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Summary 
The dissociation between egocentric and allocentric reference 
frames is well established. Spatial coding relative to oneself has 
been associated with a brain network distinct from spatial coding 
using a cognitive map independently of the actual position. These 
differences were, however, revealed by a variety of tasks from 
both static conditions, using a series of images, and dynamic 
conditions, using movements through space. We aimed to clarify 
how these paradigms correspond to each other concerning the 
neural correlates of the use of egocentric and allocentric 
reference frames. We review here studies of allocentric and 
egocentric judgments used in static two- and three-dimensional 
tasks and compare their results with the findings from spatial 
navigation studies. We argue that neural correlates of allocentric 
coding in static conditions but using complex three-dimensional 
scenes and involving spatial memory of participants resemble 
those in spatial navigation studies, while allocentric 
representations in two-dimensional tasks are connected with 
other perceptual and attentional processes. In contrast, the brain 
networks associated with the egocentric reference frame in static 
two-dimensional and three-dimensional tasks and spatial 
navigation tasks are, with some limitations, more similar. Our 
review demonstrates the heterogeneity of experimental designs 
focused on spatial reference frames. At the same time, it 
indicates similarities in brain activation during reference frame 
use despite this heterogeneity. 
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Introduction 
 

The concept of spatial reference frames is 
important for studying spatial cognition in humans as it is 
involved in spatial memory, perception, performing 
actions in space, and navigation. Two main classes of 
reference frames have been described: egocentric and 
allocentric. Various experimental paradigms have been 
used in neuroimaging and electrophysiological studies to 
investigate neural correlates of the use of spatial 
reference frames. Part of them explored the nature of 
allocentric and egocentric coding using spatial tasks such 
as direction or distance judgments in static images, either 
simple two-dimensional ones containing a few objects or 
more complex three-dimensional scenes from virtual 
reality environments. Another broad spectrum of studies 
aimed to investigate how humans use and manipulate 
spatial reference frames in dynamic conditions during 
navigation. These studies employed virtual environments 
such as analogies of the Morris water maze, virtual cities 
or tunnels, or mental navigation. Additional ones studied 
the effect of brain lesions in real space tasks. It is not 
obvious how these different approaches correspond to 
each other in terms of neural correlates. Here, we try to 
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fill the gap in understanding of this issue. In the 
following text, we provide an overview of brain activity 
studies of egocentric and allocentric coding in static two-
dimensional tasks, then move on to studies using 
complex three-dimensional scenes. Finally, we compare 
their results with the findings from spatial navigation 
studies. 

The search for relevant papers was performed on 
the PubMed database. As our main aim was the 
comparison of neural correlates of allocentric and 
egocentric reference frames use in static and dynamic 
conditions in humans, we included only studies analyzing 
brain activation using various neuroimaging methods 
such as fMRI, PET or EEG in humans. We excluded 
animal studies and human studies reporting only 
behavioral results. Except for brain lesion studies 
mentioned in the review, our search focused mainly on 
studies with the participation of healthy and young adults. 
 
Types of spatial reference frames 
 

According to Klatzky (1998), a reference frame 
is defined as a system of reference to represent the 
object’s and subject’s spatial positions. Parameters 
defining a reference frame include its origin, orientation, 
and scale. Two basic types have been suggested, based on 
where the origin is anchored (O’Keefe and Nadel 1978). 
In an egocentric reference frame, the locations of objects 
are coded in relation to the observer. On the contrary, 
allocentric coding is independent of the subject’s position 
and based on inter-objects relations and relations between 
objects and global landmarks (O’Keefe and Nadel 1978, 
Klatzky 1998). 

Each spatial reference frame could be divided 
into various subtypes. According to recent fMRI studies, 
several areas in the parietal cortex are associated with 
different egocentric reference frames. The eye-centered 
coordinates can be used for visual perception or spatial 
attention, as shown in the study by Medendorp et al. 
(2003). They identified a bilateral region located at 
a medial branch of the intraparietal sulcus (IPS), which 
monitors and updates spatial goals in the gaze-centered 
reference frame. In a delayed-saccade task, participants 
had to make a saccade towards the remembered location 
of the target, which was presented before left or right 
from the fixating point. The authors found topographical 
activation in the area near IPS, which responded more on 
the left side for saccades towards rightward goal locations 
and more on the right side for saccades towards leftward 

goal locations. This activation was in the gaze-centered 
reference frame as the body and head reference frames 
were fixed. The hand and body-centered reference frames 
are used for reaching near targets (Makin et al. 2007, 
Beurze et al. 2010), while the face-centered 
representation in the parietal face area allows coordinated 
head movements like eating or avoiding head collisions 
(Sereno and Huang 2006). However, in most studies 
focused on egocentric and allocentric representations, 
authors do not distinguish between these egocentric 
subtypes and mostly eye- or head-centered can be implied 
from the experimental design. 

Regarding allocentric reference frame, in 
a general sense, it is defined as coding the location of  
an object relative to other objects or landmarks in the 
environment, independently from the viewer’s position 
(O’Keefe and Nadel 1978, Klatzky 1998). Thus, this 
definition combines coding of local, object-to-object 
spatial relationships, which can be used in more general 
attentional and visuomotor control processes, with the 
coding of global spatial relationships between objects and 
landmarks in the environment used mainly for navigation. 
The first type of coding has been called ‘object-centered’; 
it is essential for orienting in near space and representing 
in memory the relative location of visible and invisible 
objects (Easton and Sholl 1995). Our knowledge about its 
brain representation is closely associated with studies of 
brain-damaged patients suffering from object-centered 
neglect, expressed in the ignoring of the half of objects, 
contralateral to the lesion site, independently from the 
patient’s midline (Chechlacz et al. 2012, Kenzie et al. 
2015, Demeyere and Gillebert 2019). Apart from its 
engagement in spatial attention, it was also shown that 
the ‘object-centered’ reference frame could serve for 
visuomotor control, reaching and grasping (Honda et al. 
1998, Patchay et al. 2006, Chen et al. 2014). For 
example, it could be involved in the initial localization of 
the part of an object relative to another object in order to 
grab it properly, which occurs already in egocentric 
coordinates. As for the second type of coding, it has been 
called ‘world-centered’ or ‘environment-centered’ 
(Committeri et al. 2004, Rosenbaum et al. 2004, Sulpizio 
et al. 2013, Wolbers and Wiener 2014, Ekstrom et al. 
2017) as spatial locations of objects are coded with 
respect to some fixed characteristics of the environment. 
We use this global spatial coding mostly for the planning 
of a novel trajectory in the environment. 
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Two-dimensional studies 
 

The first line of research (Galati et al. 2000, 
Neggers et al. 2006, Chen et al. 2012, Saj et al. 2014, Liu 
et al. 2017, Ruotolo et al. 2019) employed perceptual 
spatial judgments in two-dimensional images. The 
experimental design included simple two-dimensional 
tasks, as a rule, consisting of basic objects such as bars, 
points, or circles. In an allocentric condition, participants 
judged distance or direction relative to the middle of  
an object or stimulus, while an egocentric condition was 
expressed in making distance or direction judgments 
relative to the midsagittal plane of participant’s body. The 
experimental design generally did not allow 
distinguishing between eye-, head- and body-centered 
reference frames as the participant’s body and head were 
in a fixed position during the whole experiment, and 
participants had to fixate the center of the screen before 
each trial. These tasks are similar conceptually to the line 
bisection test, which is commonly used to assess spatial 
impairments in patients suffering from unilateral or 
hemispatial neglect (Schenkenberg et al. 1980, Ishiai  
et al. 1989). 

Galati and his colleagues (2000), for instance, 
used visuospatial tasks with left-right judgments about 
vertical bars intersecting a horizontal line. In the 
egocentric condition, participants had to determine 
whether the vertical line was on the right or the left from 
their body midsagittal plane. In the allocentric condition, 
participants had to determine whether the vertical line 
was on the right or the left from the middle of the 
horizontal line. In control non-spatial condition, 
participants had to judge the color of the vertical bar. 
Other studies followed a similar paradigm with various 
two-dimensional (Neggers et al. 2006, Ruotolo et al. 
2019) or even three-dimensional objects (Chen et al. 
2012, Liu et al. 2017) but still without any background – 
making judgments about the position of the fork with 
respect either to the center of the plate or to the 
midsagittal of participant’s body. 

The results of these fMRI studies demonstrate 
a common pattern of activation in allocentric and 
egocentric spatial tasks compared with non-spatial. In 
particular, either the areas in the frontal cortex, such as 
the middle or superior frontal gyrus (Neggers et al. 2006), 
or in the parietal cortex, especially the superior or inferior 
parietal lobule (Chen et al. 2012, Saj et al. 2014), or both 
(Galati et al. 2000, Liu et al. 2017) were active during the 
spatial conditions. Direct comparisons between spatial 

conditions revealed, in general, a wider activation during 
the egocentric task than in allocentric. Moreover, 
egocentric judgments elicited response selectively in 
parts of the fronto-parietal network such as the superior 
parietal lobule, precuneus, superior, middle and inferior 
frontal gyri predominantly in the right hemisphere (Galati 
et al. 2000, Chen et al. 2012, Saj et al. 2014, Liu et al. 
2017, Ruotolo et al. 2019). This activity associated with 
the egocentric reference frame is in line with findings 
from studies of patients suffering from unilateral spatial 
neglect. The most severe impairments were caused by 
lesions in the right hemisphere (Vallar 2007, Grimsen  
et al. 2008). In particular, lesions to the areas of the 
dorsal stream such as the right superior and middle 
frontal gyri, as well as to the perisylvian parts of the pre-, 
postcentral and supramarginal gyri resulted in egocentric 
impairments which were expressed in patient’s inability 
to perceive space contralateral to their lesion (Grimsen  
et al. 2008, Chechlacz et al. 2012). 

The reverse contrast, allocentric versus 
egocentric condition, revealed a common pattern of 
activation only in some studies. Although there was the 
trend for activation in the allocentric compared to the 
egocentric condition in the lingual gyrus and region 
around the tail of the right hippocampus (Galati et al. 
2000) or in the middle frontal gyrus (Neggers et al. 
2006), significant activation was observed only in the left 
inferior temporal gyrus (Saj et al. 2014) and bilaterally in 
the cuneus, calcarine sulcus and lingual gyrus (Ruotolo 
 et al. 2019). In other cases, there was no significant 
activation at all (Chen et al. 2012, Liu et al. 2017). 
Despite the absence of activation in the allocentric versus 
egocentric contrast in some studies, other studies suggest 
a general pattern of activation for the processing of 
allocentric information in the ventral occipitotemporal 
cortex. 

The difference in the significance of activation 
for the allocentric condition in the ventral areas could be 
explained by different applied experimental paradigms. 
For instance, Saj et al. (2014) used a pair of various 
stimuli (a dot and a vertical bar) and asked the subjects 
not to make left/right judgments (in contrast to Galati  
et al. 2000) but rather to establish whether the vertical bar 
was aligned with the dot (allocentric task) or whether it 
was aligned with the body midline longitudinal axis 
(egocentric task). In this case, tasks could be more 
distinguishable as participants estimated exact spatial 
relations rather than made relative distance judgments. As 
a result, Saj et al. (2014) observed significant activation 
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in the ventral area, in particular, in the inferior temporal 
gyrus in the allocentric task. Galati et al. (2000) also 
found activation in the ventral occipitotemporal cortex, 
specifically in the lingual gyrus and hippocampus, but it 
did not reach statistical significance. This observed 
pattern of activation is partly in agreement with findings 
from studies of patients suffering from object-centered 
allocentric neglect. Patients who ignore the half of 
objects, contralateral to the lesion site, independently of 
their position, often have lesions in the ventral 
occipitotemporal areas (Grimsen et al. 2008, Chechlacz  
et al. 2012). 

Other studies explored neural correlates of 
visuomotor tasks performed either in egocentric or 
allocentric reference frames in response to visual stimuli 
presented in two-dimensional images (Honda et al. 1998, 
Chen et al. 2014, Chen et al. 2018). The first study 
(Honda et al. 1998) used the following experimental 
paradigm: first, two polygons with a target spot inside 
each of them were presented in two of four corners of the 
screen (the location of objects and target spots were 
different each trial); after a delay, a cue in the form of one 
of two polygons without the target spot appeared in the 
center of the screen; in response to this cue, participants 
were required to move the joystick either in the 
remembered direction of the relative location of the target 
spot within the object (allocentric condition) or in the 
remembered direction of the object’s location relative to 
the center of the screen (egocentric condition). Using 
PET, authors observed common activation in the 
posterior parietal cortex, anterior supplementary motor 
areas, ventral premotor cortex, and dorsolateral prefrontal 
cortex for allocentric and egocentric conditions compared 
with control (fixed response in constant direction). In the 
allocentric condition, activation in the ventral 
occipitotemporal region, namely in the inferior occipital 
and fusiform gyri, was additionally found, which is partly 
in agreement with findings from studies using perceptual 
spatial judgments (Saj et al. 2014, Ruotolo et al. 2019). 

A similar, more recent study (Chen et al. 2014) 
examined reaching the locations of remembered targets in 
allocentric and egocentric reference frames. First, they 
presented two visual stimuli the same for all conditions: 
one as a landmark and another as a target for upcoming 
reaching. Then a delay phase was introduced when 
participants had to remember the location of a reach 
target. After that, only the landmark was presented either 
at the same or at a different position and then 
disappeared. Finally, participants had to reach the 

location of the remembered target relative to the gaze, 
which was fixed (egocentric condition) or relative to the 
landmark (allocentric condition). Audio instruction about 
which reference frame to use was given at the beginning 
of each trial. During the delay phase, the authors 
observed higher activation in the parieto-frontal network, 
including the dorsal premotor cortex, mid-posterior IPS 
and superior parieto-occipital cortex, for the egocentric 
task and higher activation in areas of the occipital and 
temporal lobes for the allocentric task, namely in the 
lingual gyrus, cuneus and inferior temporal gyrus. 
Authors suggested that allocentric representations of the 
target in the inferior temporal gyrus are somehow further 
transformed into the planning of reaching in the 
egocentric coordinates in the parieto-frontal network. To 
confirm this suggestion, Chen et al. (2018) designed 
another experiment in which participants always had to 
remember the position of a target in allocentric 
coordinates with the following egocentric reaching. They 
identified four areas in the parietal and frontal cortex, 
such as the right precuneus, right pre-supplementary 
motor area, and bilateral dorsal premotor cortex, which 
could participate in the conversion of allocentric 
representations of the remembered target to the 
egocentric reaching. 

In summary, egocentric representations used in 
perceptual spatial judgments are similar to those involved 
in remembering the target for reaching and recruit the 
parieto-frontal network. Allocentric representations 
recruit specific areas of the ventral occipitotemporal 
cortex, including the inferior temporal, inferior occipital, 
lingual and fusiform gyri and cuneus (Honda et al. 1998, 
Chen et al. 2014, Saj et al. 2014, Ruotolo et al. 2019), 
also common for different types of tasks, although they 
were not active in all cases. The fact that visual 
processing areas of the occipital and temporal lobe are 
involved in allocentric representations is congruent with  
a function of the ventral visual stream in the perception of 
objects, the extraction of their characteristics and 
relations, in the model suggested by Goodale and Milner 
(1992). 
 
Three-dimensional studies 
 

Another line of research (Committeri et al. 2004, 
Bastin et al. 2013, Sulpizio et al. 2013) explored neural 
correlates of egocentric and allocentric coding using 
complex three-dimensional scenes reconstructed from the 
real-world environment. In comparison to previously 
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mentioned studies, this approach allows investigating the 
use of spatial reference frames in conditions close to real 
navigation but still without movements in space. The 
experimental design included both allocentric condition 
types: object-centered and world-centered. In the former 
condition, participants encoded the location of the target 
object relative to other unstable objects ignoring the 
surrounding environment. The latter condition, by 
contrast, required participants to encode the position of 
the target object relative to the stable characteristics of 
the scene. The egocentric condition depended on the 
current position of the participants, i.e. the current point 
of view in the scene, and thus, differed from that in two-
dimensional studies. 

In two studies (Committeri et al. 2004, Bastin  
et al. 2013), the authors used a realistic virtual 
reconstruction of an area in front of a three-winged palace 
with a fountain. This area also contained several objects 
such as garbage cans and a red ball, which changed their 
locations each trial. In the egocentric condition, 
participants should indicate which of two garbage cans 
was closer to their current position. In the object-centered 
allocentric condition, participants should report which of 
two garbage cans was closer to the red ball. It is worth 
noting that in previously mentioned studies, the object-
centered condition was limited mostly by left-right 
distance judgments and, thus, presented only one 
dimension of space, whereas here objects were put in  
a three-dimensional scene and distance judgments 
included another aspect of space such as depth. In the 
world-centered condition, participants should report 
which of two garbage cans was closer to the central wing 
of the palace, which was not visible from their current 
viewpoint. Accordingly, the second condition required 
participants to make a mental reconstruction of the entire 
environment to locate the central wing of the palace 
relative to some fixed features of the environment, 
including lateral wings of the palace. The control non-
spatial task required participants to determine which of 
two garbage cans was lying on the ground. In the third 
study (Sulpizio et al. 2013), the task for participants was 
to recognize a change in the target object position 
between two presented scenes, relative to their view, 
relative to the furniture on the central rotatable carpet 
arena or relative to the whole room. 

 Comparing spatial conditions with non-spatial, 
authors found common activation in the frontal, parietal, 
and occipital lobes (Committeri et al. 2004, Sulpizio  
et al. 2013). Besides, the overall activation was higher for 

both allocentric conditions (object- and world-centered), 
in contrast to studies using simple two-dimensional tasks, 
where the trend was the opposite: allocentric tasks even 
did not show significant activation in some cases. 
Furthermore, each spatial reference frame showed a diffe-
rent pattern of activation. The fronto-parietal regions, 
including the precuneus, supramarginal gyrus, posterior 
intraparietal sulcus and temporo-parieto-occipital 
junction, were involved in the egocentric frame 
transformations in one of the studies (Sulpizio et al. 
2013), while only the right superior and inferior frontal 
gyri were more involved in the egocentric condition in 
Committeri et al. (2004) and Bastin et al. (2013) studies. 
Surprisingly, in these two studies, the authors did not 
observe higher activation in parietal regions for 
egocentric than for other spatial conditions. The 
egocentric distance judgment was made in relation to the 
participant’s position as a whole rather than to  
a particular body part, which could result in the reduction 
of parietal involvement as authors suggested (Committeri 
et al. 2004). 

The object-centered condition was associated 
with increased activity in the bilateral lateral 
occipitotemporal cortex, including inferior temporal and 
occipital gyri (Committeri et al. 2004) and temporo-
parieto-occipital junction (Sulpizio et al. 2013). The 
activation pattern in the object-centered allocentric 
condition overlapped with allocentric conditions in two-
dimensional tasks, although not completely. The common 
lateral occipitotemporal activity, including inferior 
temporal and occipital gyri, together with the observation 
of patients suffering from object-centered neglect after 
similarly located brain lesions, suggests the similarity of 
object-based space coding in two and three-dimensional 
static scene tasks. 

Finally, the world-centered condition was 
associated with the highest activity in the retrosplenial 
cortex (RSC) and in the ventromedial occipitotemporal 
cortex (Committeri et al. 2004, Bastin et al. 2013, 
Sulpizio et al. 2013), which included the medial fusiform 
gyrus, the lingual gyrus, and the posterior part of the 
parahippocampal gyrus. The part of activation in the 
ventromedial occipitotemporal cortex overlapped with 
activation observed during the allocentric task in two-
dimensional studies, namely in the lingual and fusiform 
gyri (Honda et al. 1998, Chen et al. 2014, Ruotolo et al. 
2019). Activation in the parahippocampal gyrus 
overlapped with the localization of the parahippocampal 
place area (PPA, Epstein and Kanwisher 1998) that 
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responds preferentially to images of buildings and three-
dimensional scenes. Its activation is possibly related to 
the required focus on the whole environmental geometry 
during the world-centered condition. Late PPA response 
during the world-centered condition was also documented 
in a follow-up intracranial study (Bastin et al. 2013). 

At the same time, the RSC activity relates 
probably to the required reorientation (Julian et al. 2018), 
as the changed viewpoint during each trial was crucial for 
world-centered responses but not for other conditions. 
Besides, the precuneus was active only in the world-
centered condition (Committeri et al. 2004), which 
required participants to mentally imagine the whole 
environment in order to localize the central wing of the 
palace. Its involvement could be explained by the process 
of mental imaging as shown in other studies (Fletcher  
et al. 1996, Ghaem et al. 1997, Malouin et al. 2003), in 
particular, it was active during motor imagery (Malouin 
et al. 2003) and mental navigation (Ghaem et al. 1997). 
On the other hand, precuneus activation could be 
associated with the translation between egocentric and 
allocentric representations: in the world-centered 
condition, participants needed to estimate their position 
and heading relative to the invisible central wing of the 
palace. The involvement of the precuneus in the 
egocentric-allocentric transformation was shown in other 
spatial tasks (Dhindsa et al. 2014) as well as in the 
reverse translation of allocentric representations of the 
remembered target to the egocentric reaching (Chen et al. 
2018). 

Of note is the lack of specific hippocampal 
activity in the world-centered condition. This condition 
partially resembles the allocentric navigation in Morris 
water maze in its design where the hippocampal 
activation has been documented (Parslow et al. 2004, 
Rodriguez 2010). However, the hippocampus is probably 
more essential for trajectory planning (Spiers and 
Maguire 2007) and more complex topographical tasks 
involving larger environments (Maguire et al. 1998) than 
simple distance estimation. Also, the hippocampus might 
rather be involved in integrating information about 
multiple spatial locations (Zhang and Ekstrom 2013), 
which was not required during the world-centered 
allocentric task. 
 
Spatial navigation studies 
 

We reviewed several studies investigating neural 
correlates of allocentric and egocentric representations in 

static conditions; however, in everyday life, humans 
manipulate these reference frames mostly while 
navigating and orienting in space. So, in the following 
section, we discuss the neural activation during the use of 
allocentric and egocentric reference frames in dynamic 
conditions, during navigation, and compare it with that in 
static conditions. 

In spatial navigation studies, egocentric and 
allocentric strategies have been defined by the prevailing 
use of the corresponding reference frame. The egocentric 
strategy is based on the assessment of distances and 
directions from the body axes to the current goal and 
local landmarks. By contrast, people adopting  
an allocentric strategy establish spatial relationships 
between landmarks in the environment and their 
navigational goal independently from their position. 

One of the popular spatial navigation tasks used 
in humans is the analog of the Morris water maze 
(MWM) originated from rodent studies. In the virtual 
analog of the MWM, in the allocentric condition, 
participants should find the invisible goal in the virtual 
circular arena using landmarks on the walls (Parslow  
et al. 2004, Rodriguez 2010) or object cues in its 
overhead version (Feigenbaum and Morris 2004) while 
their starting point is changing across trials. In the 
egocentric condition, the relationship between the starting 
position and invisible goal location is the same across 
trials, but landmarks on the walls (Parslow et al. 2004) or 
locations of object cues (Feigenbaum and Morris 2004) 
are changing. So, participants should ignore them and 
search for the invisible goal with respect to their starting 
position. Also, real-space models of the MWM were 
developed to assess allocentric memory in neurology 
patients (Bohbot et al. 1998, Kalova et al. 2005, Bohbot 
and Corkin 2007, Amlerova et al. 2013). In these models, 
subjects search for the hidden goal while orienting 
themselves relative to the room landmarks or start 
position in the allocentric and egocentric condition, 
respectively, similarly to the virtual analog models. 

Another often used experimental paradigm is 
navigation in the large-scale environment as the virtual 
maze or city (Aguirre et al. 1996, Maguire et al. 1998, 
Hartley et al. 2003, Jordan et al. 2004, Iaria et al. 2007, 
Spiers and Maguire 2007, Weniger et al. 2009, Weniger 
et al. 2010). A typical example of the allocentric task is to 
find the shortest way between two locations, often 
between the starting and final position in the virtual maze 
(Jordan et al. 2004) or between two landmarks located far 
from each other in the virtual city (Maguire et al. 1998, 
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Spiers and Maguire 2007, Iaria et al. 2007). Also, using 
detours has been employed as an example of allocentric-
based navigation if the original way was blocked 
(Maguire et al. 1998, Spiers and Maguire 2007). In both 
cases, participants need to use a cognitive map of the 
environment to resolve a task successfully. In contrast, in 
egocentric tasks, participants are often required to 
navigate along habitual routes or follow trails or arrows 
along the route (Maguire et al. 1998, Hartley et al. 2003, 
Weniger et al. 2009, Weniger et al. 2010). Sometimes 
they should recall the landmark order or appearance 
along a known route (Jordan et al. 2004, Nemmi et al. 
2013). 

Mental navigation tasks require participants to 
imagine navigating in a very familiar environment. 
Moscovitch and his colleagues, for instance, asked subjects 
to mentally navigate in downtown Toronto where they had 
a vast experience navigating within 5-10 years prior to the 
experiment. In one of the egocentric tasks, participants had 
to establish whether the order of two landmarks along the 
route was correct if they were walking on the street named 
in the instruction in a particular direction. In the allocentric 
task, participants had to mentally imagine the configuration 
of three named landmarks in the city and report which of 
two landmarks was closer to the third one (Rosenbaum  
et al. 2004, Hirshhorn et al. 2012). 

Another type of spatial task was based on the use 
of visual optic flow, which elicited in participants the 
feeling of passive transportation (Gramann et al. 2006, 
Gramann et al. 2010). First, subjects were passively 
transported through a tunnel consisted of straight and 
curved segments, and after that, they should determine the 
vector of direction relative to the starting point. Subjects 
responded spontaneously either relative to their heading in 
the last tunnel segment or relative to their heading at the 
beginning of the tunnel; besides, they mostly kept their 
responses consistent over the trials. The first type of 
response was interpreted as compatible with the use of  
an egocentric reference frame to keep track of their 
position. In the second type of response, according to 
authors, the subjects relied more on the allocentric 
representations, building the mental image of the whole 
virtual environment (a tunnel). 

Despite the differences in these approaches, the 
studies revealed several common brain areas associated 
with egocentric and allocentric navigation. The fMRI and 
EEG analysis have shown that areas in the frontal, parietal, 
and occipital cortex were more active in tasks requiring the 
use of egocentric strategy (Jordan et al. 2004, Parslow  

et al. 2004, Rosenbaum et al. 2004, Gramann et al. 2006, 
Gramann et al. 2010, Weniger et al. 2010). In particular, 
an increase of BOLD signal was found in the precuneus 
and posterior parietal cortex (PPC), namely the inferior and 
superior parietal lobule (Parslow et al. 2004, Rosenbaum  
et al. 2004, Weniger et al. 2010), and also in the superior 
and middle frontal gyri (Rosenbaum et al. 2004, Weniger 
et al. 2010). A significant deactivation of the alpha band in 
subjects using egocentric strategy was also localized in the 
cuneus using scalp EEG recording (Gramann et al. 2010). 
Surprisingly, the parahippocampal cortex involved usually 
in allocentric representations demonstrated activation 
during navigation in the virtual maze without any 
landmarks in which participants presumably used 
egocentric strategy (Weniger et al. 2010). In the same 
virtual maze, patients with lesions to the right posterior 
parahippocampal gyrus also had difficulties finding the 
goal (Weniger and Irle 2006). Its activity may be 
connected with the analysis of the appearance of important 
navigation decision points (Janzen and van Turennout 
2004). 

The involvement of the PPC in egocentric 
navigation was repeatedly confirmed by studies of brain-
damaged patients. Aguirre and D’Esposito (1999) 
described patients with lesions to the superior parietal 
lobule who suffered from egocentric disorientation. They 
could not define the positions of objects and landmarks 
relative to themselves, and thus were often impaired in 
way-finding tasks, although their ability to recognize and 
identify objects and landmarks in the environment was 
preserved. Consistent with these findings, patients with the 
lesions to the PPC were also impaired in a series of 
egocentric mental tasks (Ciaramelli et al. 2010). For 
instance, they demonstrated impaired performance in  
a task requiring to imagine walking along the particular 
route in a very familiar environment (downtown Toronto) 
and judge the correctness of landmarks sequences. Besides, 
patients with the PPC lesions were impaired in navigation 
in the virtual maze with absent landmarks, which promoted 
the use of egocentric strategy (Weniger et al. 2009). 

By contrast, allocentric-based navigation recruited 
mainly the hippocampus, parahippocampal gyrus and 
retrosplenial cortex across the experimental paradigms: in 
the virtual city or maze (Maguire et al. 1998, Jordan et al. 
2004, Spiers and Maguire 2007, Iaria et al. 2007), virtual 
MWM (Parslow et al. 2004, Rodriguez 2010), and mental 
navigation (Rosenbaum et al. 2004, Hirshhorn et al. 2012). 
Clusters in the inferior parietal cortex, mostly pronounced 
in or near the precuneus, and in the retrosplenial cortex, 
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were found to be selective for allocentric reference frame 
usage in an experiment with passive transportation in 
a tunnel in a scalp EEG study using analysis of event-
related spectral perturbation and independent component 
clustering (Gramann et al. 2010). This parietal activation 
was interpreted as being connected with the visual imagery 
or maintaining concurrent egocentric and allocentric 
reference frame representations. 

Lesions to the hippocampus, parahippocampal 
gyrus, and retrosplenial cortex also caused impairments in 
various aspects of allocentric navigation. For instance, 
lesions to the right retrosplenial region resulted in the 
heading disorientation (Aguirre and D’Esposito 1999) 
when patients could recognize salients landmarks but could 
not derive the directional information from them. This 
impairment was suggested to be associated with the role of 
the retrosplenial cortex in the translation between 
egocentric and allocentric representations (Byrne et al. 
2007). After hippocampal lesions, patients suffered from 
topographical amnesia; i.e. they were unable to create 
memories of the new environment and navigate there 
(Aguirre and D’Esposito 1999, King et al. 2002, Hartley  
et al. 2007). Besides, patients with the damaged 
hippocampus (Astur et al. 2002, Feigenbaum and Morris 
2004, Bartsch et al. 2010, Goodrich-Hunsaker et al. 2010) 
and parahippocampal cortex (Bohbot et al. 1998) were 
impaired in the allocentric condition in the MWM analogy. 

Although the above-listed brain areas have 
shown a predominant activation during each type of 
navigation, both strategies often engage an overlapping 
network of brain regions. Both allocentric and egocentric 
tasks have elicited responses in the occipital, superior 
temporal, parietal, and frontal cortex (Parslow et al. 2004, 
Rosenbaum et al. 2004, Jordan et al. 2004, Gramann  
et al. 2010, Rodriguez 2010). Gramann et al. (2010) have 
found that only a small number of clusters of brain 
activity significantly differed between subjects relying on 
egocentric and allocentric reference frames. A recent 
meta-analysis of fMRI studies also revealed that 
allocentric and egocentric tasks share common brain 
areas (Boccia et al. 2014), including the middle occipital 
gyrus, cuneus, precuneus, fusiform and lingual gyri, 
precentral and middle frontal gyri with superior frontal 
lobe and insula. The explanation of this activation overlap 
may lie in the fact that during navigation, participants can 
use both strategies in parallel with one of them prevailing 
(Gramann 2013, Ekstrom et al. 2014). Furthermore, inter-
subject variability in the preferred strategy can also 
contribute to this overlap activation. For instance, in 

studies which allowed the utilization of both allocentric 
and egocentric strategy, participants differed in their 
preference to use one of them, called proclivity (Jordan  
et al. 2004, Gramann et al. 2006, Ohnishi et al. 2006, 
Igloi et al. 2009, Gramann et al. 2010). 

A comparison between static and dynamic spatial 
studies indicates the common pattern of activation in the 
fronto-parietal network for the use of an egocentric 
reference frame (Table 1 and Fig. 1). The middle and 
superior frontal gyri showed activation in static two-
dimensional (Galati et al. 2000, Chen et al. 2012, Saj et al. 
2014, Liu et al. 2017, Ruotolo et al. 2019), three-
dimensional tasks (Commiteri et al. 2004, Bastin et al. 
2013) as well as during virtual and mental navigation 
(Rosenbaum et al. 2004, Weniger et al. 2010). The 
superior parietal lobule and precuneus were active during 
egocentric navigational tasks (Parslow et al. 2004, 
Rosenbaum et al. 2004, Weniger et al. 2010), in the 
egocentric frame transformations in static three-
dimensional scenes (Sulpizio et al. 2013) and also during 
egocentric judgments relative to the midsagittal body plane 
in two-dimensional images (Galati et al. 2000, Neggers  
et al. 2006, Chen et al. 2012, Saj et al. 2014, Liu et al. 
2017, Ruotolo et al. 2019). Despite the similarity in neural 
activation, it is worth noting that all mentioned tasks do not 
entirely capture the nature of egocentric coding. In the real 
world, apart from visual information, the vestibular and 
proprioceptive stimuli contribute significantly to the 
forming of egocentric representations during self-
movements. The processing of this information is also 
involved in spatial updating, which occurs during natural 
movements and allows us to update the positions of 
surrounding objects relative to ourselves constantly. As it 
was shown, the precuneus plays a vital role in this process 
(Wolbers et al. 2008). 

The neural correlates of allocentric coding in 
spatial navigational studies resemble those in the world-
centered allocentric condition in static studies using 
complex three-dimensional scenes (Table 1 and Fig. 1). In 
both cases, activation was found in the retrosplenial and 
parahippocampal cortex (Committeri et al. 2004, Bastin  
et al. 2013, Sulpizio et al. 2013, Maguire et al. 1998, 
Parslow et al. 2004, Rosenbaum et al. 2004, Jordan et al. 
2004, Spiers and Maguire 2007, Rodriguez 2010). Both 
allocentric conditions, world-centered static and 
navigation, involved reorientation in a known environment 
after viewpoint changes associated with the retrosplenial 
activity. The parahippocampal activity is probably 
associated with spatial memory and scene analysis 
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requirements of this condition. In comparison to the object-
centered condition in two- and three-dimensional studies, 
the response in the world-centered condition and 
navigation required processing of the whole scene and its 
components in the ventral visual stream. Besides, this 
world-centered condition in three-dimensional scenes 
involved spatial memory, in contrast to the object-centered 

condition where all elements of the task were directly 
presented. Particularly, participants should remember the 
configuration of landmarks in the whole environment to 
solve the task successfully. Similarly, tasks in spatial 
navigation studies require participants to use ‘map’ 
knowledge to navigate in the virtual environment flexibly. 
 

 
 
Table 1. The summary of brain activation associated with the use of egocentric and allocentric reference frames across various 
experimental paradigms. 
 

Type of study Egocentric task 
Allocentric task 

Object-centered World-centered 

Static two-dimensional 

Parietal: 
SPL (predom RH) 
IPL (predom RH) 

IPS (both) 
PCun (predom RH) 

Occipital: 
* IOG (both) 
Cun (both) 
CalS (both) 

 
Frontal: 

dPMC (predom RH) 
SFG (predom RH) 
MFG (predom RH) 
IFG (predom RH) 

Temporal: 
ITG (LH) 

* FuG (both) 
LG (both) 

Static three-dimensional 

Occipital: 
TPOJ (both) 

Occipital: 
IOG (predom LH) 

TPOJ (both) 

Parietal: 
PCun (predom LH) 

Parietal: 
IPS (both) 

PCun (both) 
SMG (both) 

Temporal: 
ITG (predom RH) 

Cingulate: 
RSC (both) 

Frontal: 
SFG (RH) 
IFG (RH) 

Temporal: 
FuG (both) 
LG (both) 
PHG (RH) 

Spatial navigation 

Occipital: 
§ Cun (RH) 

 

Cingulate: 
RSC (both) 

Parietal: 
PCun (both) 
SPL (both) 
IPL (both) 

Temporal: 
PHG (both) 
Hip (both) 

Frontal: 
SFG (LH) 
MFG (RH) 

 
The data were obtained mainly in fMRI studies. An asterisk (*) and a paragraph (§) symbols indicate the activity of brain structures 
obtained in PET and EEG studies, respectively. In parentheses: RH and LH – activation found only in the right or left hemisphere, 
predom RH and predom LH – activation prevailed in the right or left hemisphere, both – bilateral activation. Abbreviations: CalS – 
calcarine sulcus, Cun – cuneus, dPMC – dorsal premotor cortex, FuG – fusiform gyrus, Hip – hippocampus, IFG – inferior frontal 
gyrus, IOG – inferior occipital gyrus, IPL – inferior parietal lobule, IPS – intraparietal sulcus, ITG – inferior temporal gyrus, LG – 
lingual gyrus, MFG – medial frontal gyrus, PCun – precuneus, PHG – parahippocampal gyrus, RSC – retrosplenial cortex, SFG – 
superior frontal gyrus, SMG – supramarginal gyrus, SPL – superior parietal lobule, TPOJ – temporal-parietal-occipital junction. 
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While navigation and world-centered static 
scene tasks shared the parahippocampal and retrosplenial 
cortex activity, the hippocampus seems to be involved 
only in navigation. Indeed, several studies have suggested 
that the hippocampus might not be necessary for ‘simple’ 
allocentric memory when there is no need for the 
processing and integration of multiple spatial locations 

either instantaneously in space or sequentially in time; 
instead, the parahippocampal cortex is involved (Bobhot 
et al. 1998, Bohbot and Corkin 2007, Zhang and Ekstrom 
2013, for review see Burgess et al. 2002). Similarly, the 
hippocampus seems to be not involved in estimating 
position relative to a known landmark as in the world-
centered condition in the static tasks. 

 
 

 
 
Fig. 1. A schematic overview of active areas in the brain associated with the use of spatial reference frames across three types of 
study: static two-dimensional (red color), static three-dimensional (green color) and spatial navigation (blue color). (A) the egocentric 
reference frame, involved brain areas are marked by circles, (B) the allocentric reference frame: the involved brain areas in object-
centered and world-centered reference frame are marked by triangles and squares, respectively. Abbreviations of the brain regions are 
the same as in Table 1. For simplicity, all symbols (circles, triangles and squares) represent the localization of brain regions 
schematically without reference to the lateralization and exact size and range of activation. The images of the brain were adapted from 
Wikimedia Commons (File: Gray726.svg and Gray727.svg), both in the public domain and authored by H. V. Carter. 
 
 
Comparison with other spatial navigation 
models 
 

The main findings from static and dynamic 
spatial studies partly correspond with the model of spatial 
memory and navigation proposed by Byrne et al. (2007, 
BBB model). According to this model, egocentric 

representations emerge originally in the PPC, while 
allocentric representations are stored in the medial 
temporal lobe (MTL), namely in the hippocampus and 
parahippocampal cortices. Brain activation found in static 
and spatial navigation studies during egocentric tasks 
seems to confirm the role of PPC in creating egocentric 
representations. On the other hand, a proposed role of 
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MTL in the processing of allocentric information fits well 
only with the processing of world-centered allocentric 
representations, as it was shown in the static three-
dimensional and spatial navigation studies. In contrast, 
the object-centered representations seem to emerge in the 
ventral occipitotemporal region. The retrosplenial cortex, 
according to the BBB model, serves as a connecting hub 
between PPC and MTL and, at the same time, provides 
translation between egocentric and allocentric coordinates 
in both directions. The results of static three-dimensional 
and spatial navigation studies support this assumed 
function, as the retrosplenial activity was found only 
during the world-centered allocentric task, which 
involved spatial reorientation implying egocentric-
allocentric transformations. 
 
Conclusions 
 

Our review indicates several similarities and 
differences in neural correlates of allocentric and 
egocentric coding in humans across various experimental 
paradigms. First, a common activation pattern for the use 
of the egocentric reference frame is observed in both 
static tasks and spatial navigation. The fronto-parietal 
network showed activation during egocentric left/right 
judgments, visuomotor tasks performed in egocentric 
coordinates, egocentric transformations in three-
dimensional scenes, and also during the use of the 
egocentric strategy in virtual or mental navigation. 
Second, a neural pattern associated with the use of the 
allocentric object-centered reference frame in studies 

using a complex three-dimensional environment is 
comparable with that in two-dimensional tasks, both 
during perceptual spatial judgments and visuomotor 
tasks. In particular, the object-centered reference frame 
recruited parts of the inferior occipitotemporal region. 
Finally, allocentric coding involved in navigation is 
similar to the allocentric world-centered coding in static 
studies using a complex three-dimensional environment. 
In both cases, the response requires analyzing the spatial 
scene, reorienting in space, and defining spatial 
relationships relative to prominent features of the 
environment recalled from memory. The activation 
associated with these processes was found in the 
retrosplenial and parahippocampal cortex. Our review 
clarifies the involvement of the brain networks in the use 
of several types of spatial reference frames under various 
experimental paradigms. We document the distinct brain 
activity associated with two types of allocentric reference 
frames: the object-centered and world-centered. These 
findings suggest the need for further experiments aimed 
at differences in brain activity connected with the 
reference frames subtypes. 
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