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Abstract

In a mental rotation task of objects, typically, reaction time (RT) increases and the rotation related negativity (RRN)
increases in amplitude with increasing angles of rotation. However, in a mental rotation task of hands, different RT
profiles can be observed for outward and inward rotated hands. In the present study, we examined the neurophysiological
correlates of these asymmetries in the RT profiles. We used a mental rotation task with stimuli of left and right hands.
In line with previous studies, the behavioral results showed a linear increase in RT for outward rotations, but not for
inward rotations as a function of angular disparity. Importantly, the ERP results revealed an RRN for outward rotated
stimuli, but not for inward rotated stimuli. This is the first study to show that the behaviorally observed differences in a
mental rotation task of hands is also reflected at the neurophysiological level.

Descriptors: Mental rotation, Motor imagery, Rotation related negativity, ERP

Over the past 4 decades, the mental rotation task has been studied
intensively at both the behavioral and neuronal level. In a mental
rotation task, participants have to judge rotated stimuli on their
similarity with a reference picture (e.g., Shepard & Metzler, 1971)
or on the laterality (viz., is it left or right?) in case of hand (e.g.,
Sekiyama, 1982) or foot pictures (e.g., Parsons, 1987). Typically,
reaction time (RT) increases with increasing angles of rotation. For
hand stimuli, performance is influenced by biomechanical con-
straints as is evident from differences in RTs between laterally and
medially rotated hand pictures (Parsons, 1994). Laterally rotated
hands are rotated away from the body’s midsagittal plane, and
medially rotated hands are rotated towards the body’s midsagittal
plane. Medially rotated hand pictures are judged faster than later-
ally rotated pictures (Helmich, de Lange, Bloem, & Toni, 2007;
Sauner, Bestmann, Siebner, & Rothwell, 2006; Shenton, Sch-
woebel, & Coslett, 2004; ter Horst, van Lier, & Steenbergen, 2010;
Thayer & Johnson, 2006; Tomasino & Rumiati, 2004). The
observed RT profiles mimic movement times for actually rotating
one’s hand laterally or medially, as rotating one’s hand laterally is
more difficult than rotating one’s hand medially (Parsons, 1987,
1994). This process of mental movement is often referred to as
motor imagery (MI), as it is a mental rehearsal or a simulation of a
movement without actual overt movement (Decety, 1996).

As actual and simulated movements are similarly influenced
by the biomechanical constraints of the performer, both are
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constrained by one’s movement abilities. Indeed, different strate-
gies or movement paths are thought to underlie the observed
differences in RT profiles between laterally and medially rotated
hands (Parsons, 1987). For laterally rotated hand stimuli, RTs
increase with increasing angle of rotation, which points to the use
of a mental rotation process (Sekiyama, 1982; Shepard & Metzler,
1971). For medially rotated hand stimuli, however, the RT curve
does not increase with increasing angle of rotation, but is relatively
unaffected by the rotational angle of the stimuli. Parsons (1987)
showed that, during a hand laterality judgment task, hands are
likely to be mentally rotated along two different paths. The first
is the rotation-by-dimension path, in which hands are rotated in
sequence along the three different main axes (longitudinal, sagittal,
and frontal axis), see Figure 1 /Hand rotations along this rather
inefficient path result in the typically observed increasing RT with
increasing angles of rotation. The rotation-by-dimension path is
likely to be used for laterally rotated hand stimuli (Parsons, 1987).
Alternatively, for medially rotated hand stimuli, participants are
likely to use the shortest-path strategy, in which an imaginary axis
is used to flip the observed hand 180° in order to covertly orient the
own hand onto the observed hand’s orientation, see Figure 1. This
path results in a (nearly) horizontal RT curve as one only needs to
(imaginarily) flip the own hand 180° over one axis for palm-view
hand stimulcij‘he rationale for using two different strategies for
laterally and medially rotated palm-view hand stimuli originates
from the ability to adopt an observed hand posture. For laterally
rotated stimuli, postures are difficult to adopt as rotations in several
joints are required, especially for laterally rotated stimuli with
angles between 90° and 180°. In contrast, for medially rotated
palm-view stimuli, flexing the wrist together with a supination
is sufficient (Parsons, 1987, 1994). Important to note is that the
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Figure 1. Examples of two paths along which a hand can be covertly
rotated in a hand laterality judgment task. The first hand picture represents
the (mental) starting position from which a mental movement is initiated.
The final hand picture represents the end posture, i.e., the mentally imitated
stimulus orientation. A: Rotation-by-dimension path, using a sequence
of rotations along the main axes. At first, the hand, seen from the back,
is rotated 180° along the longitudinal axis after which the hand, now
seen from the palm, is rotated in-plane toward the stimulus orientation.
B: Shortest path, in which an imaginary axis is used as rotational axis to
rotate the hand 180°. This axis corrects for all orientation differences.
Arrows indicate the direction of the rotation, and the straight lines and the
bull’s eye indicate rotational axes. Picture adapted from Parsons, 1987.

differences in RT profiles between lateral and medial rotations are
most pronounced for palm-view stimuli and to a lesser extent for
back-view hand stimuli (Parsons, 1987).

The mental rotation process itself was shown to be reflected in
a modulated positive waveform approximately between 300 to
800 ms and is inversely related to the rotational angle of the stimu-
lus, with decreasing amplitudes for increasing angles of rotation
(Heil, 2002; Heil, Rauch, & Hennighausen, 1998; Heil & Rolke,
2002; Peronnet & Farah, 1989). This gradual decrease in amplitude
is thought to be caused by a superimposed negativity on the simul-
taneously prevailing P300 complex (Peronnet & Farah, 1989;
Wijers, Otten, Feenstra, Mulder, & Mulder, 1989) and is referred
to as rotation related negativity (RRN) (Lust, Geuze, Wijers, &
Wilson, 2006; Nunez-Pena & Aznar-Casanova, 2009; Nunez-Pena,
Aznar, Linares, Corral, & Escera, 2005). The RRN has been shown
to be an electrophysiological correlate of the mental rotation
process (Heil, 2002; Heil etal., 1998; Heil & Rolke, 2002).
Notwithstanding the differences between the mental rotation of
corporeal and noncorporeal objects on both the behavioral and
the neurological level, the RRN was present during the mental
rotation of both types of objects (Heil, 2002; Lust et al., 2006; Tao
et al., 2009; Thayer & Johnson, 2006; Thayer, Johnson, Corballis,
& Hamm, 2001). In line with the RRN for noncorporeal objects,
the RRN in a hand laterality judgment task gradually increases
in amplitude with increasing angle of rotation. This provides con-
verging evidence that the RRN is an electrophysiological marker
for the mental rotation process itself.

A.C. ter Horst et al.

Despite the well-studied electrophysiological processes of the
RRN for both corporeal and noncorporeal objects, the electrophysi-
ological correlates of the use of different strategies (i.e., rotation-
by-dimension and shortest-path) in a hand laterality judgment task,
due to the engagement in MI, have not been addressed in the
literature. That is, our study is the first to focus on the electrophy-
siological reflection of the use of different mental rotation paths
(i.e., rotation-by-dimension path and shortest path) as a function of
the direction of rotation. The use of different mental rotation paths
reveals the influence of biomechanical constraints on the simulated
movemens (i.e., MI) and hence reflects the embodied nature of
the task/An important aspect of MI is its tight link with executed
actions (Jeannerod, 2001). Studying the processes involved in MI
allows one to explore the internal dynamics of motor control such
as planning and preparation without sensory or motor interferences
related to motor execution (de Lange, Roelofs, & Toni, 2008)/The
current study focuses on the modulation of the RRN as a function
of the rotational direction of palm-view hand stimuli (i.e., laterally
or medially). We hypothesized that for lateral rotations a typical
RRN would be observed and that, in contrast, for medial rotation
no such RRN would be observed, as the RT profiles of the latter do
not imply the use of a gradual rotational process. In the present
study, we used a mental rotation task of hands. We used palm-view
stimuli because these stimuli were shown to elicit different rota-
tional strategies for the different rotational directions more promi-
nently than back-view stimuli (Parsons, 1987). In addition, we used
back-view stimuli filler trials, as the use of a single view has been
shown not to elicit the use of MI (ter Horst et al., 2010). The
participants’ engagement in MI is crucial to elicit the use of dif-
ferent strategies between laterally and medially rotated hand
stimuli. During the task, we measured RTs and electroencephalo-
gram (EEG) signals. From the latter, we calculated event-related
potentials (ERPs). The use of different mental rotation strategies
is assumed to reflect the influence of biomechanical constraints.
The RRN, in turn, is shown to reflect the mental rotation process.
Consequently, the hypothesized differences in the presence of an
RRN between laterally and medially rotated stimuli is likely to
reflect the embodied nature of the task at the neural level.

Method
Participants

Fourteen healthy individuals participated in the experiment after
written informed consent was acquired. All participants had normal
or corrected-to-normal vision and were right-handed. None of the
participants reported a history of neurological or psychiatric disor-
ders. Due to error rates exceeding 20%, the data of two participants
were excluded from further analyses. Data of the remaining twelve
participants (one male) aged 18-26 years (M =20.5, SD =2.46)
were used for analysis. The study was approved by the local ethics
committee, in accordance with the Helsinki Declaration.

Stimuli

Stimuli were black and white line drawings of left and right hands.
Both back- and palm-view stimuli were shown. Hands were pre-
sented from two views (i.e., from the back and front) in 10 different
orientations, starting at 0° (fingers pointing up) and rotated clock-
wise to 40°, 75°, 110°, 145°, 180°, 215°, 250°, 285°, 320° yielding
a total of 40 different stimuli, see Figure 2. All stimuli were
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Mental rotation strategies reflected in RRN
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Figure 2. Examples of stimuli. Every orientation (0°, 40°, 75°, 110°, 145°, 180°, 215°, 250°, 285°, 320°), laterality (left, right) and view (back, palm) are

shown.

displayed on a 19” LCD computer screen, at a distance of approxi-
mately 70 cm from the participants’ eyes, resulting in a visual
angle of approximately 6°.

Experimental Procedure

A hand laterality judgment task was used to implicitly evoke MI
(de Lange et al., 2008; ter Horst et al., 2010). Participants had to
decide whether a given stimulus was a left or right hand by pressing
one of two buttons with their index fingers and were instructed to
do so as accurately and quickly as possible. The left and right
buttons corresponded to a left- and right-hand judgment of the
observed stimulus, respectively. No instructions on possible strat-
egy use were given. The experiment consisted of 10 consecutive
blocks of 90 trials each. We presented back- and palm-view hand
stimuli in a 1:8 ratio. Palm-view stimuli were repeated 40 times.
Back-view stimuli served as filler trials. Stimuli were shown
sequentially by custom developed software in the Presentation
software package (Neurobehavioral Systems, Albany, CA) and
were randomized and counterbalanced for every block and coun-
terbalanced over subjects. Trials started with a white fixation cross,
shown for 0.5-1.5 s, followed by a stimulus. When a response was
given, the stimulus disappeared. Interstimulus intervals (ISI) lasted
for 1.5-2.5 s and varied randomly.

Participants were seated in a sound-shielded room in front of a
computer screen. Participants were asked not to make eye move-
ments or eye blinks during trials, but to consistently blink a few
times immediately after a response was given. In between blocks,
participants could rest. RTs and judgments (left/right) were
recorded. The actual blocks were preceded by a 60-stimuli test trial
to familiarize the subject with the task.

EEG Recordings

EEG signals were recorded with a 64-channel actiCAP (Brain
Products GmbH, Munich, Germany) according to the International
10-20 system, on a computer running Brain Vision Recorder, and
were amplified by two 32-channel BrainAmp DC EEG amplifiers.
A ground electrode was placed over AFz, and all electrodes were
referenced to the left mastoid online and rereferenced offline to
linked mastoids. Electrode impedance was kept below 5 kQ.
The signal was digitized at 500 Hz and filtered online between
.016 Hz (i.e., 10 s time-constant) and 250 Hz. Horizontal and ver-

tical electrooculograms (EOGs) were recorded from the remaining
three electrodes, placed on the outer canthi and below the right eye.

Data Analysis

Behavioral data. Trials with RTs below 300 ms or above 3500 ms
were excluded from analysis. These boundaries were chosen based
on former studies using a hand laterality judgment task (de Lange,
Helmich, & Toni, 2006; Ionta, Fourkas, Fiorio, & Aglioti, 2007; ter
Horst et al., 2010; ter Horst, van Lier, & Steenbergen, 2011). From
the remaining data set, erroneous responses were used to calculate
the error rate for individual subjects. Incorrect trials are those with
left responses for right-hand stimuli and vice versa. Only correct
responses for palm-view stimuli were used for further analysis of
the RTs. To assess whether participants used MI during the task, we
tested for the influence of biomechanical constraints. To that aim,
the differences in RTs between laterally and medially rotated hand
stimuli were analyzed (Parsons, 1987, 1994; ter Horst et al., 2010).
Laterally rotated stimuli consisted of 40°, 75°, 110°, and 145°
rotated right-hand stimuli and 215°, 250°, 285°, and 320° rotated
left-hand stimuli. Medially rotated hand stimuli consisted of 215°,
250°, 285°, and 320° rotated right-hand stimuli and 40°, 75°, 110°,
and 145° rotated left-hand stimuli, see Figure 2. In the following,
we will refer to this distinction between lateral and medial rotations
as direction of rotation (DOR).

A 2 x 4 repeated measures analyses of variance (ANOVA) was
performed to test for the influence of rotational angle and biome-
chanical constraints on the RTs with the following design: 2 within-
subject factors (Angle, DOR), with 4 levels for Angle (40°, 75°,
110°, and 145°) and 2 levels for DOR (Lateral, Medial). A signifi-
cant effect of Angle, accounted for by increasing RTs with increas-
ing angles of rotation, would indicate that participants mentally
rotated the hand stimuli (Kosslyn, DiGirolamo, Thompson, &
Alpert, 1998; Sekiyama, 1982; Shepard & Metzler, 1971; ter Horst
etal.,, 2010). A significant DOR effect would indicate that RTs
were subject to biomechanical constraints and hence the use of
MI (Parsons, 1994; ter Horst et al., 2010). The erroneous responses
were analyzed separately in an identical ANOVA. Alpha level
was set at p =.05, and Bonferroni correction was applied when
appropriate.

ERP data. Offline processing of the ERP data was conducted in
BrainVision Analyzer version 1.05 (Brain Products GmbH). Only
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ERPs corresponding to correct palm-view trials were analyzed.
ERPs were calculated relative to stimulus onset from —200 to
700 ms. ERPs were filtered between 0.016 and 80 Hz. Baseline
correction was applied using a —150 to 0 ms prestimulus interval.
Trials with movement artifacts were excluded from analysis on the
basis of careful visual inspection of the raw data. Ocular artifacts
were corrected using a semiautomatic correction procedure based
on the logarithm of Gratton, Coles, and Donchin (1983). Grand
averages were calculated for the same angles as used in the RT data
analysis (i.e., 40°, 75°, 110°, 145°) for both lateral and medial
rotations.

Visual inspection of the grand averages showed a parietal P300
peak followed by the expected RRN between 450 and 600 ms.
Furthermore, during visual inspection, we found an unexpected
P290 peak from 280 to 300 ms with changing amplitudes as a
function of our experimental manipulations. Both peaks were most
pronounced at parietal electrode sites. Consequently, and in
accordance with the literature, ERPs for both the P290 and RRN
were quantified at the parietal region of interest (ROI) containing
the electrodes P3, Pz, and P4 (Beste, Heil, & Konrad, 2010;
Gootjes, Bruggeling, Magnee, & Van Strien, 2008; Heil, 2002; Heil
& Rolke, 2002; Prime & Jolicoeur, 2009).

Amplitudes averaged over the electrodes within the parietal
ROI were analyzed in repeated measures ANOVAs with the factors
Angle and DOR, with 4 levels for Angle (40°, 75°, 110°, and 145°)
and 2 levels for DOR (Lateral, Medial). This ANOVA design was
used for the P290 and RRN ERP data. Alpha level was set at
p = .05, and Bonferroni correction was applied when appropriate.

Results
Behavioral Data

The total number of erroneous responses over all participants (i.e.,
3.2% of all trials) corresponds to former studies (de Lange et al.,
2006; ter Horst et al., 2010). The ANOVA on erroneous responses
revealed no significant effects or interaction.

The ANOVA on the RT data revealed a significant main effect
of Angle [F(3,33)=7.201; p<.01; n*=0.396; £=0.839] and
DOR [F(1,11) =38.080; p < .001; n>=0.776; € = 1.00]. The DOR
effect was accounted for by a smaller mean RT for medially
(986 ms) compared to laterally (1138 ms) rotated stimuli. The
interaction of DOR x Angle was also significant [F(3,33) = 6.648;
p<.001; n?=0.377, € =0.951]. Planned further analysis revealed
a significant simple Angle effect for lateral [F(3,33)=9.898;
p<.001; n?>=0.474; £=0.986], but not medial rotations
(F(3,33) =1.876; p=.187), see Figure 3. For lateral rotations, RTs
increased linearly (p < .005). Ad hoc analyses revealed that RTs for
40° (1077 ms) and 75° (1129 ms) differed significantly from 145°
(1301 ms) (p <.05). RT differences between 110° (1197 ms) and
145° failed to reach conventional levels of significance after cor-
rection for multiple comparisons (p = .055).

ERP Data

The ERPs elicited at the electrodes within the ROI are depicted
in Figure 4. The ANOVA on the ERP P290 data revealed a signifi-
cant main effect of DOR [F(1,11)=6.721; p <.05; n?=0.379;
€=0.656] and a significant interaction of Angle x DOR
[F(3,33) =4.176; p<.02; n*=0.275; £=0.797]. Simple effects
analyses revealed a significant Angle effect for medial
[F(3,33) =4.908; p < .01;?=0.309; € = 0.873], but not for lateral

A.C. ter Horst et al.
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Figure 3. Reaction times as a function of rotational axes, shown per
rotational direction (i.e., lateral and medial). *p < .05. *p = .055. Error bars
denote standard error of the mean.

rotations (F(3,33) = 1.998; p =.143), see Figure 5. Further analy-
ses on medially rotated stimuli revealed a significant difference
between 40° and 110° rotated stimuli (p <.02). The amplitude
difference between 40° and 145° rotated stimuli did not result in
a significant difference after Bonferroni correction (p =.077).
See also Figure 5.

The ANOVA on the RRN ERP data revealed a significant
main effect of Angle [F(3,33)=4.645; p<.02; m?>=0.267;
€=0.739] and a significant two-way interaction of Angle x DOR
[F(3,33) =3.612; p<.05; n?>=0.247; £ =0.730]. The significant
two-way interaction indicates a modulated amplitude as a function
of angular disparity between laterally and medially rotated stimuli,
see Figure 6. Further analysis revealed a significant simple effect
of Angle for lateral [F(3,33)=7.698; p<.005; n>*=0.412;
€=0.876], but not medial rotations (F(3,33)=0.990; p =.404).
Further analyses on the lateral rotations revealed significant differ-
ence between 40° and 110° and 145° (all p < .05). The decrease in
amplitude with increasing angle of rotation was found to be linear
(p <.01). No quadratic or cubic trends were found significant
(all p>.2). See also Figure 6.

Discussion

In this study, we analyzed RTs and ERPs from a hand laterality
judgment task. It is well known that such a task induces the use of
a mental rotation process of the own hands (de Lange et al., 2008;
Parsons, 1994; ter Horst et al., 2010). Parsons (1987) showed that
participants use different mental rotation strategies for medially
and laterally rotated stimuli. In the present study, we examined
whether these different rotational strategies are also reflected at the
neural level as assessed by electrophysiological measurements.
Due to the close relation between increasing RT with increasing
angles of rotation and the mental rotation process, we hypothesized
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Figure 4. ERP’s relative to stimulus onset for laterally rotated hand stimuli (left panel) and medially rotated hand stimuli (right panel). Scalp topographies
represent the ERP amplitude at the P290 time interval (left panel) and RRN time interval (right panel).

that the RRN would be present only for lateral rotations and not for
medial rotations.

Behavioral data. We replicated the finding of Parsons (1987),
by showing an increase in RT for increasing angles of rotations
for lateral, but not medial rotations, see Figure 3. The increase in
RT for lateral rotations is likely to originate from the used
rotation-by-dimension process, as pointed out by Parsons (1987).
Due to the awkward posture of laterally rotated hands, partici-
pants use an inefficient (but effective) strategy to mentally move
their own hand to the stimulus’ orientation. For medially rotated
hands, the body’s movement abilities allow an effective and
efficient strategy, reflecting the ability to rotate one’s hand
over different angles by supination and flexion of the wrist (i.e.,
shortest-path rotation).

ERP data. In accordance with our hypothesis and in line with
previous studies, we found a significant general effect of increasing

negativity with increasing angle of rotation of the RRN/{mpor-
tantly, this RRN was present only for laterally and not medially
rotated stimuli, see Figure 6. For lateral rotations, the observed
amplitude decreased linearly with increasing angle of rotation. This
RRN for lateral rotations is likely to reflect the in-plane rotation
process during the rotation-by-dimension method. This is in line
with the literature on the mental rotation of noncorporeal objects
and letters (Heil, 2002), showing that the in-plane mental rotation
of the stimulus is reflected in the RRN. Additionally, the observed
RRN for lateral rotations fits our behavioral data as they show an
increase in RT as a function of angle for lateral rotations. Conse-
quently, our findings further confirm the close relation between the
RRN and the in-plane mental rotation process.

Furthermore, the time window in which the RRN was signifi-
cant for lateral rotations in our study (i.e., 450-600 ms) corre-
sponds with the literature. The observed time window for the
RRN differs between studies and extends from 300 to 800 ms
(Milivojevic, Hamm, & Corballis, 2009; Thayer & Johnson, 2006).
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Figure 5. Mean P290 amplitudes within the ROI (i.e., P3, Pz, and P4) per
direction of rotation as function of angle. *p <.05. Error bars denote
standard error of the mean.

Additionally, the observed distribution of the RRN over the parietal
electrodes is also in agreement with former literature (Heil, 2002;
Heil et al., 1998; Heil & Rolke, 2002; Parsons, 2003; Prime &
Jolicoeur, 2009; Tao et al., 2009; Thayer & Johnson, 2006; Thayer
etal., 2001). In fMRI studies on the mental rotation task, the
superior parietal cortex has been shown to be active during mental
rotation tasks (de Lange, Hagoort, & Toni, 2005; de Lange et al.,
2006; Harris & Miniussi, 2003; Vingerhoets, de Lange, Vande-
maele, Deblaere, & Achten, 2002). The superior parietal cortex is
regarded as an essential brain region for mental rotation. This area
is involved in aspects of spatiovisual processing (de Lange et al.,
2005; Graziano, Cooke, & Taylor, 2000) and is thought to relate
observed objects to egocentric or allocentric frames of reference
(Parsons, 2003). The latter is of specific relevance during a mental
rotation task.

We also obtained a P290 peak, reflecting a modulated influence
of angle between the rotational directions. In contrast to the RRN,
the P290 revealed that the rotational angle influences ERP ampli-
tudes for medial, but not lateral rotations. The amplitude at the
P290 for medial rotations increases with increasing angle of rota-
tion. Hence, the observed effect cannot be attributed to an earlier
onset of the RRN, which is described as a negative-going process
superimposed on the P300 waveform (Wijers et al., 1989). This
relatively early process is thought to reflect early visuospatial
processing (Gootjes et al., 2008), with the increase in amplitude
possibly reflecting an increase in mental effort with increasing
angle of rotation (Pritchard, 1981; Ullsperger, Metz, & Gille,
1988).

The dissociation between the task-dependent processing of lat-
erally and medially rotated stimuli is in line with former research,
stating that prior to the mental rotation process itself a strategy is
selected (Desrocher, Smith, & Taylor, 1995; Ruchkin, Johnson,
Canoune, & Ritter, 1991). The differences between the processing
of angular disparity for lateral and medial rotations in both behav-

A.C. ter Horst et al.

ioral and electrophysiological data are likely to relate to the use of
different strategies as supposed by Parsons (1987). The remarkable
resemblance in both RT as well as ERP data between the mental
rotation of noncorporeal objects (e.g., Heil, 2002) and laterally
rotated hands might point to the use of a more visually based
strategy for laterally rotated hands compared to medially rotated
hands. This is also intuitively feasible as lateral rotations are diffi-
cult to perform and, as such, a nonmotor-based strategy might be
more efficient. For medial rotations, a motor-based strategy is
highly efficient due to the ability to rotate the own hand medially.
However, this remains speculative as it goes beyond the scope
of the current study]Zn future research, it might be interesting to
study Mu-band synchronization and desynchronization between
lateral and medial rotations as a measure for the involvement of an
embodied-based imagery (i.e., MI) (Pineda, 2005).

In a recent study on the neurophysiological correlates of the
hand laterality judgment task, no modulated difference in the RRN
was found between lateral and medial rotations (Tao et al., 2009).
The apparent contrast between the study of Tao etal. and our
results is likely to be caused by differences in stimulus sets. Tao
etal. (2009) used only back-view stimuli. As shown by Parsons
(1987), performance for back-view stimuli is less affected by bio-
mechanical constraints compared to palm-view stimuli.

In our study, eleven female and one male participant were
included. In the literature, gender differences have been observed
during mental rotation tasks (Johnson, McKenzie, & Hamm, 2002;
Parsons et al., 2004; Seurinck, Vingerhoets, de Lange, & Achten,
2004). Parsons et al. (2004) showed that the generally observed RT
advantage of men over women is present only for 2-dimensional
(2D) presented 3-dimensional (3D) objects and is not present in
mental rotation tasks of 3D presented 3D objects/l' his finding
implies that the male advantage does not apply to the mental
rotation process per se, but rather in the derivation of 3D objects
from 2D objects (Neubauer, Bergner, & Schatz, 2010; Parsons

_ - DOR
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_ ---- Medial
12.0 ==
Em.o == -+
° 1
ko)
= ==
g
< 8.0 - t
6.0 *
T T T T
40 75 110 145
Angle [°]

Figure 6. Mean RRN amplitudes within the ROI (i.e., P3, Pz, and P4) per
direction of rotation as function of angle. *p <.05. Error bars denote
standard error of the mean.


想 李


想 李



Mental rotation strategies reflected in RRN

et al., 2004). In this case, our results might be applicable to both
sexes, as our study focuses on the mental rotation process itself.
However, the onset of the RRN for women has been shown to differ
from that of men (Gootjes et al., 2008). Furthermore, although
no gender differences in the pattern of parietal activation were
found in an fMRI study (Seurinck etal., 2004), EEG studies
showed contradicting results concerning P300 amplitude differ-
ences between male and female participants (Desrocher et al.,
1995; Johnson et al., 2002). Given these findings, caution should be
taken in generalizing our results to both genders.

In sum, our findings show that the behaviorally observed dif-
ferences between lateral and medial rotations are also reflected in

differences at the neural level. The electrophysiological processes
concerning the processing of angular differences for lateral and
medial rotations differ in onset latency, and for lateral rotations, an
RRN is observed. For medially rotated hand stimuli, however, no
increase in RT with increasing angle of rotation was found in the
RRN interval, pointing to the absence of a typical in-plane mental
rotation process. Instead, an ingrease of a P290 was observed with
an increase in rotational angle% hese observed differences between
medial and lateral rotations are likely to reflect the use of different
strategies for the different rotational direction%lue to the embodied
nature of the hand laterality judgment task.
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