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viewpoints. Prior to scanning, participants were instructed to learn a desktop array of seven
objects relative to an intrinsic direction that was different from the participants' viewpoint.

Keywords:

During scanning, participants recognized triplets of objects from the previously memorized

Spatial reference direction

scene and from a mirror reflection of the scene at different perspectives. Half of the triplets

Anterior cingulate cortex

included two objects located along the instructed intrinsic direction (intrinsic triplets) and

Right intraparietal sulcus

the other half did not (non-intrinsic triplets). Consistent with previous mental rotation

Scene recognition

studies, bilateral intraparietal sulcus and bilateral middle frontal gyrus showed increasing

fMRI

activation with the angular disparity between the test view and the study view. The right
intraparietal sulcus was more activated to the non-intrinsic triplets than the intrinsic
triplets. The anterior cingulate cortex was more deactivated in recognizing non-intrinsic
triplets and novel views. These findings are consistent with the behavioral results that
recognition was easier for intrinsic triplets than for non-intrinsic triplets and easier for the
familiar view than for novel views (Mou et al., 2008a).
© 2010 Elsevier B.V. All rights reserved.

1.

Introduction

The ability to recognize previously visited places is critical for
people to maintain spatial orientation and to reorient to the
environment. Studies have shown that scene recognition is
viewpoint dependent (View effect). People recognize a scene
faster and with higher accuracy from an experienced view
than from a novel view (Diwadkar and McNamara, 1997;
Shelton and McNamara, 2004; Simons and Wang, 1998). These

findings have been taken as evidence that scene recognition
relies on visual memory (e.g., visual “snapshot”) and that a
mental transformation process is used to match the test scene
with the visual snapshot representation in memory.
A recent study (Mou et al., 2008a) found that scene
recognition was not only viewpoint dependent, but also
dependent upon the spatial reference direction of the scene.
In this study, participants were instructed to learn a layout of
objects along an intrinsic axis that was different from their
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viewing direction. For example, as shown in Fig. 1, participants
viewed the layout from the direction of 315° but were asked to
learn the locations of objects according to the columns in the
0°–180° direction (e.g., clip–hat; glue–wood–ball; lock–candle;
angular directions were defined arbitrarily). Therefore, 315°
corresponded to the viewing direction and 0°–180° corresponded to the assumed intrinsic reference direction. Participants were then given a scene recognition task in which they
had to distinguish triplets of objects in the layout at different
views from mirror images of those test scenes. Similar to the
View effect, participants recognized scenes fastest at the study
view (view of 315°) and recognition latency increased linearly
with the angular distance between the test view and the study
view. Furthermore, a novel finding was that participants were
faster to recognize intrinsic triplets of objects, which
contained two objects parallel to the instructed intrinsic
direction (0°–180° direction, e.g. lock–candle–hat), than nonintrinsic triplets of objects, which did not contain two objects
parallel to the instructed intrinsic direction (e.g. hat–ball–lock ).
This pattern occurred for all test views, and is referred to as
reference direction dependent (RDD) performance. This RDD
effect was also observed when participants recognized a scene
after briefly viewing it for 3 s (Mou et al., 2008b) and when
participants recognized a previously viewed shape (Li et al.,
2009).
A reference direction model of spatial memory (Mou and
McNamara, 2002; Mou et al., 2008a; Mou et al., 2004) was used
to explain these findings. According to this model, interobject
spatial relations are represented in memory with respect to
the instructed spatial reference direction. For example, in
Fig. 2A, the angular directions from object 1 to object 3 (a13),
from object 1 to object 2 (a12), and from object 1 to object 4 (a14)
are specified with respect to the intrinsic reference direction.
The angular directions with respect to other directions are not
represented and must be inferred if needed (e.g., Klatzky,
1998). These inferential processes introduce observable costs

Fig. 1 – The layout of objects used in the experiment. For the
intrinsic 0° group, 315° indicated the viewing position; 0°
indicated the intrinsic axis. For the intrinsic 315° group, 0°
indicated the viewing position; 315° indicated the intrinsic
axis.

Fig. 2 – The model of spatial memory for scene recognition.
Numbered circles represented objects in spatial layout.
Participants' study viewing direction was illustrated by the
solid arrow and the intrinsic reference direction was
illustrated by the dashed arrow.

in terms of latency and error. This conceptual model predicts
that people will be better assessing the angular direction from
object 1 to object 3 with respect to the direction from object 1
to object 2, which is parallel to the reference direction, than
with respect to the direction from object 1 to object 4. The
model also proposes that viewing direction at study is
represented with respect to the spatial reference direction. If
the test view is different from the study view, the reference
direction of the test view will be oriented differently from the
reference direction in the mental representation. Therefore,
people needed to align these two reference directions.
Referring to Fig. 2, the reference direction defined by objects
1 and 2 at test (Fig. 2B) must be aligned with the reference
direction defined by objects 1 and 2 at study (Fig. 2A).
Processing costs are introduced during the alignment of the
reference directions.
In particular, scene recognition involves at least two
separate processes: (1) identifying the spatial reference directions of the test scene and (2) aligning the identified reference
direction with the reference direction represented in spatial
memory before confirming the interobject spatial relations in
the test scene. Identifying the reference direction of the test
scene is easier for the intrinsic triplets of objects than for the
non-intrinsic triplets because the former explicitly indicate
the spatial reference direction but the latter do not. Furthermore, when the test view is the same as the study view, the
spatial reference direction in the test scene is aligned with the
represented spatial reference direction of the study scene, but
these two spatial reference directions are not aligned when
the test view is different from the study view. Hence an extra
alignment process is required for novel test views but not for
the familiar test view.
The present research aimed to demonstrate a neural
dissociation of the effects of RDD and View found in the
study of Mou et al. (2008a). Conceptually there might be two
possible neural dissociations. First there may be two separate
effects of RDD and View in terms of magnitude of neural
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activation. In particular, magnitude of neural activation may
differ in recognizing different triplets (intrinsic vs. nonintrinsic) and in recognizing different views (familiar vs.
novel). The second possible dissociation may be that the
RDD and View effects occur in two separate brain areas. This
study examined both dissociations.
Understanding the neural mechanisms of mental rotation
has been an active research area over the past decade (e.g.,
Carpenter et al., 1999; Cohen et al., 1996; Gauthier et al., 2002;
Kosslyn et al., 1998; Milivojevic et al., 2009; Mourão-Miranda
et al., 2009; Podzebenko et al., 2002; Richter et al., 1997; Richter
et al., 2000; Windischberger et al., 2003). In a meta-analysis,
Zacks (2008) selected 32 empirical neuroimaging articles on
mental rotation of visual stimuli, such as Shepard and Metzler
(1971) objects or alphanumeric characters. Results indicated
several cortical areas consistently activated during mental
rotation, including intraparietal sulcus and medial superior
precentral cortex. These observations were taken to suggest
that mental rotation depended on analog representations and
motor simulation respectively (Zacks, 2008). We hypothesized
that these brain areas might be the neural bases for the mental
alignment between the spatial reference directions during
scene recognition, i.e. the View effect.
However there were neither theoretical nor empirical
reasons to hypothesize which brain areas might be the neural
bases for the identification of the spatial reference direction,
i.e. the RDD effect. Several brain areas have been found to be
activated in spatial tasks compared to non-spatial tasks (e.g.,
Creem et al., 2001; Zacks et al., 2003). Creem et al. (2001)
required participants to imagine themselves rotated in the
middle of previously remembered four-object-array. The
activation of areas such as bilateral superior parietal lobe
(BA 7), middle frontal gyrus (BA 9/11), and precentral gyrus (BA 6)
were reported when comparing the rotation task to the control
task. Several brain areas have been reported to be relevant to
long term spatial memory, such as hippocampus (Biegler et al.,
2001; Burgess, 2008; Kumaran and Maguire, 2005; Maguire et al.,
2000) and retrosplenial cortex (Epstein, 2008; Maguire, 2001;
Sugiura et al., 2005). Hence, the candidate brain areas related to
identifying spatial reference directions might be among those
areas.
As discussed above, this study also aimed to explore the
dissociation in terms of neural activation magnitude in scene
recognition for intrinsic triplets versus non-intrinsic triplets
and for familiar views versus novel views. Anterior cingulate
cortex might be a good candidate area where we could find
evidence of greater difficulty in recognizing non-intrinsic
triplets and novel views (e.g., Zacks et al., 2003). A “defaultmodel network” (Fox et al., 2005; Fransson, 2005; Raichle and
Snyder, 2007) has been proposed to explain the task-induced
deactivation (TID) in some brain areas, which exhibit stronger
activations in control or rest conditions comparing to goaldirected tasks. The TID of anterior cingulate cortex was
consistently found across different studies (Binder et al.,
1999; Mazoyer et al., 2001; Shulman et al., 1997), and could be
explained as important to accurate performance (Polli et al.,
2005), reflecting externally focused attention (Gusnard and
Raichle, 2001) or task difficulty (McKiernan et al., 2003).
According to the reference direction model (Mou et al.,
2008a), participants recognize intrinsic triplets and familiar
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views with greater ease than non-intrinsic triplets and novel
views, respectively. These effects may be reflected in anterior
cingulate cortex, with greater deactivation for non-intrinsic
than intrinsic triplets and for novel views than familiar views.
In this study participants were instructed to learn a layout
of objects with respect to an intrinsic axis that was different
from their viewing direction (Fig. 1, 0° and 315°). fMRI data
were obtained when participants performed an “old–new”
scene recognition task in which “old” stimuli were intrinsic
triplets and non-intrinsic triplets from five views (Fig. 3). Areas
where BOLD signal had higher activation for non-intrinsic
triplets than for intrinsic triplets could reveal the neural
substrates for the RDD effect. Areas where BOLD signal
increased linearly with the angular distance between the
testing view and the studying view could reveal the neural
basis of the View effect. As we hypothesized above, intraparietal sulcus and medial superior precentral cortex, which were
consistently activated during mental rotation processes,
might be relevant to the View effect. The candidate areas for
the processes associated with selecting reference directions
might be any areas activated in a spatial task, including
superior parietal lobe, intraparietal sulcus, medial superior
precentral cortex, hippocampus, and retrosplenial cortex. The
anterior cingulate cortex, with larger deactivation for a more
difficult task, might have higher deactivation for non-intrinsic
triplets than for intrinsic triplets and for novel views than for
familiar views.

2.

Results

2.1.

Behavioral results

Only responses to target configurations were analyzed. Both
percent correct responses and response latency were submitted to separate repeated measures analyses of variance
(ANOVAs), with test views (distance 0° to 180° in 45° steps
with respect to the learning viewpoint) and type of triplet
(intrinsic or non-intrinsic) as within-subject factors. Mean
percent correct responses and response latency are plotted in
Fig. 4A and B as a function of test view and triplet type.
As shown in the figures, the major findings were as follows.
First, participants were more accurate and quicker in recognizing intrinsic triplets than non-intrinsic triplets. Second, percent
correct responses decreased and response latency increased as
the distance between the test view and the study view increased,
regardless of the triplets. For percent correct responses, the
effect of triplet type was significant, F(1, 15)= 14.343, p < .005,
MSE = .029, η2p = .489. The overall effect of the distance to the
learning view was significant, F(4, 60) = 5.372, p < .001, MSE = .014,
η2p = .264. A planned linear contrast (2 1 0 −1 −2) showed that
percent correct responses decreased linearly with the distance to
the learning view, t(60)= 3.45, p < .005. The interaction between
the triplet type and the distance to the learning view was not
significant, F(4, 60) = 1.322, p > .1, MSE = .015, η2p = .081. For response
latency, the effect of triplet type was significant, F(1, 15) = 17.127,
p < .001, MSE = .711, η2p = .533. The overall effect of the distance to
the learning view was significant, F(4, 60) =10.270, p < .001,
MSE = .781, η2p = .406. A planned linear contrast (−2 −1 0 1 2)
showed that response latency increased linearly with the
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Fig. 3 – Experiment design for the group of intrinsic 0° group. Intrinsic triplets were defined as among which two objects were
presented along the intrinsic direction but neither two objects were presented along the learning view. And non-intrinsic
triplets were defined as among which two objects were presented along the learning view but neither two objects were
presented on intrinsic direction. Both types of triplets were tested from five test views defined with respect to the learning view.

distance to the learning view, t(60)= 6.12, p < .001.The interaction
between the triplet type and the distance to the learning view
was not significant, F(4, 60)= 1.625, p > .1, MSE = .749, η2p = .098.

2.2.

Functional brain imaging data

Linear contrasts of event-related fMRI response to different
test views were performed to identify the brain areas sensitive
to the View effect. Distances 0°, 45°, 90° , 135°, and 180° were
weighted as −2 −1 0 1 2 to test the linear increase pattern, and
weighted as 2 1 0 −1 −2 to test the linear decrease pattern.
There was greater activation as the distance of the test view to
the learning view increased in bilateral middle frontal gyrus

(left BA 6, right, BA 9/46/13, see Fig. 5A, B and Table 1) and
bilateral intraparietal sulcus (left, BA 40, right, BA 40/7/39, see
Fig. 5C, D and Table 1). In general, these results were similar to
those reported relative to mental rotation (Zacks, 2008). There
was no greater activation as the distance of the test view to the
learning view decreased.
To detect brain areas related to RDD effect, we compared
event-related fMRI signals in responding to different triplets
(intrinsic vs. non-intrinsic). The only area that differentiated
triplet types was an area that showed a decrease in activity
relative to the no-task fixation interval. There was greater
deactivation for non-intrinsic triplets in anterior cingulate
cortex (BA 32/10; see Fig. 6 and Table 1). The deactivation of
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to the learning view increased, t(60)= 2.20, p < .05. In other words,
the degree of deactivation increased with the distance to the
learning view.

3.

Fig. 4 – Correct responses and response latency in scene
recognition as function of distance to the learning view and
triplets. (Error bars were confidence intervals corresponding
to ±1 standard error of the mean as estimated from the
ANOVA.)

this area was also reported in tasks of mental transformations
of spatial layouts compared to non-spatial tasks (Creem et al.,
2001; Zacks et al., 2003). Furthermore, a whole-brain GLM
analysis of the interaction between triplets and viewpoints
effects revealed no differential activation in any brain area.
Region of Interest (ROI) analyses were implemented in the
above significant areas, i.e. bilateral middle frontal gyrus,
bilateral intraparietal sulcus, and anterior cingulate cortex, in
the MarsBar Toolbox (Brett et al. 2002). The percentage signal
change for the different conditions averaged across all voxels
within the activation areas were extracted and used as the
dependent measure for second-level ANOVA analyses. In
bilateral middle frontal gyrus and bilateral intraparietal sulcus,
the overall effects of the distance to the learning view were
significant, Fs(1, 15) > 6.04, ps < .001. The activation increased
with the distance between the test view and the learning view.
However the significant effect of triplet type (RDD) was found in
right intraparietal sulcus, F(1, 15)= 5.307, p < .05, MSE = .047. The
activation was greater for the non-intrinsic triplets than for the
intrinsic triplets (see Fig. 5, bottom). No other effect was
significant. In the anterior cingulate cortex, the effect of triplet
type was significant, F(1, 15) = 22.675, p < .001, MSE = .017. The
deactivation was greater for the non-intrinsic triplets than for
the intrinsic triplets. Neither the overall effect of the distance to
the learning view nor the interaction between the triplet type
and the distance to the learning view was significant. However,
the planned linear contrast (2 1 0 −1 −2) indicated that the
percentage signal change decreased linearly when the distance

Discussion

The behavioral data replicated our previous findings (Mou
et al., 2008a). Participants were quicker and more accurate in
recognizing intrinsic triplets, regardless of test view, and in
recognizing familiar views, regardless of triplet type. The fMRI
data revealed that the bilateral middle frontal gyrus and left
intraparietal sulcus were related to the superior performance
for familiar views regardless of the types of triplets. The
activation of right intraparietal sulcus, and the deactivation in
anterior cingulate cortex, which was sensitive to task difficulty, were related to the superior performance for intrinsic
triplets and for familiar views. There was no evidence that
these two effects interacted. These results showed a clear
dissociation between the effects of RDD and View in terms of
magnitude of neural activation.
This study showed a less clear dissociation between these
two effects in terms of the brain locations. Although the
bilateral middle frontal gyrus and left intraparietal sulcus
were specifically sensitive to the View effect, the right
intraparietal sulcus and the anterior cingulate cortex were
sensitive to both the View and the RDD effect. The right
intraparietal sulcus and the anterior cingulate cortex might be
involved in both identifying the spatial reference directions of
the test scene (RDD effect) and aligning it with the represented
reference direction in spatial memory (View effect).
Consistent with previous studies of mental rotation (Zacks,
2008), activation in bilateral middle frontal gyrus and bilateral
intraparietal sulcus increased with the angular difference
between the test view and the learning view, which suggested
that the alignment of the reference directions was implemented by mental transformations. In the present study, we did
not explicitly ask participants to imagine object layout
rotation or rotation of themselves about the layout, therefore
participants might take either object-based or perspective
transformation strategy (Creem et al., 2001; Wraga et al., 2005;
Zacks et al., 2003; Zacks and Michelon, 2005).
The parahippocampal place area (PPA) was reported to be
involved in perceiving scenes from different viewpoints
(Epstein et al., 2003; Epstein et al., 2005). In the present
study, there was no evidence that the parahippocampal cortex
was activated in the contrast of different test views. There are
several possible explanations of this null effect: First, the
stimuli in the present study were different from those used in
previous studies on the PPA, most of which were photographs
of natural environments. Epstein and Kanwisher (1998)
suggested that the PPA responded less strongly to arrays of
multiple objects than to natural scenes. Second, the test
scenes in the current study were only part of the studied
scene, and participants had to compare every test scene with a
representation of study scene in long-term memory. Because
each test scene was different from the remembered scene, the
PPA could be equally active in all trials. Third, the design or
data collected in this experiment might not have been
powerful enough to detect a significant effect in this area.
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Fig. 5 – Brain areas increasingly activated with distance to the learning view. (distance 0°, 45°, 90° , 135°, 180° were
weighted as −2 −1 0 1 2 to test the linear increase pattern). A, left middle frontal gyrus (Brodmann's area 6; MNI peak
coordinate = −27, −6, 63; z = 4.23). B, right middle frontal gyrus (Brodmann's area 9/46/13; MNI peak coordinate = 48, 30, 30;
z = 4.03). C, left intraparietal sulcus (Brodmann's area 40; MNI peak coordinate = −33, −57, 45; z = 3.99). D, right intraparietal
sulcus (Brodmann's area 40/7/39; MNI peak coordinate = 36, −42, 51; z = 3.72). Bottom panel, the time course of the
activations in area D in the intrinsic (solid line) and non-intrinsic (dashed line) conditions. Error bars reflect ± 1 SEM.

Studies have shown that the right intraparietal sulcus is
involved in a line bisection task (Fink et al., 2000), figure axis
orientation task (Faillenot et al., 1999), and object orientation

task (Altmann et al., 2005). According to the reference
direction model, identifying the spatial reference of a scene
is analogous to determining the “top” of a figure (e.g., Rock,
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Table 1 – Peak MNI coordinates (mm) showing significant
differences (p < 0.001 at the voxel level, p < 0.05 corrected at
the cluster level).
Region

View linear increase
L middle frontal
gyrus
R middle frontal
gyrus
L intraparietal
sulcus
R intraparietal
sulcus
R intraparietal
sulcus

Intrinsic>non-intrinsic
Anterior cingulate
cortex
Medial frontal
gyrus

Brodmann's
areas

x

y

z

6
6
6
9
46
13
40
40
40
39

−27
−24
−12
48
42
39
−33
−45
−39
36

−6
3
−3
30
27
18
−57
−36
−42
−69

63
69
63
30
18
9
45
51
45
33

4.23
3.85
3.45
4.03
3.66
3.14
3.99
3.77
3.61
3.73

36 −42 51
24 −60 60
45 −39 51

3.72
3.65
3.59

6318

48 −3
48 0
51 6

3.84
3.69
3.68

2511

40
7
40

32
32
10

9
−6
−12

Z
Cluster
score extent
(mm3)
4887

2997

6075

2187

1973). And the dissociation of View and RDD effect is also
observed when participants recognized a shape (Li et al., 2009).
Therefore, we speculated that the right intraparietal sulcus
might be related to identifying the spatial reference directions
of the test scene.
In the present study, there was no evidence that the brain
areas relevant to long-term spatial memory, such as hippocampus (Biegler et al., 2001; Burgess, 2008; Kumaran and
Maguire, 2005; Maguire et al., 2000) and retrosplenial cortex
(Epstein, 2008; Maguire, 2001; Sugiura et al., 2005), differed in
activation for intrinsic and non-intrinsic triplets. The absence
of such differences may not be surprising as long-term
memory should be used in recognizing both kinds of triplets.
Anterior cingulate cortex was related to the superior
performance in recognizing the intrinsic triplets as well as
recognizing the familiar view. Deactivation has been reported
in both spatial tasks and non-spatial tasks. For instance,
deactivation of anterior cingulate cortex has been reported in
spatial tasks similar to those used in the present experiment
when compared to non-spatial tasks (Creem et al., 2001; Zacks
et al., 2003). Moreover, the deactivation of this area was also
found when participants were forced to use distal room cues
to navigate to a hidden platform in a virtual environment
(Shipman and Astur, 2008). Anterior cingulate cortex was also
involved in task-induced deactivation in many other nonspatial tasks (e.g., McKiernan et al., 2003). Hence the deactivation of anterior cingulate cortex, which was related to the
superior performance in recognizing the intrinsic triplets as
well as recognizing the familiar view, might reflect the general
difficulty of a task. According to the reference direction model,
recognizing intrinsic triplets should be easier than recognizing
non-intrinsic triplets, because more effort is required to

Fig. 6 – Brain areas less deactivated when participants
recognizing intrinsic triplets than non-intrinsic triplets.
Anterior cingulate cortex (Brodmann's area 32/10; MNI
peak coordinate = 9, 48, −3; z = 3.84). Bottom panel, the time
course of the deactivations in the intrinsic (solid line) and
non-intrinsic (dashed line) conditions. Error bars reflect ± 1
SEM.

reconstruct the spatial reference direction in the latter case.
Similarly, recognizing familiar views should be easier than
recognizing novel views because more effort is needed for
novel views to align the identified reference direction with the
reference direction represented in spatial memory.
In summary, the present research identified two groups of
brain areas specifically related to the viewpoint dependency
and the spatial reference direction dependency of scene
recognition. The bilateral intraparietal sulcus and bilateral
middle frontal gyrus, which had been reported to be involved
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in mental rotation processing, were related to the View effect.
The right intraparietal sulcus, which was involved in line
bisection task and figure/object orientation task, was also
related to the RDD effect. The larger deactivation in the
anterior cingulate cortex was observed in recognizing nonintrinsic triplets and in recognizing novel views. These
findings are in accordance with the claims of the reference
direction model of spatial memory that there are at least two
different components to recognizing spatial configurations:
(a) identifying spatial reference directions in the test scene
and (b) aligning the identified reference directions with the
represented reference directions of the studied scene in
spatial memory. Identifying spatial reference directions is
easier for intrinsic triplets than for non-intrinsic triplets and
aligning reference directions is easier for familiar views than
for novel views.

4.

Experimental procedures

4.1.

Participants

Sixteen volunteers (eight females; mean age 22 years, range
18–27 years) participated for monetary compensation. All
participants were right-handed and had normal or corrected
to normal vision, and reported no history of psychiatric or
neurological disorders, and no current use of any psychoactive
medications. Ethical approval for the study was obtained from
the Institutional Review Board of Beijing MRI Center for Brain
Research. Informed written consent was obtained in accordance with procedures approved by the Institutional Review
Board of Beijing MRI Center for Brain Research.

4.2.

Materials and design

The layout consisted of a configuration of seven common
objects sized around 5 cm (see Fig. 1). The objects were placed on
a circular table covered by a grey mat (50 cm in diameter, 45 cm
above the floor). The distance between the adjacent objects, in
the directions aligned with the 0°–180° and 270°–90° axes of the
array were 14.14 cm. The table was placed in a corner of the
rectangular learning room, with the 315°–135° axis of the array
aligned with the longer walls of the room. There was a stool
(seated 46 cm high) located at the position of 315° and another
identical one located at the position of 0°, with the backside of
the stool 100 cm from the middle of the table.
When participants were tested in the scanner, virtual
objects instead of real objects were presented. All of the virtual
objects and table were created by Autodesk 3ds Max (http://
www.autodesk.com/3dsmax). They were virtual analogs of the
real objects in the learning room and were presented with the
exact scale. The program written with ImageTclAR (Owen
et al., 2003) was used to display the stimuli, which were
synchronized with MRI data acquisition. The virtual layouts
were presented from the perspective as if participants were
sitting on the stool in the learning room. Stimuli were
displayed on a rear-projection screen mounted in the bore of
the scanner, which the participants could view through an
angled mirror fixed to the head coil.

Each test trial was constructed from three virtual objects
displayed on the virtual table according to the study configuration or according to the mirror reflection of the study
configuration with respect to the viewpoint. Thus, half of the
trials were target triplets, and the other half of the trials were
mirror reflections. Participants were required to respond
whether the configuration of the three objects was consistent
with the study configuration regardless of the viewpoints.
There were 12 triplets used in the study. Six triplets along the
axis of 315° were created as following: hat–ball–candle, hat–
ball–lock, glue–candle–clip, glue–candle–hat, clip–wood–lock,
and clip–wood–candle. Six triplets along the axis of 0° were
created as following: wood–ball–candle, wood–ball–lock, lock–
candle–ball, lock–candle–hat, clip–hat–candle, and clip–hat–
glue. Triplets along the axis of 315° did not contain any two
objects lying along the axis of 0°, and triplets along the axis of
0° did not contain any two objects lying along the axis of 315°.
Therefore the triplets along the axis of 315° and 0° were
exclusively defined.
One of the independent variables was learning direction.
Half of the participants viewed the layout from the direction of
315° and were instructed to learn the layout along the
direction of 0° (intrinsic 0° group); the other half of the
participants viewed the layout from the direction of 0° and
were instructed to learn the layout along the direction of 315°
(intrinsic 315° group). Participants were randomly assigned to
the intrinsic 0° group and the intrinsic 315° group with the
restriction that each group contained an equal number of men
and women.
Another independent variable was the type of triplet, either
intrinsic or non-intrinsic. Intrinsic triplets were defined as
those in which two objects were located along the intrinsic
direction but no two objects were located along the learning
view. Non-intrinsic triplets were defined as those in which
two objects were located along the learning view but no two
objects were located along the intrinsic direction. For example,
the triplets along the axis of 0° (e.g. lock–candle–hat) were
intrinsic triplets to the intrinsic 0° group but were nonintrinsic triplets to the intrinsic 315° group.
The last independent variable was the angular distance of
the test view to the learning view. For the intrinsic 0° group, the
distance of the test view relative to the learning view of 315°
were defined clockwise whereas for the intrinsic 315° group, the
distance of the test view relative to the learning view of 0° were
defined counter-clockwise so that the test view parallel to the
intrinsic direction was defined as 45° from the learning view in
both groups. Five distances of the test view to the learning view
were selected: 0° (learning view), 45°, 90°, 135°, and 180°. Fig. 3
demonstrates intrinsic and non-intrinsic triplets presented
from five test views for the intrinsic 0° group.

4.3.

Procedure

4.3.1.

Learning phase

Before entering the learning room, each participant was
instructed to learn the locations of the objects for a scene
recognition test and given one configuration of four objects as a
practice so that participants were familiar with the procedure.
The participant was then blindfolded and led to be seated in the
stool at the viewing position (315° in Fig. 1 for the intrinsic 0°

BR A I N R ES E A RC H 1 3 6 3 ( 2 01 0 ) 1 0 7 –1 16

group and 0° in Fig. 1 for the intrinsic 315° group) in the learning
room. The blindfold was removed and participants in the
intrinsic 0° group were asked to learn the locations of the
objects according to the columns in the 0°–180° direction, as
indicated by the experimenter (e.g., “Please try to remember the
location of each object as accurately as you can. During
memorization, please learn the location of objects in columns,
for example, Clip–Hat, Glue–Wood–Ball, Lock–Candle.); participants in the intrinsic 315° group were asked to learn the
locations of the objects according to the columns in the 315°–
135° direction, as indicated by the experimenter (e.g., Hat–Ball,
Clip–Wood, Glue–Candle, Lock, etc.). Participants viewed the
display for 30 s before being asked to name and point to the
objects with eyes closed. All participants named and pointed to
objects in an order consistent with the intrinsic axis. The
accuracy of spatial memory was emphasized by giving feedback
and corrections if the experimenter observed obvious pointing
errors made by participants. Verbal strategies, such as memorized lists of object names, were not encouraged. This learning
and pointing procedure was repeated five times for each
participant.

4.3.2.

Testing phase

After learning the spatial layout, participants were led to the
MRI scanner. Scanning sessions consisted of one T2-weighted
spin-echo anatomical scan followed by four experimental
scans, and then followed by a T1-weighted anatomical scan.
Each experimental scan was 11 min and 32 s long. Each scan
began with a 16-s presentation of a red fixation cross in the
middle of black screen. This was followed by 30 16-s-long
trials. In each trial a test triplet was presented on the virtual
table, and participants were instructed to make a judgment as
accurately as they could before the testing triplet disappeared
(right button for target configurations and left button for
mirror reflection configurations). Each test trial was followed
by a fixation cross for 6 s. Each experimental scan ended with
a 16-s fixation period. The testing trials were randomized
across four experimental scans.

4.4.

fMRI acquisition and analysis

Scanning was carried out on a 3-T Siemens Trio system using a
standard head coil at Beijing MRI Center for Brain Research. T2weighted spin-echo anatomical images were acquired in 26
contiguous 3.5 mm axial slices with 1.5 mm interslice gaps
[TE=92 ms; TR=3200 ms]. Functional images were acquired in
the same slices using T2*-sensitive gradient echo spiral pulse
sequence (TE=30 ms; TR=2000 ms; flip angle=90°; FOV=220 mm;
64×64 acquisition matrix; 26 axial slices, slice thickness=3.5 mm,
interslice gap = 1.5 mm, in-plane resolution = 3.4 × 3.4 mm,).
Three-dimensional (3-D) high-resolution T1-weighted FLASH
anatomical images were acquired in 144 contiguous 1.3-mm
slides with 50% interslice gaps [TE = 3.37 ms; flip angle = 7°;
FOV =256 mm]. Functional images were preprocessed and analyzed using Statistical Parametric Mapping (SPM5) (Welcome
Department of Cognitive Neurology, London). Images were
corrected for differences in slice timing and motion artifacts and
then normalized to the Montreal Neurological Institute template.
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Images were spatially smoothed with a Gaussian filter of 8 mm
full-width half maximum (FWHM).
The canonical hemodynamic response function (HRF) was
used to estimate the event-related hemodynamic responses
(HDRs) for each participant. Because judgment latencies were
relatively long (average RT = 6.61 s), BOLD responses were
treated as epoch related. Our interest was in the 16-s period
when subjects were viewing the triplets and performing the
tasks, therefore responses to each trial were modeled using a
16-s duration boxcar function, aligned with the onset of each
trial and convolved with the canonical HRF. Target trials were
modeled separately by intrinsic and non-intrinsic triplets at
each viewpoint, and mirror distracter trials were collapsed
and modeled. The target-trial parameter estimates were
included in the second, group level analysis. Statistical
analyses were performed in the context of the General Linear
Model. Whole-brain statistical maps were thresholded at
p < 0.001 (uncorrected) and considered significant at p < 0.05
corrected for multiple comparisons at the cluster level based
on the theory of Gaussian fields (Friston et al., 1996).
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