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It is generally accepted that spatial relationships and spatial information are critically
involved in the formation of cognitive maps. It remains unclear, however, which properties
of the world are explicitly encoded and how these properties might contribute to the
formation of such maps. It has been proposed that spatial relations are encoded either
categorically, such that the relative positions of objects are defined in prepositional terms;
or as visual coordinates, such that the precise distances between objects are represented.
Emerging evidence from human and animal studies suggests that distinct neural circuits
might underlie categorical and coordinate representations of object locations during active
spatial navigation. Here we review evidence for the hypothesis that the hippocampal
formation is crucial for encoding coordinate information, whereas the parietal cortex is
crucial for encoding categorical spatial information. Our short review provides a novel
view regarding the functions and potential interactions of these two regions during active
spatial navigation.
Keywords: categorical, coordinate, spatial, memory, navigation, fMRI, hippocampus, parietal

INTRODUCTION
As humans navigate they build up mental models of the physical
world, which are indispensable for finding one’s way in complex
environments and planning routes to distant locations. Previous
human and animal studies have suggested that mental models of
spatial environments are not maintained as a unitary representation; instead, different aspects of space appear to be underpinned
by many different cognitive subsystems and brain regions (e.g.,
Bohbot et al., 2000; Epstein and Higgins, 2007; Zhang et al.,
2012; Baumann and Mattingley, 2013). A prominent example
of this representational fragmentation is the distinction between
egocentric and allocentric representations of object locations. The
egocentric representational system is thought to provide transient action-oriented representations of the environment from
the viewpoint of the navigator (for an overview see reviews by
Klatzky, 1998; Burgess, 2006). Several lines of evidence indicate
that egocentric representations are supported by the parietal lobe.
For example, lesions of the posterior parietal cortex are known
to disrupt patients’ ability to point to the locations of objects in
the absence of visual input (Levine et al., 1985), and neurons in
the intraparietal sulcus have been found to respond to visual and
auditory targets in a body-centered fashion (Mullette-Gillman
et al., 2005). In contrast, the allocentric system is thought to
provide a comprehensive and enduring representation of the
environment that is accessible from any viewpoint (Klatzky, 1998;
Burgess, 2006). In humans and rodents, the hippocampus has
been found to contain view-invariant cells that fire selectively
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as a function of an animal’s location in space, but show little
dependence on the animal’s egocentric orientation during active
navigation (O’Keefe and Dostrovsky, 1971; Ekstrom et al., 2003).

CATEGORICAL VS. COORDINATE SPATIAL
REPRESENTATIONS
Another hypothesized dichotomy within spatial memory is the
distinction between categorical and coordinate representations of
space. Categorical spatial relationships capture general properties of the spatial layout, referring to broad equivalence classes
of spatial positions relative to reference stimuli (e.g., left/right,
below/above, inside/outside). By contrast, coordinate spatial relationships refer to precise spatial locations, which can be expressed
in terms of metric units between locations (e.g., Object A is
located 2.4 m from Object B). This distinction was originally
proposed by Kosslyn (Kosslyn, 1987; Kosslyn et al., 1989, 1992),
based on neural network simulations that showed that it is computationally more efficient to represent categorical and coordinate spatial information separately. Kosslyn also made anatomic
predictions, proposing that the left hemisphere is involved specifically in processing categorical information, whereas the right
hemisphere is involved in processing coordinate information.
According to his original theory, such a hemispheric asymmetry
might have arisen for two reasons. First, the left hemisphere
advantage for categorical processing could have emerged from
its pre-existing dominance for language, particularly with respect
to category formation, whereas the right hemisphere advantage
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for coordinate processing could have arisen from its fundamental
role in spatial navigation (Kosslyn, 1987; Kosslyn et al., 1989).
In this context, however, it is important to mention that the left
hemisphere advantage for categorical processing has also been
observed in monkeys (Jason et al., 1984; Vogels et al., 1994)
and pigeons (Yamazaki et al., 2007), implying that language is
not the only factor that aids category formation. An alternative
explanation for the hemispheric asymmetry is that it might arise
from a difference in the receptive field properties of neurons
in the two hemispheres (Kosslyn et al., 1992; Jacobs et al.,
1994; Chabris and Kosslyn, 1998). According to this account,
the right hemisphere has a bias to encode outputs from neurons
with relatively large receptive fields, whereas the left hemisphere
has a bias for neurons with relatively small receptive fields.
The assumption is that non-overlapping receptive fields divide
space into simple categorical relations, whereas large, overlapping receptive fields support the encoding of precise coordinate
relations. This hypothesis is corroborated by the observation that
the left hemisphere is biased to process signals from the parvocellular visual pathway, whereas the right hemisphere is biased to
process signals from the magnocellular visual pathway (Kosslyn
et al., 1992; Roth and Hellige, 1998; Hellige and Cumberland,
2001).

DISTINCT NEURAL NETWORKS UNDERLIE ENCODING OF
CATEGORICAL AND COORDINATE SPATIAL RELATIONS
Despite the uncertainty regarding a theoretical explanation,
several human studies have provided experimental evidence for
the hypothesized separation of coordinate and categorical representations of space. Evidence has come from three main sources:
(1) visual half-field studies in healthy participants; (2) neuroimaging investigations; and (3) behavioral studies in patients
with brain lesions. The proposed hemispheric lateralization effect
has been most consistently observed in the parietal cortex (cf.
Jager and Postma, 2003), but has also been detected in frontal
areas (Slotnick and Moo, 2006; van der Ham et al., 2009). It is
important to add, however, that the evidence for hemispheric
specialization originates almost exclusively from experiments in
which human participants are asked to encode and recall visual
stimuli within static, two-dimensional displays (cf. Jager and
Postma, 2003). A classic example is the seminal study by Kosslyn
et al., 1989; see Figure 1A) in which participants either judged
whether a dot was on or off the contour of a line drawing of
a nonsense shape (the categorical task), or whether the dot was
within 2 mm of the contour (the metric task). Later studies replicated the hemispheric specialization effect using more realistic
stimuli, such as meaningful objects (Saneyoshi et al., 2006) and
natural scenes (van der Ham et al., 2011). These studies, however,
did not examine whether the distinction between coordinate
and categorical representations would also apply to the encoding
of three-dimensional spatial environments, in which individuals
must build up a representation based upon continually changing
visual inputs obtained from a first-person perspective.
Initial evidence for separate coordinate and categorical representations of three-dimensional spatial environments was
obtained in animals. Goodrich-Hunsaker et al. (2005) employed
a novelty-detection task in brain-lesioned rats to investigate the

Frontiers in Human Neuroscience

neural circuits underlying the encoding of categorical and coordinate spatial relations during active navigation. Rats were first
familiarized with a geometric object configuration on top of a
round board (see Figure 1B). Subsequently, either the categorical
or coordinate relationship between the geometric objects was
altered (e.g., via a left-right transposition or distance change),
and the rats’ exploration behavior was recorded and assessed
as an indicator of their spatial knowledge (see Figure 1C). Rats
naturally familiarize themselves with their environment via initial
exploration (habituation, Poucet, 1993), and if a change in the
environment occurs they typically spend substantially more time
re-exploring the environment (dishabituation, Save et al., 1992).
The ratio of the total time spent exploring the displaced objects
and the total time spent exploring the non-displaced objects
can be used as an indicator of the reliability of the underlying
spatial representation. For example, if a rat spends a significant
amount of time re-exploring two objects that have undergone a
categorical transformation, but fails to respond to a coordinate
transformation, it can be presumed that the rat has a compromised ability to encode coordinate relations, whereas its ability to
encode categorical relations is unimpaired. Using this approach,
Goodrich-Hunsaker et al. (2005) discovered that rats with dorsal
hippocampal lesions displayed deficits in coordinate spatial learning tasks, but behaved normally in categorical tasks. On the other
hand, rats with parietal lesions showed significant impairments in
categorical spatial memory tasks but not in coordinate tasks.
Thus, whereas the human literature has suggested a hemispheric specialization (left vs. right) for the encoding of categorical and coordinate spatial relations, the rodent data imply a
structural specialization (parietal cortex vs. hippocampus). It is
important to note, however, that the relevant human studies have
employed almost exclusively static, two-dimensional stimulus
arrays, whereas the rodent studies have used three-dimensional
mazes and arenas that the animal is required to learn through
active exploration. A possible explanation for the apparent discrepancy between the human and rodent research, therefore, is
that the two species process categorical and coordinate information differently, or that the discrepancy is due to the different
paradigms used in people and rats.
We recently investigated this question by using fMRI to monitor brain activity while human participants actively navigated
a three-dimensional virtual arena, which was similar to those
employed in rodent research (Baumann et al., 2012). The virtual
arena consisted of an infinite plane and contained just two geometric objects, with one serving as a landmark and the other as
a target. The landmark was a cylinder rendered in four different
colors, virtually dividing the arena into four quadrants, and the
target was a small yellow pyramid (see Figure 2A). On every trial,
the participants were required to locate and navigate to the target
object using a hand-held joystick. In the categorical condition,
participants were instructed to remember the quadrant in which
the target object was located, as defined by the color-code of
the central landmark. By contrast, in the coordinate condition
participants were instructed to remember the distance between
the target object and the landmark, irrespective of the quadrant
in which the target was located. After a brief maintenance period
participants re-entered the virtual environment, but the target
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FIGURE 1 | (A) Example of the stimuli used in the experiment by Kosslyn
et al. (1989). The stimuli were amorphous outline figures with a large dot
located 0, 1 or 10 mm from the border of the figure. Participants in the
coordinate task were asked to judge whether the dot was within 2 mm
of the contour of the blob, whereas participants in the categorical task
were asked to judge whether the dot was on or off the contour. (B)
Illustration of the spatial environments used by Goodrich-Hunsaker et al.

object was now absent. In the coordinate condition participants
were required to navigate back to the remembered distance of
the target object from the cylindrical landmark, ignoring the
quadrant, whereas in the categorical condition participants were
required to navigate back to the remembered sector of the target’s
location, irrespective their distance from the central landmark. To
determine whether distinct neural substrates are responsible for
the encoding of categorical and coordinate aspects of spatial environments, encoding-related fMRI activity was compared using a
simple subtraction approach. The results revealed a hemispheric
as well as structural dissociation for categorical vs. coordinate
memory encoding. In line with previous studies in humans,
the categorical condition led to predominantly left hemispheric
activity, whereas the coordinate condition activated primarily the
right hemisphere. Moreover, in line with the relevant rodent literature, categorical encoding led to stronger activity in the parietal
cortex, whereas coordinate encoding led to stronger activity in the
hippocampus (see Figures 2B–D).

HIPPOCAMPAL AND PARIETAL CONTRIBUTIONS TO
SPATIAL-RELATION CODING
The notion that the hippocampus underlies the encoding of
coordinate spatial relations is in line with earlier human imaging
studies, which showed that the hippocampus is typically active
whenever spatial associations have to be formed in a way that
allows for absolute metric accuracy during navigation. A recent
example is an fMRI study in which we observed a close relationship between hippocampal activity and metric accuracy in
a memory-guided navigation task (Baumann et al., 2010). We
measured neural responses as participants learned the location
of a single target object relative to a small set of landmarks.
Following a delay, the target was removed and participants were
required to navigate back to its original position. We found that
greater activity in the right hippocampus during object-location
encoding predicted higher metric accuracy in locating the hidden
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(2005). Shown is the geometric configuration of colored objects on top of
a round board. (C) After rats habituated to the environment, either a
categorical or coordinate transformation was applied (in this illustration, a
categorical transformation via a left-right transposition of the green and
red landmarks is shown). Subsequent assessment of the rats’
re-exploration behavior served as an indicator of the precision of their
internal representation of the layout.

target object in the retrieval phase. Other human imaging studies
have implicated the human hippocampus even more explicitly
in the encoding of distance information. Morgan et al. (2011)
recorded brain activity using fMRI while university students were
shown images of landmarks from a familiar college campus. They
found that activity in the hippocampus scaled with the distances
between landmarks. More specifically, the hippocampal response
to each landmark was dependent on the real-world distance
between that landmark and the landmark shown on the preceding
trial. This distance-related effect was observed in the absence of
any explicit navigational task—participants were simply asked to
think about the identity of each landmark—suggesting that this
process operates automatically. Further evidence for a hippocampal role in distance coding comes from a recent imaging study by
Viard et al. (2011), in which participants were asked to indicate
the shortest egocentric distance to a target location from varying
locations in a virtual environment. The hippocampus showed a
very robust increase in activation with goal proximity, in line with
its hypothesized role in encoding coordinate properties of the
spatial environment.
While crucial for the encoding of coordinate spatial relations,
lesion data in rodents suggest that categorical spatial relations can
be encoded in the absence of an intact hippocampus (GoodrichHunsaker et al., 2005). Lesions of the parietal lobe, however, have
been found to cause severe deficits in rodents during such tasks,
suggesting an important role for this structure in the encoding
of categorical spatial relations. In humans, the posterior parietal
cortex has long been known to play a pivotal role in the shortterm maintenance of spatial information (for a meta-analysis, see
Wager et al., 2003). However, several lines of evidence also point to
a more specific role of this structure in categorical spatial information processing. Early evidence came from clinical reports, which
suggested that lesions of the posterior parietal lobe can lead to
left-right (Laeng, 1994) or inside-outside confusion for locations
in space (Robertson et al., 1997). In a later study, Ciaramelli
et al. (2010) reported that patients with lesions in the posterior
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FIGURE 2 | (A) Schematic of the virtual environment used in the experiment
by Baumann et al. (2012). The blue and green side of the reference landmark
is shown. The target is shown in yellow, with a virtual “beacon” projecting
vertically from its apex. Participants were required to actively navigate the
arena and to encode either the distance of the target relative to the landmark
(coordinate task), or the sector in which the target object was located
(categorical task). The two task conditions employed visually identical virtual

parietal cortex show deficits in making landmark sequence (i.e.,
categorical) judgments, but are unimpaired in distance and proximity (i.e., coordinate) judgments. In recent years, a series of
neuroimaging studies have provided additional evidence for a
role of the human parietal cortex in encoding categorical spatial
relations (cf. Jager and Postma, 2003). An interesting example is
a study by Amorapanth et al. (2010), which found that having
participants direct their attention to categorical spatial relations
between objects, as opposed to the identity of objects, resulted in
greater activity in superior and inferior parietal cortices. Finally,
while most of the human findings have been based on static
two-dimensional stimulus arrays, we recently demonstrated that
the posterior parietal cortex is also engaged when categorical
relations have to be encoded within dynamic, three-dimensional
environments (Baumann et al., 2012).

REFERENCE FRAME PROCESSING VS. SPATIAL RELATION
CODING
As mentioned above, another hypothesized dichotomy in spatial
memory is the distinction between egocentric and allocentric
representations of object locations. Previous studies have indicated that allocentric representations are underpinned by the
hippocampus, whereas egocentric representations rely on the
parietal cortex (cf. Burgess, 2006). This raises the important
question of how these findings might best be integrated with
the observed role of the same brain structures in coordinate
and categorical spatial relation coding. Jager and Postma (2003)
proposed two opposing hypotheses concerning this question.
The interaction hypothesis states that allocentric processing is
associated with categorical coding of spatial relations, whereas
egocentric processing is closely linked to coordinate coding. The
logic behind this hypothesis is that allocentric representations
provide an observer with a sense of “space constancy”, defined as
the awareness of relative, categorical locations of objects, which
underlies an observer’s ability to recognize scenes. Coordinate
representations, on the other hand, are used for action-oriented,
body-centered tasks. The interaction hypothesis therefore predicts
that categorical spatial processing should be more efficient within
an allocentric reference frame, whereas coordinate processing
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environments and differed only in the instructions to the participants (i.e.,
coordinate task: “Remember the distance”; categorical task: “Remember the
sector”). (B) Rendered image of left hemisphere showing corresponding
fMRI data. (C) Axial view. (D) Sagittal view. There was greater left posterior
parietal activity during the encoding of categorical spatial relations, and
greater right hippocampal activity during the encoding of coordinate spatial
relations.

should benefit from an egocentric reference frame. In contrast,
the independence hypothesis states that reference frame processing
and spatial relation coding form independent dimensions, which
can be fully combined without showing selective facilitation.
Ruotolo et al. (2011) tested the interaction and independence
hypotheses in a behavioral experiment. Participants were asked to
judge the position of two vertical bars placed above and below a
horizontal bar, in relation either to their body midline (egocentric
reference frame) or to the center of the horizontal bar (allocentric reference frame). Moreover, they had to make distance
(coordinate) judgments or relative categorical judgments. Participants were more accurate in judging categorical than coordinate
relations, and especially so in the allocentric condition. This
study supports the interaction hypothesis, suggesting that reference
frame processing and spatial relation coding are not completely
independent cognitive mechanisms. It is important to note, however, that the effects observed in the study of Ruotolo et al. (2011)
could be task-dependent. Previous studies have shown that static,
two-dimensional perceptual tasks might favor allocentric and
categorical representations, whereas egocentric and coordinate
information could be more relevant in three-dimensional, actionoriented tasks (cf. Schenk and McIntosh, 2010).
To answer the question whether and how reference frame
processing and spatial relation coding interact, it will be necessary to determine the neural correlates of these cognitive
processes in one common experiment. Only by carefully controlling both allocentric/egocentric and categorical/coordinate
aspects of spatial navigation tasks will it be possible to accurately discern their relative contributions to parietal and hippocampal activation patterns. Based on current evidence, we
hypothesize that spatial relation coding and reference frame
processing are independent cognitive mechanisms that engage
different subregions of the hippocampus and posterior parietal
cortex. An allocentric-coordinate task should therefore be entirely
hippocampal dependent, whereas an egocentric-categorical task
would be solely dependent on the parietal cortex. On the
other hand, allocentric-categorical and egocentric-coordinate
navigation tasks should rely on both the hippocampus and the
parietal cortex. Future experiments will be necessary to test these
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predictions and to provide a more mechanistic understanding
of the roles hippocampal and parietal structures play in spatial
relation coding and reference frame processing.

CONCLUSION
There is considerable evidence for dissociable roles of the hippocampus and parietal cortex in encoding of coordinate and
categorical spatial information in three-dimensional environments. Crucially, recent findings suggest that the neural networks
that subserve categorical and coordinate encoding are different
from those commonly reported in studies involving static, twodimensional stimulus arrays. Given the growing body of literature
suggesting a diversity of functions of hippocampal and parietal
subregions (e.g., Howard et al., 2013; Poppenk et al., 2013) it will
be necessary to characterize more precisely the neural foundations
of categorical and coordinate encoding of spatial environments.
The nature of the representations underlying human spatial
cognition is still the subject of intense debate (Burgess, 2006).
We believe the notion of distinct categorical and coordinate
representations of spatial environments constitutes an important
additional factor to be considered in building a comprehensive
model of human and animal spatial navigation, and that it could
have important applications beyond the laboratory. It should be
possible, for example, to develop more refined behavioral tests in
patients with topographical disorientation, by incorporating measures of categorical and coordinate spatial performance (Aguirre
and D’Esposito, 1999).
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