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The ability to form spatial representations of object locations is an important component 

of successful spatial navigation. Evidence from behavioral studies suggests that 

environmental features that have a salient coordinate axis (e.g., a rectangular building or a 

geometrical room) may provide a reference frame for the encoding of object-location 

information. Here we used functional magnetic resonance imaging (fMRI) to determine 

the brain networks engaged when object-location representations are stored with respect to 

an extrinsic reference frame. Participants learned the layout of an object array in an active, 

virtual-navigation paradigm. A square mat positioned on the floor of the virtual arena acted 

as the extrinsic reference frame. Knowledge of the spatial arrangement of the object array 

was probed while participants underwent fMRI, using a spatial judgment task that required 

them to imagine orientations of the learned array that were either aligned or misaligned 

with the geometry of the mat. Consistent with previous findings, participants responded 

faster and were more accurate when the imagined orientation was aligned, as opposed to 

misaligned, with the extrinsic reference frame. Analysis of the fMRI data revealed 

important differences in brain activity between the two conditions. Significantly greater 

activity was observed in the aligned condition compared with the misaligned condition 

across a bilateral network of brain areas that included the inferior occipital gyri, inferior 

and middle temporal gyri, and fusiform gyri.  By contrast, activity in the misaligned 

condition was significantly greater than in the aligned condition in bilateral dorsolateral 

prefrontal and anterior cingulate cortex, and in the right anterior prefrontal and anterior 

insular cortex. These results suggest that retrieval of spatial locations that are aligned with 

an extrinsic reference frame involve direct access to detailed and accurate representations 
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within the ventral visual pathway, whereas spatial locations that are misaligned with this 

reference frame are only weakly represented and require active inferential processes 

through the recruitment of prefrontal cortical networks. Our findings are consistent with a 

“reference direction” account of spatial memory, which posits that inter-object spatial 

relationships are primarily encoded with respect to specified reference directions. 

 

Keywords: allocentric, fMRI, navigation, reference frames, spatial memory, viewpoint 

 

1. Introduction  

In humans, successful spatial navigation depends largely upon our ability to accurately 

encode object-location information. When planning a journey or giving directions, we are 

often required to access a stored representation of relevant spatial information that is 

independent of our current location and viewing perspective, i.e., an allocentric 

representation. Although it is generally accepted that medial temporal brain regions, 

particularly the hippocampus, are important for the formation of allocentric 

representations, the manner in which this information is stored and organized in the brain 

is less clear. While some theories postulate that stored allocentric representations are 

orientation-independent and akin to a “mental map” (Byrne, et al., 2007; Sholl, 2001), 

others suggest that allocentric representations are based upon available cognitive heuristics 

such as extrinsic reference frames (Mou, et al., 2004; Shelton & McNamara, 2001).  In the 

current study, we used fMRI to determine the neural correlates of object-location memory 

after participants had learned a virtual object array during active spatial navigation. Our 

findings are consistent with theories suggesting that the geometry of an environmental 
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landmark exerts a significant modulatory effect on object-location representations.  

 

Spatial information acquired during navigation can be encoded with respect to one or more 

different frames of reference (Galati et al., 2010; Klatzky, 1998). In humans, a distinction 

is commonly drawn between an egocentric reference frame, which is established with 

respect to oneself, and an allocentric reference frame, which is defined with respect to 

other objects in the environment. Egocentric and allocentric reference frames are supported 

by distinct neural networks involving parietal and medial temporal regions, respectively 

(Byrne, et al., 2007; Feigenbaum & Morris, 2004; Gramann et al., 2005; Gramann et al., 

2006; Pizzamiglio et al., 1998; Zaehle et al., 2007). In keeping with cognitive map theory 

(Tolman, 1948), which originated from rodent research and the discovery of hippocampal 

place cells (O'Keefe & Nadel, 1978), several models of human spatial memory have posited 

that allocentric representations are stored in an orientation-independent manner within the 

hippocampus (Byrne, et al., 2007; Sholl, 2001). Object-to-object spatial relationships 

within an array are assumed to be represented with equal salience in memory. Retrieval of 

spatial information for navigation requires transformation from an allocentric to an 

egocentric reference frame via a single neural circuit involving posterior midline and 

parietal brain regions (e.g. Byrne, et al., 2007).   

 

As an alternative to the orientation-independent account outlined above, the reference 

direction theory proposes that allocentric object-location information is represented with 

respect to salient reference frames (Mou, et al., 2004; Shelton & McNamara, 2001). Such 

reference frames can be defined by salient coordinate axes that are based on the geometric 
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structure of the surrounding environment, such as the geometry of a room or a prominent 

landmark (i.e., extrinsic reference frames). Evidence supporting the reference direction 

theory comes from behavioral studies that have shown that judgments of learned-object 

locations are faster and more accurate when the retrieved perspective is aligned with the 

extrinsic reference frame (i.e., parallel to the defined axis) than when it is misaligned – the 

so-called “alignment effect” (Kelly & McNamara, 2008; McNamara, et al., 2003; Shelton 

& McNamara, 2001).  Although the performance benefit for aligned versus misaligned 

heading perspectives is taken as a proxy for the increased demands of retrieving misaligned 

study views, the cognitive and neural bases of the alignment effect are yet to be fully 

explained.  

 

McNamara and colleagues have suggested that only inter-object spatial relationships that 

are specified with respect to a particular spatial reference system are explicitly encoded in 

memory (Mou, et al., 2004; Shelton & McNamara, 2001). Retrieval of spatial relations 

from misaligned perspectives is thus assumed to rely upon mental transformation of the 

stored, aligned perspectives. This mental transformation process is thought to be the source 

of the observed speed and accuracy costs for misaligned perspectives. It should be noted, 

however, that the greater demands of retrieving misaligned views might also arise because 

misaligned spatial relations are explicitly represented in memory, but in a weaker or lower 

fidelity form. Larger judgement errors for misaligned perspectives could be due to 

increased noise associated with the relatively low-fidelity spatial representations of 

misaligned views, rather than to any mental transformation from an aligned view stored in 

memory. On this account, any increase in retrieval time for misaligned views would be due 
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to increased demands on higher-level decision making processes. Thus, although this 

alternative account makes identical predictions in terms of behavioral effects (i.e., slower 

and more error-prone responses in the misaligned condition than the aligned condition), it 

assumes different underlying neural processes. 

 

In the present study, we aimed to determine the neural substrates of the behavioral 

alignment effect. Participants learned the spatial layout of a 7-item object-array while 

actively navigating a virtual environment that included a salient landmark that acted as an 

extrinsic reference frame. Memory for the array was tested 24 hours after learning while 

participants underwent fMRI. During scanning, participants performed a spatial judgment 

task that required them to imagine taking a specific perspective within the array that was 

either aligned or misaligned with the extrinsic reference frame. We predicted greater 

activity in brain areas related to visuospatial retrieval, such as visual association areas and 

inferior occipito-temporal cortices (Roland & Gulyas, 1994; Slotnick, 2004), during recall 

of aligned compared with misaligned perspectives, reflecting efficient retrieval of accurate 

and detailed spatial representations. In contrast, the original account by McNamara and 

colleagues would not predict enhanced retrieval-related activity for the aligned condition, 

since this account assumes that the same representation is retrieved in the aligned and 

misaligned conditions. Furthermore, we predicted greater activity in brain areas associated 

with mental reasoning, such as the dorsolateral prefrontal cortex (Duncan & Owen, 2000), 

for retrieving misaligned versus aligned perspectives, consistent with the hypothesis that 

higher level reasoning processes would be required to infer inter-object relations from 

weak spatial representations arising from misaligned heading directions. By contrast, if 
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retrieval from misaligned directions involves a spatial transformation process that 

translates object-location information encoded from aligned perspectives for retrieval of 

misaligned perspectives, we would expect elevated activity in brain regions commonly 

associated with mental transformation, such as the posterior parietal cortex (Gogos et al., 

2010; Milivojevic et al., 2009; Zacks, 2008). 

 

2. Methods 

2.1 Participants 

Twenty healthy, adult volunteers gave their informed consent to participate in the study, 

which was approved by Human Research Ethics Committee of The University of 

Queensland. Data from one participant were excluded from the analysis due to artefacts. 

The remaining 19 participants (12 females) ranged in age from 17 to 31 years (mean age = 

22 years). All participants were right-handed and had normal or corrected to normal vision.  

 

2.2 Design and procedures 

We developed an active navigation paradigm that was performed within a virtual arena to 

examine the influence of extrinsic reference frames on the neural encoding of object 

locations.  Participants were required to learn the spatial layout of a seven-object array by 

actively navigating the virtual arena from a first-person perspective using a handheld 

joystick. A square “mat” positioned on the floor of the virtual arena acted as the extrinsic 

reference frame for the environment. Neural responses were measured using fMRI while 

participants performed a spatial judgment task that required them to imagine perspectives 

of the learned object-array that were either aligned or misaligned with the reference frame, 
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and to point in the direction of a target object using the joystick.  

 

In the learning phase participants were required to navigate within the virtual arena (radius 

= 23 virtual metres, m) with the goal of learning the spatial locations of the seven distinct 

objects. Common fruits were chosen as the objects as they contain no intrinsic spatial 

information and are visually familiar and distinctive. The objects were hidden beneath 

identical circular gray pedestals (radius- 0.7 m; height-0.5 m) so that participants were only 

ever able to see one target object at a time during learning. The array was spatially arranged 

in a symmetrical configuration so that the objects could be perceptually grouped vertically, 

horizontally or diagonally (Fig. 1a). A square blue mat (18 m × 18 m) that encompassed 

the array provided the extrinsic reference frame to the environment; viewpoints parallel to 

the sides of the mat were defined as aligned viewpoints, and those diagonal to the sides of 

the mat were defined as misaligned.  The arena was void of any other distinctive visual 

cues. The virtual environment was created using the Blender open source 3D content 

creation suite (The Blender Foundation, Amsterdam, Netherlands) and presented on a 21.5 

inch LCD monitor. Figure 1b provides a survey view of the virtual arena. (Note that 

participants were never shown this survey view during the study.) 

 

At the beginning of each trial participants were cued (1500 ms) to the identity of one of the 

seven target objects (apple, pear, grapes, cherries, banana, lemon, strawberry) and 

instructed to search for that target as quickly and directly as possible. Participants always 

commenced each new trial from the centre of the arena. They used a joystick to navigate 

throughout the arena from a first-person perspective, with a maximum velocity of 3 m/sec). 
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Participants were able to ‘query’ the location of an object once they had moved within a 3 

m radius of a pedestal, by pressing a button on the joystick.  Each query resulted in visual 

feedback in the form of a red cross above the pedestal in the case of an incorrect response 

(Fig. 1c), or the appearance of the target object in the case of a correct response (Fig1d).  

The trial terminated when the target object was revealed and the next trial began 

immediately afterwards. Each of the seven target objects was cued in a random order 

without replacement before an object was cued again. The learning phase was discontinued 

when participants were able to accurately locate each target object without error in three of 

the last four trials.  Participants were instructed to build a mental representation of the 

object locations, as this would help them during the test phase. Participants were never 

explicitly told to encode spatial locations with reference to the mat.  

 

In the retrieval phase we measured neural responses associated with object-location 

memory with fMRI while participants completed a judgement of relative direction (JRD) 

task. On each trial, participants had to imagine themselves standing at the location of a 

given object within the arena, facing another object, and then to point to the location of a 

third object (see Fig 2). Thus, for example, on a particular trial the participant might receive 

an instruction such as: “Imagine standing at the cherry, facing the banana; now point to the 

pear.”  These instructions were delivered using pictures of the objects, rather than words, 

and participants were practiced with the format and sequence of the instructions 

beforehand. In the initial imagined heading screen participants viewed the two objects 

defining the imagined standing and facing positions; in the subsequent pointing screen they 

saw the target object toward which they had to point, as if they were inside the arena. 
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Critically, each object-pair of the imagined heading screen was selected to elicit a 

viewpoint that was either aligned or misaligned with the extrinsic reference frame (the 

square mat), although this was never specified to participants during the task. The object 

pairs comprised only of objects that were directly adjacent to each other within the array.  

 

Each trial began with a fixation cross (3000 – 5000 ms) followed by the critical imagined 

heading screen containing the two objects that defined an aligned or misaligned 

perspective.  Participants were instructed to press a response button once they had recalled 

the relevant imagined location within the arena (maximum 10 s). As soon as participants 

pressed the button, a blank screen was presented for 500 ms, after which the pointing phase 

followed.  In the pointing phase the participants were shown the target object toward which 

they had to point as accurately as possible, using a joystick held in their right hand 

(maximum 3 s). As soon as a response was made, a feedback screen (500 ms) provided 

participants with information about the accuracy of their response in angular degrees (i.e., 

the absolute difference in the recorded pointing direction and the actual direction of the 

target object given the specified heading).  The same imagined heading angle was never 

probed on two consecutive trials. In the scanner, participants completed a total of 2 × 80 

unique trials (40 aligned, 40 misaligned), split into four runs. Trials were presented using 

Presentation software (Neurobehavioral Systems; http://www.neurobs.com). Response 

latency (i.e., the time in seconds that participants spent viewing the imagined heading 

screen) and pointing accuracy (i.e., angular error in degrees) were recorded for subsequent 

analysis. 
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It is important to note that although the pointing component of the task provided an 

essential behavioral probe, the critical cognitive process of determining one’s imagined 

heading occurs during the initial “heading” phase. We therefore optimized the design of 

our fMRI experiment to capture activity associated with the retrieval of stored heading 

information. We also anticipated that the motor response associated with the pointing task 

would introduce noise due to movement artifacts and inter-participant variability. We 

therefore temporally separated the pointing period from the heading period by jittering the 

inter-period onset interval, and modeling the two periods separately. The heading and 

pointing periods were self-paced; thus the duration of both periods varied considerably 

from trial to trial (mean variance for the heading period = 2.47 s, mean variance for the 

pointing period = 0.18 s). Therefore, even though the duration of the blank screen between 

the two periods was constant, the inter-period onset interval varied from trial to trial (i.e., 

it contained a participant-determined jitter). In addition, we pseudo-randomized the order 

of the aligned and the misaligned conditions, to further increase the amount of jitter 

between the heading periods of aligned versus misaligned conditions. The sequencing of 

the trials, and the temporal jittering of rest periods, was optimized with optseq2 software 

(http://surfer.nmr.mgh.harvard.edu/optseq/). 

 

Participants were trained on both the learning and retrieval components of the task one day 

prior to the fMRI session to ensure that they understood all task instructions and were able 

to complete the tasks within the designated time limits. The spatial configuration of the 

object array was identical for the training and fMRI session for each participant, to facilitate 

memory consolidation.  
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2.3 MRI acquisition and data analysis 

Whole brain echo-planar imaging (EPI) was conducted on a 3T MR scanner (Trio; 

Siemens, Erlangen, Germany) with a 12-channel head coil. Thirty-three axial slices (slice 

thickness, 3.3 mm) were acquired in an interleaved order, using a gradient echo echo-planar 

T2*-sensitive sequence (repetition time, 2s; echo time, 30 ms; flip angle, 90°; matrix, 64 x 

64; field of view, 210 x 210 mm; voxel size (spacing), 3.3 x 3.3 x 3.3 mm).  A T1-weighted 

structural MPRAGE was also acquired. A liquid crystal display projector (1024 x 768 

resolution) back-projected the test-phase trials onto a screen positioned at the head of the 

scanner gantry. Participants lay on their backs within the bore of the magnet and viewed 

the stimuli via a 45° angled mirror that reflected the images displayed on the screen. The 

distance to the screen was 90 cm (12 cm from eyes to mirror) and the visible part of the 

screen encompassed approximately 22.0° x 16.4° of visual angle (35.5 x 26.0 cm). All 

participants were stabilized with tightly packed foam padding surrounding the head to 

minimize head movement. 

 

Image processing and statistical analyses were performed using SPM5 (Wellcome 

Department of Imaging Neuroscience, UCL, London, UK). Functional data volumes were 

slice-time corrected and realigned to the first volume. A T2*-weighted mean image of the 

unsmoothed images was co-registered with the corresponding anatomical T1-weighted 

image from the same individual. The individual T1-image was used to derive the 

transformation parameters for stereotaxic space using the SPM5 segmentation algorithm 

(Ashburner & Friston, 2005), which was then applied to the individual co-registered EPI 
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images. The voxel sizes of the normalized images were 2 mm3. Images were then smoothed 

with an 8-mm full-width half maximum (FWHM) isotropic Gaussian kernel. At the single-

participant level, we applied a high-pass filter to remove baseline drifts. We anticipated 

that the motor response associated with the pointing task would likely introduce noise due 

to movement artifacts. To minimize the effect of the motor response in the pointing period 

on the neural correlates of the heading period we temporally separated the pointing period 

from the heading period by jittering the inter-period onset interval and modeling both 

periods separately as boxcar functions convolved with a hemodynamic response function 

(HRF). We modeled the exact duration of each individual heading and pointing period in 

SPM so that the height and duration of the corresponding hemodynamic response functions 

were scaled accordingly for every trial. 

 

Our principal comparison involved the effect of aligned relative to misaligned imagined 

headings. Statistical parametric maps of the t-statistic were generated for each participant 

from linear contrasts of the conditions Aligned > Misaligned. These contrasts of parameter 

estimates were then included in a second-level group analysis using single-sample t-tests 

on the contrast images obtained from each participant. Whole-brain statistical maps were 

assessed on a cluster-level, using a height threshold of p = 0.005. These were considered 

significant at p <0.05 using a family-wise error correction (FWE).  

 

3. Results  

3.1 Behavioral results 

Participants completed an average of 72 learning trials (range: 60-88) within the virtual 
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arena prior to the test phase within the scanner.  In the learning phase, each target location 

was probed approximately seven times, and it took participants on average 8.48 seconds 

(SD=1.75) to complete each trial. To examine whether there was any behavioral evidence 

of an alignment effect during the test phase, we measured and analyzed the time 

participants spent viewing the imagined heading screen and the absolute angular error 

participants made in their pointing response. Participants’ mean response latency and 

angular error for the two alignment conditions are plotted in Fig. 3a and 3b, respectively. 

As predicted, participants spent less time viewing the imagined heading screen and were 

more accurate in their pointing responses for trials in which the heading orientation defined 

by the target objects was aligned as opposed to when it was misaligned with the extrinsic 

reference frame. These observations were confirmed statistically using a two-tailed, paired 

samples t-test, which showed significant differences in both response latency (t(18) = -

3.60, p<0.01) and angular error (t(18) = -6.468, p<0.01) between the two alignment 

conditions.  

 

3.2 Imaging results 

Statistical analyses were carried out on the fMRI data to identify differences in BOLD 

activity between the aligned and misaligned conditions during the imagined heading 

period. According to McNamara and colleagues (Mou, et al., 2004; Shelton & McNamara, 

2001), the alignment effect arises from differences in retrieval of stored representations 

during the heading phase of the JRD task. Therefore, while the pointing component of the 

task provided a performance measure that allowed us to verify a behavioral alignment 

effect, the critical period for quantifying neural responses for aligned versus misaligned 
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directions was the heading phase. Statistical parametric maps of the t statistic were 

generated from linear contrasts of aligned>misaligned, separately for each participant. 

These contrasts of parameter estimates were then included in a second-level group analysis 

using single-sample t tests on the contrast images obtained from each participant. This 

resulted in whole-brain, random effects for the comparison of aligned>misaligned and 

misaligned>aligned.  Whole-brain statistical maps were assessed at the cluster-level, using 

a height threshold of p = 0.005, and were considered significant at p <0.05 using a family-

wise error correction (FWE).  

 

We hypothesized greater activity in visuospatial brain regions during retrieval of aligned 

inter-object relationships. Activity in these regions should reflect fast and efficient retrieval 

of accurate and detailed spatial representations (Roland & Gulyas, 1994; Slotnick, 2004). 

In contrast, we hypothesized weaker activity in visuospatial brain regions during retrieval 

of misaligned inter-object relationships, reflecting retrieval of weak, noisy or otherwise 

low-fidelity memory representations. Consistent with this, the results of the random-effects 

analysis of activity across the whole brain for the contrast aligned>misaligned revealed two 

significant activation clusters involving the inferior occipital, inferior and middle temporal, 

and fusiform gyri of the left and right hemispheres (Table 1; Fig. 4a, b).  

 

We also hypothesized that higher level reasoning processes would be employed to infer 

inter-object relations from the weak spatial representations arising from misaligned 

heading directions. In line with this prediction, whole brain analysis for the contrast 

misaligned>aligned revealed distinct clusters of activation in bilateral dorsolateral 
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prefrontal cortex and anterior cingulate, and in the right anterior prefrontal cortex extending 

to the right anterior insular (Table 1; Fig. 5a and b). No other activation clusters exceeded 

the statistical threshold. Finally, to assess the relative contributions of the aligned and 

misaligned conditions within the identified visual and frontal brain regions, we extracted 

the parameter estimates separately for both conditions relative to implicit baseline (Fig. 6). 

 

4. Discussion 

The principal aim of the present study was to examine the influence of extrinsic reference 

frames on the neural representation of object-location information. Our central finding is 

that the neural areas recruited for object-location retrieval are modulated as a function of 

alignment with an extrinsic reference frame. Contrary to the notion that allocentric spatial 

representations in long-term memory are orientation-independent (Byrne, et al., 2007; 

Sholl, 2001), our findings are instead consistent with the theory that learned inter-object 

spatial relationships are organized around available salient extrinsic reference frames 

(Mou, et al., 2004; Shelton & McNamara, 2001). More broadly, our findings imply that 

retrieval of imagined headings that are aligned with an extrinsic reference frame involve 

direct access to detailed and accurate representations within the ventral visual pathway, 

whereas spatial perspectives that are misaligned with this reference frame are only weakly 

represented and require active inferential processes through the recruitment of prefrontal 

cortical networks.  

 

We found significantly greater activation in bilateral inferior and middle occipito-temporal 

regions when participants imagined perspectives within the object-array that were aligned 
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with the extrinsic reference frame available to them during navigation-based learning of 

the virtual array. Although activity within posterior ventral pathways has typically been 

associated with visual object identification (Kohler et al., 1995), recent investigations have 

suggested that these regions are also important for the retrieval and processing of visual 

memories (Slotnick, 2004) and object features (Pietrini et al., 2004). In addition, it has been 

shown that activation within the ventral pathways might be important for the retrieval of 

spatial location information (Thompson, et al., 2009). Greater activation in inferior and 

middle occipito-temporal regions for the aligned condition is likely to reflect the efficient 

retrieval of accurate and detailed representations of inter-object relations. Previous studies 

have suggested that posterior ventral brain regions might be important in the retrieval of 

stored spatial information, particularly with reference to environmental landmarks. For 

example, in a recent fMRI study (Morgan et al., 2011), activity in occipito-temporal regions 

was found when participants were shown photographs of familiar environmental 

landmarks. In that study, participants reported at post-test that the photographs prompted 

them to visualize themselves standing at the depicted location. Committeri et al. (2004) 

examined neural differences between environment-referenced (landmark-based) spatial 

representations and object-referenced (object-based) spatial representations and found 

specific involvement of ventral occipital regions, including the lingual and fusiform gyri, 

only when participants made spatial judgments in the environment-referenced condition.  

Furthermore, lesions of these areas are associated with specific impairments in retrieval of 

otherwise intact spatial representations, which in turn causes topographical disorientation 

(Barrash, 1998).   
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In contrast to the aligned condition, imagining perspectives from within the object-array 

that were misaligned with the extrinsic reference frame activated a network that included 

bilateral anterior cingulate (ACC) and dorsolateral prefrontal cortex (DLPFC), as well as 

the right anterior prefrontal cortex and anterior insular. These frontal regions are frequently 

active under conditions of uncertainty and mental effort (Botvinick, Cohen, & Carter, 

2004), cognitive control (Manenti et al., 2010; McDonald et al., 2000) and the coordination 

of information processing (Ramnani & Owen, 2004). Enhanced activity within these 

regions in the misaligned condition might therefore imply the operation of higher-order 

reasoning.  Similar regions of activation were found in other studies that used spatial 

judgment tasks requiring visual imagery (Kukolja et al., 2006; Lee et al., 2005). Our data, 

however, are not consistent with a parietal-mediated transformation process, as predicted 

by the classical model of reference direction (Mou, et al., 2004; Shelton & McNamara, 

2001). 

 

Consistent with prior studies (Kelly & McNamara, 2008; Shelton & McNamara, 2001; 

Valiquette et al., 2007), our behavioral data suggest that participants were both faster and 

more accurate in retrieving learned object-locations when their imagined heading was 

aligned with the extrinsic reference frame than when it was misaligned with this reference 

frame. The classical model by McNamara and colleagues proposed these differences in 

retrieval speed and accuracy arise because misaligned inter-object relationships have to be 

inferred from the stored representation via a process of mental transformation (Mou, et al., 

2004; Shelton & McNamara, 2001). An alternative view, however, is that differences in 

retrieval accuracy might be due to the fact that misaligned inter-object relationships are 
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more weakly represented in memory, as indexed by lower activity in occipital visual areas. 

Our results further suggest that participants’ slower responses during retrieval of 

misaligned perspectives are due to the engagement of frontally mediated inferential 

processes. This interpretation is in line with findings from several previous studies that 

have related mental effort (Botvinick, Cohen, & Carter, 2004) and cognitive control 

(Manenti et al., 2010; McDonald et al., 2000) to activity in the dorsolateral prefrontal 

cortex and the anterior cingulate cortex.  

 

Taken together, our findings are consistent with the suggestion that spatial relationships 

(bearings or directions) between objects in an environment are represented in memory in 

terms of reference directions specified by environmental reference frames (Mou, et al., 

2004; Shelton & McNamara, 2001). We have provided the first evidence for distinct neural 

networks underpinning the classical alignment effect, by demonstrating that retrieval of 

spatial locations that are aligned with an extrinsic reference frame involve direct access to 

detailed and accurate representations via the ventral visual pathways, whereas spatial 

locations that are misaligned with this reference frame are only weakly represented and 

require active inferential processes through the recruitment of prefrontal cortical networks. 

On the other hand, our data are inconsistent with the notion that judgments from misaligned 

perspectives involve the retrieval of representations from aligned perspectives, which are 

subsequently transformed via a mental rotation process.  

 

In the current study, an extrinsic reference frame was established using a landmark that 

contained salient and well-defined coordinate axes. We chose an extrinsic landmark 
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because previous fMRI studies have demonstrated that environmental landmark properties 

can modulate neural activity during allocentric spatial processing (Bird et al., 2010; 

Doeller, King, & Burgess, 2008; Janzen & van Turennout, 2004). Other behavioral studies 

have demonstrated that reference frames can also be established using only intrinsic 

properties of the object array, such as the spatial layout (Mou & McNamara, 2002) or 

verbal instructions (Greenauer & Waller, 2008). Using fMRI, Xiao and colleagues 

investigated how an intrinsic reference frame might modulate scene recognition for an 

object array (Xiao et al., 2010). In that study, participants were asked to learn the spatial 

layout of objects placed on a table in specified columns, thus creating an intrinsic reference 

frame, for a subsequent fMRI scene-recognition task. Recognition of scenes containing 

groups of objects that were misaligned with the intrinsic reference frame was associated 

with increased activity in the right intraparietal sulcus and deactivation of the anterior 

cingulate. No specific areas of activity were associated with scenes containing objects 

within the same column, despite better behavioral performance in this condition. 

 

It is unclear why the patterns of neural activity we observed are different from those 

reported by Xiao et al. (2010), but it is worth noting that the tasks used by us and by Xiao 

et al. were very different, both at encoding and retrieval. Perhaps scene recognition and 

spatial imagery involve separable and distinct retrieval processes (Valiquette & 

McNamara, 2007). Alternatively, intrinsic and extrinsic reference frames may have 

differential effects on the neural representation of object-location information despite 

yielding similar behavioral alignment effects. Future research should investigate how 

reference frames might modulate neural activity with different forms of encoding and 
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retrieval tasks. Furthermore, while our experiment revealed the neural correlates of 

retrieving aligned versus misaligned perspectives, it was not optimized for identifying any 

differences in pointing-related activity. According to McNamara and colleagues (Mou, et 

al., 2004; Shelton & McNamara, 2001), the alignment effect arises from differences in 

retrieval of stored representations during the heading phase of the JRD task. It is possible, 

however, that further processes during the pointing phase contribute to the alignment 

effect. In addition to motor-related activations, the neural correlates during the pointing 

phase are likely to be associated with the computation of egocentric object vectors, which 

might differ for aligned and misaligned perspectives. To enable a complete understanding 

of the neural underpinnings of the alignment effect, future studies should endeavor to 

dissociate the computation of object vectors from the manual response component. Finally, 

it remains an open question whether extrinsic reference frames, in addition to biasing 

memory representations, also exert an influence on navigation behavior. Future studies 

should therefore examine whether human participants show a preference for navigating 

along pathways that are aligned with salient landmarks. Such a finding would shed further 

light on the origin of the representational bias caused by environmental geometry. 

 

In summary, we have shown that the presence of an extrinsic reference frame during 

navigation can bias the organization of allocentric object-location representations, and 

modulate associated neural systems involved in subsequent retrieval processes. Our 

findings provide an important addendum to the widely held reference-frame account (Mou, 

et al., 2004; Shelton & McNamara, 2001) by showing that heading information that is 

aligned with an extrinsic reference frame involves detailed and accurate representations 
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within the ventral visual pathway, whereas headings misaligned with this reference frame 

are only weakly represented and require active inferential processes through the 

recruitment of prefrontal cortical networks. More broadly, our findings may contribute to 

a better understanding of topographical difficulties experienced in both neurological 

patient groups and healthy individuals. Lesions in identified occipito-temporal regions may 

cause impairments in the direct access and processing of relevant spatial information. This 

in turn could result in greater reliance on frontal brain networks for making spatial 

judgments relevant for navigation. In addition, impairments in the use of reference frames 

to organize new spatial information may contribute to symptoms seen in topographical 

disorientation, such as difficulty in remembering spatial relationships between relevant 

landmarks (Aguirre & D'Esposito, 1999; Barrash, 1998; Brunsdon et al., 2007). Further 

imaging and neuropsychological studies will be necessary to better understand the various 

contributions extrinsic references frames have on spatial navigation in daily life.   
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Table 1 Summary of fMRI findings during the heading phase for the contrast 
Aligned>Misaligned and Misaligned>Aligned (p≤0.05, corrected for multiple 
comparisons). 

Region Hemisphere Brodmann 
area 

MNI 
coordinates 

T-values/z-
values of 
maxima 
(cluster size 
in number 
of voxels) 

   x y z  

Aligned>Misaligned       

V2/V3/Fusiform 
gyrus 

L 18/19/39 -28 -70 -12 5.08/3.95 
(372) 

V3/Fusiform 
gyrus/Angular gyrus 

R 19/37/39 48 -72 -10 3.77/3.19 
(259) 

Misaligned>Aligned       

Dorsolateral 
prefrontal 
cortex/Anterior 
cingulate cortex 

L+R 9/24/32/33 4 8 50 5.18/4.00 
(1191) 

Anterior prefrontal 
cortex/Anterior 
insular 

R 10/13 46 30 10 4.96/3.89 
(269) 
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Figure 1. Schematic of the virtual arena used in the study and snapshots of the arena as 

seen by participants during the learning phase. a) Spatial arrangement of the object 

locations used in the study (gray circles). With respect to the square mat, solid lines 

represent the aligned coordinate axes and dashed lines represent the misaligned coordinate 

axes. b) Aerial perspective of the virtual arena through which participants navigated during 

the learning phase of the task. The gray pedestals marked the seven possible locations of 

the target objects. Participants never saw an aerial view of the environment during the 

experiment. c) First person view of the arena, as experienced by the participants. When an 

incorrect location was probed during a trial, a red cross appeared immediately above the 

pedestal. d) When participants arrived at the correct location, the probed target object (the 

pear in this example) appeared above the pedestal.  
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Figure 2. Sequence of events during a typical trial of the test phase. Each trial began with 

a fixation cross (3000 - 5000ms) followed by the critical imagined heading screen 

containing the two objects that defined an aligned or misaligned perspective. In the 

imagined heading screen, the larger fruit at the bottom of the screen represented the 

imagined standing location (the cherry in this example) and the smaller fruit at the top of 

the screen represented the imagined facing location (the banana). Participants were 

instructed to press a response button once they had recalled the relevant imagined location 

within the arena (maximum 10 secs). As soon as participants pressed the button, a blank 

screen was presented for 500 ms. In the pointing display, participants had to indicate the 

imagined direction of the target object (the pear in this example), as if they were standing 

within the virtual arena (maximum allowed time 3 s). As soon as a response was made, a 

feedback screen (500 ms) provided participants with feedback on pointing accuracy (46.8 

degrees in this example).   
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Figure 3. Pointing responses from the test phase of the study, obtained during fMRI 

scanning, showing performance for the aligned and misaligned conditions. (a) Mean 

response latency. (b) Mean angular error. * p<0.01. 
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Figure 4. Mean BOLD activity for the contrast aligned>misaligned. Activations, displayed 

on an MNI normalized template brain, show significant bilateral activation in middle and 

inferior occipito-temporal regions. (a) Rendered posterior view. (b) Axial view. 
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Figure 5. Mean BOLD activity for the contrast misaligned>aligned. Activations, displayed 

on an MNI normalized template brain, show significant activation in anterior cingulate and 

right dorsolateral prefrontal regions. (a) Rendered lateral view. (b) Sagittal view. 
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Figure 6. Parameter estimates (beta values, ±1 standard error) for the peak voxels from the 

analysis of aligned versus misaligned conditions (separately for the two conditions relative 

to the implicit baseline). (a) Fusiform gyrus (-28, -70, -12). (b) Middle occipital gyrus (48, 

-72, -10). (c) Medial frontal gyrus (4, 8, 50). (d) Inferior frontal gyrus (46, 30, 10). 
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