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Abstract

It has been proposed that object perception can proceed through different routes, which can be situated on a continuum ranging
from complete viewpoint-dependency to complete viewpoint-independency, depending on the objects and the task at hand. Although these
different routes have been extensively demonstrated on the behavioral level, the corresponding distinction in the underlying neural substrate
has not received the same attention. Our goal was to disentangle, on the behavioral and the neurofunctional level, a process associated
with extreme viewpoint-dependency, i.e. mental rotation, and a process associated with extreme viewpoint-independency, i.e. the use of
viewpoint-invariant, diagnostic features. Two sets of 3-D block figures were created that either differed in handedness (original versus
mirrored) or in the angles joining the block components (orthogonal versus skewed). Behavioral measures on a same–different judgment
task were predicted to be dependent on viewpoint in the rotation condition (same versus mirrored), but not in the invariance condition
(same angles versus different angles). Six subjects participated in an fMRI experiment while presented with both conditions in alternating
blocks. Both reaction times and accuracy confirmed the predicted dissociation between the two conditions. Neurofunctional results indicate
that all cortical areas activated in the invariance condition were also activated in the rotation condition. Parietal areas were more activated
than occipito-temporal areas in the rotation condition, while this pattern was reversed in the invariance condition. Furthermore, some areas
were activated uniquely by the rotation condition, probably reflecting the additional processes apparent in the behavioral response patterns.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

An intriguing feature of our visual system is the effi-
ciency with which it is able to recognize objects, even when
seen from different viewpoints. The issue of object recogni-
tion has been investigated extensively and several theoreti-
cal models have been proposed to account for this capacity.
Over the years, the theoretical accounts as well as the way in
which they are tested have evolved significantly. However,
if one reviews the recent literature on the topic, two trends
are especially prevalent.

The first trend can be described as a shift in the fo-
cus of discussion. In previous years, the debate was pri-
marily concentrated on whether object recognition was
“viewpoint-dependent” (e.g. [43]) or “viewpoint-inde-
pendent” (e.g. [4]). In this debate, the two “sides” have used
a variety of stimuli, experimental paradigms and techniques
to test the predictions generated by their models and both, in
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fact, provided substantial empirical evidence in their favor.
Given this growing amount of conflicting results, it became
increasingly difficult to hold the view of a single, unitary
system, which operates in a fixed manner. For this reason,
notions such as “multiple routes to object recognition” are
adopted more and more frequently in vision science in
recent years (e.g. [28]). More specifically, there seems to
be a growing consensus that there is a continuum from
viewpoint-independency to viewpoint-dependency, which is
in part influenced by stimulus discriminability and the task
at hand (e.g. [3,12,19,20,47]). In short, the key question is
no longer if object recognition is viewpoint-dependent or
viewpoint-independent, but ratherwhen, i.e. under which
circumstances.

The second important trend is more general and consists
of the increasing attention for the neurofunctional corre-
lates of mental processes, including processes underlying
visual perception. This line of research has obviously
been strongly stimulated by the advent of neuroimag-
ing techniques like PET and fMRI (for reviews see
[10,15,44,54]).
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If we take these two trends into account, it is somewhat
surprising that relatively little research has been done on
the cortical areas associated with different routes to ob-
ject recognition. This is precisely the main goal of the
present investigation. Although some neuroimaging studies
have addressed the issue of perceiving objects from differ-
ent viewpoints (e.g. [18,26,38]), there have been—to our
knowledge—no studies that explicitly tried to contrast these
routes on the neurofunctional level.1 Nevertheless, differ-
ences in the underlying cortical activations would provide
strong convergent evidence that there are indeed distinct
processes involved.

In order to investigate neurofunctional correlates of dif-
ferent routes to object perception, we first need to create
circumstances in which different processes will be invoked.

Fortunately, we know of such circumstances in which
recognition is undoubtedly viewpoint-dependent or view-
point-independent. An extreme example of the former is the
case of mental rotation, while the latter is clearly obtained
when the visual system makes use of locally diagnostic,
viewpoint-invariant features.

1.1. Mental rotation

A special case in object recognition is the situation in
which the visual system needs to distinguish an object from
its mirrored counterpart. It has been shown that in this
case, the visual system engages in a process of mental rota-
tion. This visuo-spatial process, first described by Shepard
and Metzler [37], yields very robust viewpoint-dependent
effects:2 response times in a same–different judgment in-
creased linearly with increasing angular difference (AD)
between two comparison objects. Although making such a
distinction might not be a typical object recognition task (see
also [42,58]), it nevertheless, “involves extensive recogni-
tion and comparison of objects and object parts” ([5], p. 11,
on the Shepard and Metzler paradigm).3 Because a de-
tailed computational model of the mental rotation paradigm
is beyond the scope of the present study (see [5,22]) we
will focus on one aspect relevant to the issue at hand: the
use of a viewer-centered reference frame. Obviously, advo-

1 To illustrate this point, while Vecera [49] has recently reviewed the lit-
erature on object representation and invariances in the context of a special
issue on neuroimaging, he mentioned only Kosslyn et al. [26] as a neu-
roimaging study directly relevant to the viewpoint- versus object-centered
debate.

2 Although the coupling of viewpoint-dependency and increased response
times on the one hand, and viewpoint-independency and no effect on
response times on the other hand is widely accepted, some evidence
suggests that this assumption should be treated with caution [52].

3 It is worth stressing that we do not assume that our “mental rotation”
condition recruits all forms of viewpoint-dependent process; nor do we
assert that our “invariance” condition taps into all viewpoint-independent
recognition processes. What we do claim, however, is that both condi-
tions encompass a number of processes relevant to the issue of perceiving
objects from different perspectives, and that the two conditions are rep-
resentative of viewpoint-dependent and viewpoint-independent routes to
object recognition, as distinguished in the literature.

cates of viewpoint-dependent theories are likely to endorse
the use of such a reference frame. Since handedness is not
encoded in object-centered representations [4,40], the use
of a viewer-centered frame of reference becomes neces-
sary in case of handedness discrimination, even according
to viewpoint-independent theories. More specifically, the
computation of the spatial coordinates of the object being
mentally rotated will proceed from the specific viewpoint
in which the observer perceives the objects. This makes
the mental rotation process a highly appropriate research
subject in the present discussion.

1.2. Use of invariant features

If the mental rotation process is an extreme case of
viewpoint-dependency, the process in which observers
make use of locally diagnostic, view-invariant features to
determine the identity of an object (e.g. [13]), can be seen
as an equally extreme case of viewpoint-independent object
processing. Again, this process is not the most typical for
everyday object recognition, but the operation of detecting
and exploiting image invariances is clearly an important
and relevant topic (e.g. [53]). Moreover, in the present ex-
periment, top-down influences are likely to come into play,
because the observers know what kind of feature is crucial
to solve the task. That is, it is advantageous for task per-
formance to direct attention to those locations in which the
feature is present. In this sense, making use of diagnostic
viewpoint-invariant features cannot be reduced to simple
shape discrimination.

By including these rather extreme processes, mental ro-
tation and the use of invariant, diagnostic features, we can
expect clear and unambiguous behavioral results. In addi-
tion, neuropsychological investigations also demonstrated
that the two processes can be selectively impaired. This con-
stitutes a strong indication that—at least in brain damaged
patients—they are indeed associated with different neural
systems. For example, patient R.T., described by Farah and
Hammond [16], was still able to recognize misoriented ob-
jects, despite his inability to perform mental rotation (see
also [8,11,24]). Turnbull and McCarthy [46], on the other
hand, reported the opposite pattern of a patient who suc-
ceeded on mental rotation tasks, but failed to recognize dis-
oriented objects. Moreover, the double dissociation between
“recognition by axes” and “recognition by features” (as de-
scribed by Humphreys and Riddoch [21]) demonstrates the
functional independence of a recognition process based on
the detection and use of a distinctive feature when subjects
are matching objects from different viewpoints. Four of the
patients in the study by Humphreys and Riddoch [21] were
able to match objects that were rotated in the plane even
though the saliency of their primary distinctive feature was
reduced. On the other hand, when shown the objects with
their principal axis foreshortened, leaving the visibility of the
distinctive feature unaltered, they failed to make the match.
The reverse pattern was found in a fifth patient.
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Now, although these neuropsychological data strongly
suggest that the two processes and their representations are
also differentially distributed in the brain, the issue is not
fully resolved. First of all, the relevant neuropsychological
studies do not provide much neuroanatomical details regard-
ing the lesion sites, so it is virtually impossible to derive
more general insight into the specific cerebral areas involved
in these processes. Furthermore, the idea of multiple routes
could be strengthened considerably if supported by similar
evidence in healthy participants. Although several studies
reported evidence for the existence of different routes to ob-
ject recognition on the behavioral level, only in very few
cases, was this dissociation apparent in the same study, in
which a similar paradigm and similar stimuli were used to
test the different routes. Given the strong effect on recogni-
tion of both the nature of the stimuli and the experimental
task, controlling for these two variables becomes crucial.
Our main goal was, thus, to distinguish, both on the behav-
ioral and on the neurofunctional level, two different routes to
object perception in a single study in which the nature of the
stimuli and the paradigm are equated as much as possible.

On the basis of previous studies on mental rotation (e.g.
[5,7,36,39]), we can expect the major focus to be situated in
the parietal area (Brodmann area (BA) 7), along with activity
in frontal areas (pre-central gyrus, posterior middle frontal
gyrus, and supplementary motor area). For the invariance
condition, on the other hand, the main point of activation is
predicted to be in the occipito-temporal and temporal cortical
areas (see [1,2,27,34,50,51]).

2. Method

2.1. Subjects, stimuli and task

Six right-handed, healthy volunteers participated in the
study (three male, three female) ranging from 22 to 35 years
(mean age was 25.2 years).

Subjects were presented with two experimental condi-
tions, a mental rotation condition and a condition in which
viewpoint-invariant features were used, which will be re-
ferred to as rotation and invariance condition, respectively.
The experimental paradigm was identical in both, namely to
decide whether two simultaneously presented stimuli were
views of the same 3-D object irrespective of possible rota-
tions in depth.

All nine objects in the standard set were front/back and
left/right asymmetrical, solid objects, consisting of three
small limbs that were attached face-to-face onto a main limb
(see, e.g. Fig. 1). In addition, we constructed a specific set
of objects for each condition. For the rotation condition,
we created enantiomorphic versions of the standard objects
(further on referred to as “mirror” objects) by relocating
two side-limbs to the opposite side of the main limb. For
the invariance condition, the angle of attachment between
the side-limbs and the main limb was altered, so that the

Fig. 1. Examples of non-match stimuli (a) in the invariance condition, with
an AD of −90◦ (left object: standard 0◦, right object: skewed 270◦) and
(b) in the rotation condition, with an AD of+60◦ (left object: standard
120◦, right object: mirrored 180◦).

attachment of a smaller limb was now no longer orthogonal
(see Fig. 1a, right object). The side-components were tilted
upward or downward by 10◦. This angle was based on the
results of a pilot study, set up to find the most appropriate
amount of skewing, in which we observed that decreasing
the amount of skewing increased mean response time, but
reduced accuracy at the same time. The equilibrium in the
trade-off between speed and accuracy of performance was
situated exactly on the 10◦ level of skewing angle. The rel-
atively small, but qualitative difference was, thus, the angle
formed by a small limb and the main limb: this was orthog-
onal (90◦) in one set of objects and skewed (80◦/100◦) in
the other set of objects.

We produced 12 different images of each of the nine stan-
dard, nine “mirrored”, and nine “skewed” objects by ro-
tating each object around its length-axis in steps of 30◦.
The images were copper-colored against a black background
and subtended approximately 3.30◦ × 3.10◦ of visual an-
gle. Two views were shown simultaneously, next to one an-
other, separated by 3.80◦ of visual angle. All stimuli were
presented on a partly translucent screen by way of a video
projector.

2.2. Procedure

In both experimental conditions a stimulus pair was pre-
sented and remained visible until the subjects responded.
Subjects judged whether the two views could stem from the
same object or not. In the rotation condition, a non-match
trial consisted of a view of an object and a view of its mir-
rored counterpart (Fig. 1b). In the invariance condition, the
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two objects were either both orthogonal or both skewed in
case of a match trial, whereas for a non-match trial they dif-
fered in the angle of attachment of their side-components,
i.e. one was orthogonal and the other skewed (Fig. 1a). Both
speed and accuracy of the response were registered. The re-
sponse was followed by a 500 ms black screen, after which a
new stimulus pair appeared. Maximal presentation time was
7 s, after which the stimuli disappeared automatically. Sub-
jects responded by pushing one of the two response buttons.
The hand used for pushing the ‘same’ button was counter-
balanced across subjects.

The identity of the left object of a stimulus pair was de-
termined in a pseudo-random order: each of the 18 different
objects (nine standard and nine condition-specific) had to
appear once before any other object could appear a second
time, all had to appear twice before any other could appear
a third time and so on (see [7] for a similar procedure). The
same logic was used for the angular difference between the
left and right view: each of the 12 possible angular differ-
ences (30, 60, 90, 120, 150 and 180◦ in both positive (clock-
wise) and negative (counterclockwise) direction) had to
appear once, before a certain angular difference could appear
a second time. In this way, we achieved an approximately
equal frequency of all objects, and more importantly, all
angular differences. Per set of 18 trials (in which 18 differ-
ent left objects were presented), half consisted of matches,
the other half of non-matches, with the constraint that no
more than four consecutive trials could require the same re-
sponse. Note that there were no trials in which both objects
appeared at the same viewpoint (0◦ of angular difference).

2.3. Control condition

The choice for an adequate control condition was some-
what restricted because the same control condition was to
be used as a baseline for both experimental conditions. For
example, this automatically excluded the ‘traditional’ con-
trol condition for the mental rotation task, in which the
stimuli are presented at 0◦ of angular difference. For this
reason, we opted for a same–different judgment task us-
ing 2-D T-shaped stimuli. Subjects were presented with two
T-figures, side-by-side on the screen, which could both be in
the same orientation (match trial) or rotated 180◦ from each
other (non-match trial). For the T-figures, only four orien-
tations were possible: an upright orientation (0◦), inverted
(180◦), and two horizontal orientations (90 and 270◦). Half
of the trials consisted of match trials (0–0, 90–90, 180–180,
or 270◦–270◦), the other half were non-match trials (0–180,
90◦–270◦).

The reason why the objects were 2-D and did not dif-
fer by less than 180◦ was to minimize the possibility that
subjects would pay specific attention to the 3-D angles in
the stimuli or inadvertently engage in a mental rotation pro-
cess. Nonetheless, the “irrelevant” processes of encoding vi-
sual stimuli, deciding and executing a motor response were
clearly present in this task.

2.4. Design

The three conditions (rotation, invariance and control)
were presented in four types of time series with a 7-min
duration. The first two time series consisted of twelve
blocks of 35 s in which the control condition was alternated
with either the rotation condition (CR) or the invariance
condition (CI). In the other two time series, there was an
alternation between the two experimental conditions. One
series started with the rotation condition (RI), the other
with the invariance condition (IR). Because the stimuli
in these time series were so similar, subjects had to be
informed when to start using a different response crite-
rion, that is, when a new block started. Therefore, prior to
each block subjects were presented with a 7-s indication
image showing a view of a condition-specific object with
an indication word (“mirror” or “skewed”). The sequence
‘indication image 1–experimental condition 1–indication
image 2–experimental condition 2’ was then repeated five
times.

In order to familiarize subjects with the stimuli, the
task and the specific procedure of the experiment, all sub-
jects performed each of the four possible time series (CR,
CI, RI, IR) once before entering the scanner. During the
functional image acquisition, they performed each series
twice, so in total, 12 sessions were administered. For half
of the subjects, the ordering of the first four series was as
follows: CR–CI–RI–IR. The ordering of series performed
inside the scanner was then: CR–CI–CR–CI–RI–IR–RI–IR.
For the other half of the subjects, the ordering was
switched in pairs: CI–CR–IR–RI (outside the scanner) and
CI–CR–CI–CR–IR–RI–IR–RI (inside the scanner).

2.5. Imaging acquisition

Imaging was performed using a Siemens Vision 1.5 T
scanner and a standard quadrature headcoil. Anatomical im-
ages were acquired with a T1-weighted MPRAGE sequence
(using a 256× 256× 128 matrix resulting in voxels with
dimensions 1 mm× 1 mm× 1.250 mm resolution). A func-
tional time series consisted of 125 scans of an echo-planar
gradient-echo sequence (TR= 3500 ms, TE = 40 ms,
FOV = 200 mm, 64× 64 matrix, 32 interleaved transverse
slices with slice thickness 4 mm and gap 0.5 mm). The first
five scans were not included in the dataset. The first stimu-
lus was presented after the fifth scan. In one experimental
session, eight functional time series were recorded. In total,
subjects were in the scanner for approximately 2 h.

2.6. Analysis

The analysis was performed on the data obtained while
the subjects were inside the scanner. Prior to the analy-
sis, 2.2% of the behavioral data were discarded as outliers.
The behavioral data (both reaction times and accuracy) were
then analyzed using a three-way repeated measures ANOVA
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Fig. 2. Mean reaction time per angular difference (AD) on match trials (upper) and non-match trials (lower) for the two conditions.

with ‘angular difference’ (12 levels:±30,±60,. . . , ±180◦),
‘match’ and ‘process’ (rotation and invariance) as indepen-
dent variables. For reaction times, the analysis was per-
formed on correctly responded trials only.

Fig. 3. Proportion correct responses per angular difference (AD) on match trials (upper) and non-match trials (lower) for the two conditions.

All analyses of imaging data were performed using
SPM96 software (Functional Imaging Laboratory, Queen
Square, London, UK). This included correction for head
motion, spatial normalization to the Montreal Neurological
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Table 1
Talairach coordinates of the significantly activated areas for the group analysis and for individual subjects (S.) for four contrasts (I: invariance, R: rotation,
C: control)a

S. I–C R–C I–R R–I

Group (∗12, −70 6) V1 (∗27, 1, 54) BA6 (−66, −6, −12) BA21 (∗21, −58, 60) sPL
(33, −87, −9) iOG (51, 39, 27) BA9/46 (3, 0, 66) BA6m (∗45, 42, 54) iP/PoS
(∗36, −67, −22) FG (∗25, −57, 57) sPL (36, −21, 66) CS (42, −72, 21) iIPS
(∗28, 58, 55) sPL/IPS (∗37, −67, −24) FG (60, 9, −3) BA44 (∗28, 4, 61) BA6
(30, 0, 51) BA6 (∗13, −60, 4) V1 (−69, −36, 0) BA22 (−54, −60, −6) V5
(3, 27, 45) BA8m (∗39, −36, 39) iP [6.61]− [4.89] (33, 45, −9) BA47
[8.39] − [5.21] (∗34, −78, 16) iIPS [8.53]− [4.62]

(3, 30, 45) BA8m
[8.75] − [6.86]

J.P. (∗42, −66, −23) FG (∗42, −66, −22) FG (58, −28, 54) IPS (∗12, −65, 56) sPL
(∗31, −92, −2) iOG (14,−64, 48) IPS (40, 38, 12) BA9/46 (0, −54, 60) Pcu
(6, −86, −4) V1 (6, −88, −4) V1 (52, −38, 2) STS (42, −72, 16) BA39
(4, 36, 46) BA8m (−2, −40, 70) Pcu (−50, −48, 42) iPL (∗23, −78, 33) iIPS
(48, 58, 2) BA10 (∗25, 2, 56) BA6 (50, −66, 42) BA19 (∗25, 1, 55) BA6
[8.18] − [7.04] (6, 34, 46) BA8m (−18, 30, 46) BA6/8 (−46, −54, −6) V5

(−52, 24, 42) BA8/9 [6.03] − [5.60] [8.37] − [6.56]
(48, 58, 6) BA10
[8.36] − [7.16]

B.W. (34, −52, 64) sPL (∗23, −56, 65) sPL (∗55, 0, 53) CS (∗20, −60, 61) sPL
(32, −36, 38) iPL (48,−26, 54) iP/PoS (−42, −62, 56) sPL (∗45, −9, 56) iP/PoS
(∗13, −75, 8) V1 (48,−76, −6) iOG (30, −66, −4) FG (∗60, −55, −2) V5
(48, −78, −6) iOG (∗14, −68, 16) V1 (50, 38, 16) BA46 (∗26, 11, 54) BA6
(∗38, −65, −15) FG (−54, −60, −2) V5 [6.74] − [6.16] (46, −60, 26) BA39
(50, 40, 34) BA9/46 (∗28, 8, 58) BA6 (−26, 40, −12) BA11
(32, 30, 0) BA47 (48, 44, 34) BA9/46 [8.58] − [6.89]
(32, 58, −4) BA10 [8.45] − [7.52]
[7.93] − [6.26]

S.T. (34, −60, −22) FG (32, −70, 28) iIPS (∗34, −27, 71) CS (∗21, −75, 52) sPL
(38, −86, 26) BA19 (∗2, −98, −6) V1/LG (0, −8, 60) BA6m (∗25, −72, 38) iIPS
(∗2, −98, −6) V1 (∗49, −26, 41) iP/PoS (52, −46, 2) STS (∗49, −6, 41) iP/PoS
(18, −62, −2) LG (∗34, −62, −22) FG (−32, 56, 22) BA10 (∗33, 3, 66) BA6
(58, 16, 42) BA8/iFS (∗26, −60, 60) sPL (14, 54, 42) BA9 (∗59, −65, −1) V5
(−56, 26, 26) BA45 (∗56, 22, 26) BA45 (0, −6, 44) BA24 [8.57] − [5.78]
(∗29, −57, 52) sPL (∗32, −7, 53) BA6 [6.32] − [4.92]
[8.45] − [7.54] [8.79] − [8.06]

J.W. (∗9, −73, 1) V1 (∗12, −74, 59) sPL (10, −98, 2) V1 (∗9, −72, 58) sPL
(∗14, −66, −11) LG (−2, −90, 24) Cun (−62, 8, 24) BA44 (41, −43, 37) iPL
(−24, −94, 6) BA18 (∗9, −73, 3) V1 (16, −34, 84) BA5 (−56, −62, −2) V5
(−14, −40, −6) GH (14, −72, −20) LG (2, 48, 50) BA8/9m (0, −46, 10) BA30
(−2, −90, 24) Cun (−32, −48, −18) FG [7.27]− [6.40] (∗26, −3, 56) BA6
(∗19, −75, 53) sPL (−12, −50, −4) GH (36, 42, −14) BA47
[7.55] − [5.14] (∗29, 2, 66) BA6 (−46, 32, 44) BA8/9

(−56, −60, −2) V5 (−50, 52, 4) BA10
(4, 28, 50) BA8m (6, 26, 48) BA8m
(54, 26, 44) BA9/8 [8.26] − [6.29]
(56, 10, 32) BA9/44
(∗35, 63, −4) BA10
[8.36] − [6.72]

A.E. (∗48, −78, 1) BA19/37 (−44, −84, 4) BA19/37 (2, −36, 74) BA5m (∗25, −62, 63) sPL
(∗28, −78, 31) iIPS (∗25, −62, 62) sPL (−46, −72, 40) BA19/7 (∗52, −4, 54) iP/PoS
(18, −80, −26) LG (30, −68, 34) iIPS (∗51, −47, −29) FG (∗29, −3, 67) BA6
(∗26, 2, 51) BA6 (∗35, −79, −24) FG (−26, 32, 50) SFS (−34, −74, 30) BA39
(28, −88, 18) sOG (20, −82, −26) LG (68, 0, −16) BA21 (58, −54, −12) V5
(∗26, −63, 55) sPL (∗28, −5, 60) BA6 (∗10, −47, −3) GH (40, 2, 32) BA6i
(∗34, −78, −23) FG (60, 14, 26) BA6/9 [7.91]− [6.25] [8.42] − [5.87]
(−2, 6, 56) BA6/8m (∗52, −30, 43) iP/PoS
(12, −32, 78) CS (−2, 6, 58) BA6m
[8.01] − [5.02] (0, 30, 46) BA8m

[8.72] − [6.81]
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Table 1 (Continued)

S. I–C R–C I–R R–I

E.D. (0, −86, −4) V1 (∗16, −77, 53) sPL (2, −82, −10) V1/LG (∗31, −69, 25) iIPS
(∗12, −84, 46) IPS (∗4, 82,−1) V1 (∗23, −71, −17) FG (8, −66, 58) sPL
(−8, −72, 60) BA7 (∗8, −91, 34) iIPS (−68, −36, 0) BA21 (32, −8, 54) PrS
(42, −74, −14) BA19 (−32, −90, 12) BA19 (−10, −42, −6) GH (36, 10, 58) sFS
(−34, 16, 62) BA6/8 (−30, 10, 68) BA6 (34, −20, 70) CS [7.03] − [4.93]
[7.75] − [6.29] (∗43, −42, 55) PoS [7.05] − [6.52]

(44, −70, −16) BA19/37
[7.95] − [6.73]

a Only the most significant voxel of each differentiated focus is given. The non-bold coordinates are the most significant voxels from relevant sub-foci
within. All foci, as sub-foci within a larger region, are reported in order of decreasing significance level. In case of bilateral activation, only themean
of the two absolute coordinates is reported (indicated by ‘∗’ in superscript). Also, at the bottom of each column,Z-values of respectively, the first
and the last element are reported. Abbreviations: BA, Brodmann area; CS, central sulcus; Cun, cuneus; FG, fusiform gyrus; FS, frontal sulcus; GH,
parahippocampal gyrus; iP, inferieur parietal; IPS, intraparietal sulcus; LG, lingual gyrus; OG, occipital gyrus; PL, parietal lobe; PoS, post-central sulcus;
PrS, pre-central sulcus (s, superior; i, inferior; m, medial).

Institute (MNI) template, smoothing and construction of
statistical parametric maps. For each individual subject,
the two CI and the two CR time series were analyzed
separately. The four remaining time series (IR and RI)
were analyzed together. Regions were selected for activa-
tion height and spatial extent and were considered to be
activated significantly if the resulting correctedP-value
was <0.05. This analysis was performed using voxels of
2 mm× 2 mm× 2 mm. The corresponding group analysis
(on the pooled data of all subjects) was performed with a
lower resolution (3 mm× 3 mm× 3 mm).

3. RESULTS

3.1. Behavioral data

3.1.1. Reaction times (RTs)
Overall, mean reaction time was 1750 ms. The analysis re-

vealed a significant main effect of process,F(1, 5) = 84.47,
P < 0.001, indicating that, generally, the mental rotation
trials were executed more slowly than the invariance trials
(means were 2297 and 1473 ms, respectively). Also, a signif-
icant main effect of the angular difference (AD) was found,
F(11, 55) = 3.79, P < 0.001.

The two-way interactions process× AD and match× AD
both turned out significantly (respectively,F(11, 55) =
5.78, P < 0.001 andF(11, 55) = 8.98, P < 0.001).
The process× AD interaction points to a differentiating
effect of the angular difference in the two experimental
conditions. A Tukey (HSD) post-hoc analysis revealed
no differences between RTs in the invariance condition,
while these differences were obtained in the rotation con-
dition. A similar observation can be made regarding the
match×AD-interaction: differences between reaction times
for match trials are present, but absent for non-match trials.

The three-way interaction process× match× AD was
found to be highly significant,F(11, 55) = 11.76, P <

0.001, and can be seen in Fig. 2. Trials in the rotation con-

dition showed a clear dependency on the angular difference
between the objects. A linear regression on mean RTs on
match trials per value of AD estimated the speed of rotation
to be 186◦/s.

3.1.2. Accuracy
The overall mean proportion of correct responses was

0.79. No significant main effects were observed. For the
two-way interactions, only the match× AD-effect reached
a significant level,F(11, 55) = 3.59, P < 0.001 (the in-
teraction process× AD did not, F(11, 55) < 1). A Tukey
(HSD) post-hoc analysis indicated that only for large values
of AD (120, 150 and 180◦) accuracy rates on the match and
non-match trials differed significantly.

The interaction between the three variables turned out
significantly,F(11, 55) = 2.38, P = 0.02 and is depicted
in Fig. 3.

3.2. Imaging data

Table 1 summarizes the actual Talairach coordinates [41]
of both the group analysis and the individual analyses. We
limit the discussion to the results of the group study.

Invariance–control (I–C, see Fig. 4a): We have found
a large, differentially activated region that covers most of
the occipital lobe, both medial and lateral, striate (V1) and
extrastriate (BA18 and 19) cortex. Strongest activations
were registered in the two primary projection areas. In the
so-called “ventral stream”, which originates from these
areas, the most significant foci were the right inferior oc-
cipital gyrus (BA18/19) and the fusiform gyrus (BA19/37),
bilaterally. Also in both hemispheres, the superior parietal
cortex (BA7) was identified, while this activation seems to
be concentrated in the intraparietal sulcus (IPS). Finally,
two smaller frontal areas can be seen: one in the right
pre-central sulcus (BA6), location of the frontal eye fields
(FEF; [35]), and one in the medial part of BA8.

Rotation–control (R–C, see Fig. 4b): All areas found in
the previous contrast were also visible in this contrast. The
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Fig. 4. Activation foci of the group analysis, plotted on 10 coronal slices of the mean normalized anatomy of all subjects (posterior (−87) to anterior
(−33), each 6 mm), for the three contrasts: (a) invariance–control; (b) rotation–control; and (c) rotation–invariance. The color code indicates maximal
Z-value for each contrast.

three large clusters (occipital and BA7, bilateral) seem to
form one network, which covers the dorsal as well as the
ventral stream. The strongest signal was now observed in
the two superior parietal lobes (BA7). Moreover, this acti-
vation seems to spread out, via the lateral part of the IPS,
to the inferior parietal region (BA40) and the post-central
sulcus.

In the ventral stream, activation in BA19/37 (the posterior
fusiform gyrus) was found, in the two primary visual areas,
in the cuneus and in additional occipital areas (BA18/19),

all bilaterally. The activation in the anterior lingual gyrus
was mainly located in the left hemisphere.

Frontally, BA6 could be identified bilaterally. Both foci
included the pre-central sulcus (PrS) as well as the superior
frontal sulcus (SFS).4 In addition, the right cluster demon-
strated higher signal intensity in a dorsolateral area that lay

4 Following the y-axis, activation was found from−9 to +15/+18 for
the left and the right area, respectively.
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Fig. 5. (a) SPM of the R–I contrast on a saggital, coronal and transversal view of a “glass brain”. Three transversal slices were selected (red lines)
and plotted on the mean normalized anatomy of all subjects; (b)Z = 57 mm, the superior parietal lobes (BA7) and BA6 (PrS and SFS), bilateral; (c)
Z = 42 mm, the intraparietal sulcus (to the post-central sulcus), bilateral; (d)Z = −6 mm, V5/MT, left, unilateral; (e) color code depicting maximal
Z-value for the three slices; and (f) time course of the averaged MR signal of the most significant voxel in the area in the blue circle: V5/MT (left plot)
and right BA6 (right plot). The signal (red curve) is plotted as a function of image number. The blue curve depicts the modeled signal. Dark hatching:
indication image; light hatching: rotation condition; no hatching: invariance condition.
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between BA6 and BA9/46. Finally, the medial part of BA8
was identified.

Rotation–invariance (R–I, see Figs. 4c and 5): A some-
what similar pattern as in the R–C-contrast was observed.
However, none of the regions in the ventral stream (i.e. the
occipito-temporal areas), neither BA9/46 nor the medial part
of BA8 were differentially activated in this contrast. Poste-
rior, we found strong activations in the two superior parietal
lobes. These bilateral activations seem to spread to the in-
ferior parietal cortex and post-central sulcus, via the lateral
part of the IPS. The activation in the inferior part of the
IPS (BA7/19/18), however, is primarily present in the right
hemisphere. Again, the pre-central and superior frontal sulci
can be clearly observed.

In the left lateral-temporal area, on the border of the mid-
dle and inferior temporal gyri (BA19/37), a smaller focus
of activation was present. This location resembles V5/MT
[56], an area, which was also reported in a mental rotation
study by Cohen et al. [7].

Invariance–rotation (I–R): Compared to the I–C-contrast,
a totally new pattern emerged. Among the differentially ac-
tivated regions were the left BA21, a large region located
around the medial part of BA6, the dorsal surface of BA44 in
the right hemisphere, and the left central sulcus and BA22.
However, these activations turned out to be deactivations rel-
ative to the indication conditions with larger deactivations
during rotation than during invariance. Because the signif-
icance of these values was caused by a negative value of
the rotation component, the I–R-contrast did not yield inter-
pretable results.

4. Discussion

4.1. Behavioral results

The process× AD interaction for reaction times and the
three-way interactions of both behavioral measures all in-
dicate a differentiating effect of the specific viewpoint at
which the objects were presented. The effect of AD in the
rotation condition clearly points to a viewpoint-dependent
component. The classical finding of an increasing reaction
time with increasing value of AD for match trials is con-
sistent with an explanation in terms of an analogue men-
tal rotation process.5 The deterioration of performance in
terms of accuracy confirms this point. In contrast, changes

5 In Figs. 2 and 3, one can observe a differential effect of AD for
non-match compared to match trials: there is a trend towards shorter re-
sponse times and higher accuracy for larger angular differences. The ex-
planation for this discrepancy can be found in the way the mirrored objects
were constructed and the specific “anchor” subjects use to mentally rotate
an object (i.e. which components have to be aligned in order to compare
the two objects). If a subjects uses the two co-planar side-components as
anchor, a theoretically “large” AD in fact constitutes a “small” AD for
the subject and vice versa. For a more detailed discussion of this issue,
see [48].

in viewpoint did not significantly affect behavioral measures
when recognition was to be based on invariant features.
Note hereby that one single projected angle could not have
been regarded as invariant. Indeed, as Willems and Wage-
mans [57] showed, the presented viewpoint of a projected
non-orthogonal angle, embedded in a solid cross-like figure,
systematically influenced subject’s perception of that angle.
However, in the present experiment, all three angles were
altered, allowing for a veridical interpretation of the angles
over all viewpoints.

As expected, the analysis of the data on the behavioral
level confirmed the fundamental distinction between the
recognition processes in the two experimental conditions.
Now, we turn to the neurofunctional results.

4.2. Neurofunctional results

Inspection of Fig. 4a and b already confirms the
dissociation-hypothesis: not all significantly activated re-
gions are present in both conditions. Although all the
significantly activated regions in the invariance condition
were also activated in the rotation condition, some areas are
uniquely activated by the latter. The dissociation-hypothesis
receives further support by the presence of significant ar-
eas in the R–I-contrast. Moreover, compared to the control
condition, a dissociation is also apparent in the location of
the most significant area. As predicted, the main focus of
activation was in occipito-temporal areas in the invariance
condition, and in the parietal region in the rotation condition.

4.2.1. Common activations
Most relevant in this investigation is the ventral,

occipito-temporal stream, present in both conditions. Most
significant in this stream was the bilateral focus in the
fusiform gyrus. Locations in these regions have been repeat-
edly reported in form, shape or object recognition studies
(e.g. [1,2,6,23,29]). However, the precise location of the ac-
tivity is rather variable and presumably strongly influenced
by the specific stimuli and task. The fact that these regions
have also been associated with shape processing of non-
sense stimuli (e.g. [23,33]), i.e. irrespective of meaning or
structural representations stored in memory, is compatible
with the task and the objects used in this study. If it is the
case that activation in these areas is related to bottom-up
construction of shape description [23], one would indeed
expect these areas to be activated in both conditions.

An intriguing observation is the asymmetry in the foci in
the inferior occipital gyrus in the invariance condition. Al-
though these areas are also apparent in the rotation condi-
tion, it is only in the invariance condition that the activity is
clearly more pronounced in the right hemisphere. It is more
extended (see Fig. 4a, from−87 to−69), but also more sig-
nificant (maximalZ-value on the right was 8.27, on the left
7.23). Moreover, this area is located in the dorsal stream, but
more medial and more posterior than LOC (lateral-occipital
complex, [29]), which is supposed to code parts of an object.
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One possibility would then be that the extraction of more
elementary features (such as angles) is associated with this
region. The fact that the invariance condition requires a rel-
atively precise discrimination could shed some light on the
right-hemispheric dominance: there is evidence that subor-
dinate object recognition or the visual processing of specific
visual forms is primarily a function of the right hemisphere
[25,30,31].

4.2.2. Rotation-unique activation
The areas that will be discussed next are either uniquely

(SFS, inferior part of IPS, V5/MT) or clearly more strongly
(BA7/IPS, FEF) activated by the rotation condition, com-
pared to the invariance condition. Unless explicitly men-
tioned, the areas are significant in both contrasts (R–C and
R–I).

First, there is the activity in the inferior part of the IPS, the
superior parietal lobes and the lateral part of the IPS. The im-
portance of the posterior parietal cortex in spatial processes
in general and the mental rotation process in particular is
unquestionable, but recent studies have also specifically em-
phasized the functional role of the IPS. Faillenot et al. [14]
claim this area to be involved in the integration of 3-D fea-
tures of objects, while Goebel et al. [17] relate the posterior
T-junction of the IPS to spatial transformation. Although the
activation spreads out more anteriorly, we have also identi-
fied the lateral part of IPS in the R–I-contrast, which seems
to confirm the latter hypothesis.

A striking result in the rotation condition concerns the
presence of two extensive clusters in BA6 (see Fig. 5). These
included, amongst others, the FEF at the border of the supe-
rior frontal (SFS) and pre-central sulcus (PrS), a focus that
was also apparent in the I–C-contrast, but to a smaller ex-
tent. Although voluntary eye-movements are surely a plau-
sible and likely candidate to explain this result, we suspect
that this might not be the only explanation.6 Indeed, in
the Carpenter et al. [5] study, these areas were also more
strongly activated than in a grid-scanning condition involv-
ing a large number of eye-movements. We, therefore, agree
that this might be related to the greater computational de-
mand in computing the object’s spatial presentation, since

6 Just and Carpenter [22] analyzed eye-movements during the execution
of a mental rotation task. They concluded that subjects rotated individual
components, which implies that all corresponding components in both
figures had to be re-fixated over and over. Obviously, this process is not
necessary in the invariance condition. Therefore, it seems plausible to state
that subjects made more eye-movements while performing a trial in the
rotation condition. However, they performed more trials in the invariance
condition. This way, it could be that the total number of eye-movements
(between the two objects) during one epoch was more or less equal.
To investigate this, we monitored the movements of the right eye of
one subject (E.D.), by using an MR-compatible infrared eye-movement
registration device (Ober2, Permobil MeditechAB, Sweden). For the RI
and IR time series, we counted the number of horizontal saccades per
experimental block. At-test confirmed that the number of saccades did
not differ significantly for the two experimental conditions,t (19) = 1.83,
P > 0.05.

this is likely to be a more demanding process in the rotation
condition.

The extensive areas located in BA6 also comprise the
SFS. An area in this sulcus has been related to spatial work-
ing memory [9]. It is obvious that spatial memory plays a
more significant part in the rotation condition. In the in-
variance condition, the only spatial information that has to
be remembered once the nature of the object (i.e. orthogo-
nal or skewed) has been determined, is of which object the
information was collected. In the rotation condition, a con-
stant update is needed (e.g. which component was rotated).
Clearly, this activation has to be considered in relation to
the activation in the previously mentioned posterior parietal
areas.

Finally, we give additional evidence for the co-activation
of area V5/MT. Although no actual motion was present,
we still observed activation in the area known as the
“motion”-area. However, to what extent this activation is
a consequence of the “perception” of imaginary motion or
a necessary component in the execution of that imagery
motion, is not known. Interestingly, in the R–I-contrast, the
area can only be seen in the left hemisphere (see Fig. 5d).
Nevertheless, looking at individual results, this was only
the case in two subjects. Other subjects showed bilateral
activation (2), or merely on the right (1), or did not have
visible activation in the area at all (1).

Our findings on the mental rotation process, are thus,
in (close) agreement with those of previous studies. The
three large-scale neural systems reported by Carpenter et al.
[5], parietal, occipito-temporal, and frontal, were visible
compared to the baseline. The direct comparison with the
invariance condition confirmed the importance of the pari-
etal cortex in mental rotation, as well as confirming that
occipito-temporal activation is not specifically related to
this process. Finally, we failed to find any convincing evi-
dence for the hemispheric lateralization of mental rotation
(see also [5]).

Although the reason for including the rotation condition
in the present investigation was not primarily to focus on the
mental rotation process per se, our findings on mental rota-
tion nevertheless, provide some contribution to the mental
rotation literature. As a baseline for comparing cortical ac-
tivations in the mental rotation condition, previous studies
have used either the same objects presented with an angular
difference of 0◦ [7] or a different task [5,39]. However, as
yet there has been no direct comparison between a mental
rotation condition and an equivalent task employing a single
paradigm and similar objects across conditions. The present
study does provide such a comparison, and thus, confirms
the validity of previously reported findings.

5. General conclusions

We developed two conditions in which we used a highly
similar stimulus set and an identical paradigm, namely
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a same–different judgment task. The crucial variable in
both conditions was the angular difference between the
two presented views. Our results are compatible with the
existence of two different “routes” involved in object per-
ception, which are dissociable on both the behavioral and
the neurofunctional level.

The dorsal-ventral dissociation apparent in the neurofunc-
tional data closely resembles the functional dissociation in
the model of Milner and Goodale [32]. Indeed, in their ac-
count, it is postulated that both the dorsal and the ventral
stream process information about object features, but that
this information serves different purposes. If the goal of the
visual analysis is to (consciously) recognize or categorize an
object, the ventral stream encodes the information in an en-
vironmental reference system (viewpoint-independent). The
dorsal stream, on the other hand, is concerned with the
programming and visual control of actions, and transforms
the information in egocentric (viewpoint-dependent) coor-
dinates. In so far as mental rotation is an action performed
on an object, our results clearly fit with this hypothesis.

The lack of invariance-specific activations leaves us with a
single dissociation instead of the double dissociation, which
would otherwise have been stronger evidence for the exis-
tence of “multiple routes” in the brain. Hence, one could
still argue that all the activity is in fact situated in a single
neural system and that the supplementary regions activated
in the rotation condition simply indicate that the task in this
condition was relatively difficult, while the regions activated
in common could reflect lower-level recognition processes
essential to both tasks. In other words, the supplementary
activated regions in the rotation condition might be a mere
manifestation of increased difficulty within a single system,
not a separate, alternative route. Indeed, such an interpreta-
tion of the result does seem more parsimonious at first sight
and we surely do not rule out the possibility that some part
of the activations observed in the rotation condition might
be due to increased difficulty or attentional demands (e.g.
[59]).

However, it is unlikely that this is the sole source of activa-
tion in these areas: the subtractions rotation minus invariance
and rotation minus control yield quite similar results (even
when taking the range ofZ-values into account), despite the
fact that the invariance condition is clearly much more de-
manding than the control condition. In addition, it is quite
difficult to see how such an account can then be reconciled
with the neuropsychological evidence mentioned in the Sec-
tion 1. Moreover, a recent study by Warrington and Davidoff
[55] described a patient, J.A.B., whose performance on ro-
tational tasks was determined by her inability to identify the
objects. That is, she could execute mirror discriminations
almost exclusively for objects she could not identify. Distin-
guishing between mirror images of objects she could iden-
tify was gravely impaired. Warrington and Davidoff argue
that this represents an inhibition between two major streams
of information in the visual system: when there is no access
to an object-centered representation, processing proceeds to

“the limits of the observer’s spatial abilities” ([55], p. 1232).
However, when identification was achieved by means of an
object-centered representation, there is a disconnection from
the required allocentric object spatial position coordinates.
In any case, such a pattern of results would be highly un-
likely if the observations found in the present study were the
result of processing within a single system. For these rea-
sons, we are reluctant to withhold this alternative, but favor
the “different routes” interpretation, which can handle those
findings in a more straightforward manner.

To conclude, if we assume the initial construction of a
stimulus representation to be a purely stimulus-driven per-
ceptual process, located in the fusiform gyri [23], there
should be noticeable activation in this region in both the
rotation and the invariance conditions. This was indeed the
case. However, because this “route” does not suffice to per-
form the rotation condition, additional areas in the dorsal
stream are activated in which the construction of explic-
itly viewer-centered stimulus representations takes place (cf.
[45]).
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