruent turns (intended

route progress).



Following this, in a series of GLM analyses we probed the fMRI data with the
spatial parameters (Euclidean distance, path distance, and egocentric goal direction).
Parametric regressors were not serially orthogonalized, thus allowing each regressor
to account independently for the response at each voxel. Separate GLMs were
generated to target specific hypotheses about the data at the four event types in our
study (Travel Period Events, New Goal Events, Decision Points, and Detours). Each
GLM explored the first order parametric modulation of the events of that type, for
both navigation and control routes. We did not exclude any New Goal Events or
Decision Points from our analysis on the basis of subjects’ performance. The table

below provides details of the variables assessed in the different GLMs.

General Linear Models with parametric analysis

Time period Parameters

Travel Period Events ED, PD, EGD

Travel Period Events EDXEGD, PD

Travel Period Events ED, PDXEGD

Decision Points ED, PD, EGD, RT

Decision Points ED, PDXEGD, RT

New Goal Events AED, APD, AEGD

New Goal Events ED, PD, EGD (based on new goal location)
Detours APD

Additional models for follow up analyses
Travel Period Events (25% events removed)*  ED, PD, EGD

Travel Period Events ED, PD, EGD, TE



General Linear Models with parametric analysis continued.

Additional models to allow comparison between events

Travel Period Events, Decision Points ED, PD, EGD

& New Goal Events

Travel Period Events, Decision points ED, PDXEGD

& New Goal Events

New Goal Events & Detours ADP

All models contained all the key events (Travel Period Events, New Goal Events, Decision
Points, Detours), plus navigation task blocks, control task blocks, non-detour turns. The
implicit baseline contained the 17 sec period of fixation between task blocks.

ED = Euclidean distance, PD = path distance, EGD = egocentric goal direction, TE = time
elapsed since route started, RT = reaction time, A = change in the variable. * 25% events
were removed which contained the highest correlation between PD and ED.

In our models exploring Decision Points, we included reaction times (RTs) as a
regressor because we observed significant correlations between both path distance
and egocentric goal direction with reaction time at Decision Points (Table S1). In light
of this behavioural result we examined Decision Points with a model in which the
path distance and direction regressors were replaced with a regressor composed of
the multiplication of both regressors. We also examined Travel Period Events by
applying a similar approach to examine the interaction of the direction with both
types of distance. In a further set of GLMs we investigated the parametric effect of

the magnitude of the change in path distance at Detours and of the change in all



three spatial parameters at New Goal Events, during both navigation and control

routes.

The next set of GLM analyses comprised a variety of control analyses. These
aimed to explore whether MTL activity was also modulated by other potential
explanatory variables. To summarise, the analyses examined the effect of: 1) time
elapsed on the routes, 2) the number of choices at Decision Points, 3) goals moving
nearer or further away at New Goal Events, and 4) the impact of removing events
from the analysis which contained high correlations between path and Euclidean
distance during travel periods. In order to assess the number of choices at Decision
Points, the regressor for Decision Points was divided into two regressors, one for
events with two choices (T-junctions) the other for events with three choices
(crossroads). In the second analysis, two types of New Goal Events (goal moves
closer-to vs. goal moves farther-from subjects) were compared in order to
determine whether our MTL responses to the change in distance to the goal was
driven solely by instances when the goal moves closer-to or farther-from subjects.
Two models were constructed for this analysis, one in which the goal moved
closer/farther in terms of Euclidean distance, the second for instances where the
goal moved closer/farther in terms of path distance. Because hippocampal activity
was significantly correlated with both path and Euclidean distance during travel
periods, we also examined whether MTL activity was significantly correlated with
these parameters by conducting our model of travel periods with the modification
that 25% of the events containing the most correlated path and Euclidean distance

were removed.



In order to plot parameter estimates for different levels of Euclidean distance
to the goal at each event type (e.g. Decision Points) new GLMs were created in
which events were assigned to one of four regressors according to the magnitude of
their corresponding value. Each regressor reflected 1/4th of the total range of
values. Thus, for example when plotting path distance, the first of these regressors
reflected events when the subject was nearest to the goal, while the fourth
regressor reflected events when the subject was far from the goal. These values
were extracted from the sampled events of each participant. Therefore they were
not evenly spread over the normalised scale of 0-1. The number of Detours was
lower than the rest of the events. Therefore, in order to keep the variance
comparable across different event types, path distance values at Detours were split
into only three regressors (Figure 5). Note, these GLMs were employed purely for

plotting the data and were not used for significance testing.

Given our a priori anatomical hypotheses, for distance correlates we
specifically report activations in the hippocampus and entorhinal cortex at a
threshold of p < 0.05 (family-wise-error corrected for brain volume determined by
ROIs) and minimum of 5 contiguous voxels. Due to current speculation about the
role of the anterior and posterior hippocampus, we used ROIs in the anterior and
posterior hippocampus and entorhinal cortex. We focused on the right hemisphere
because the right MTL has been more consistently associated with spatial memory in
humans (see e.g. [S3-5S8]) Both the entorhinal cortex and the hippocampal ROls
were defined using the Duvernoy hippocampal atlas [S9] and Insausti et al. [S10] as

guides. Anterior was defined as the most anterior 3" of the hippocampus, and



posterior as the most posterior 3", For follow up contrasts (having initially
established a significant response in navigation routes) we explored the MTL data
with a more liberal threshold of p < 0.005 uncorrected, as we have done in prior
work [S11]. To examine the prediction that posterior parietal cortex would encode
the egocentric goal direction we used 10 mm spheres located at specific Montreal
Neurological Institute (MNI) coordinates [27, -87, 36 and -18, -81, 36] based on [S4].
To plot the response along the longitudinal axis we divided the hippocampus into 7
sections running from the anterior limit to the posterior limit in the right
hemisphere: each ROI contained 3 slices of 3mm thickness. This ROI approach was
used to display the response along the long axis of the hippocampus. In order to also
report left hemisphere MTL parameter estimates we also constructed ROIs for the
left anterior hippocampus, left posterior hippocampus and left entorhinal cortex
using the same procedure as above. Statistical analyses of mean responses in ROls
were conducted in SPSS, using bonferroni correction to account for multiple
comparisons where we had no a priori predictions. For completeness, we report all
brain regions at a threshold of p < 0.001 uncorrected (or p < 0.005 for MTL regions)
and minimum of 5 contiguous voxels for the planned contrasts in Table S2. We also
note which regions survive at a threshold of p < 0.05 corrected for whole brain
volume. All t-scores and p-values (uncorrected) from our ROl analyses are reported

in Tables S5 and S6.
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