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A B S T R A C T

In this paper, we examine brain lateralization patterns for a complex visual-spatial task commonly used to assess
general spatial abilities. Although spatial abilities have classically been ascribed to the right hemisphere, evi-
dence suggests that at least some tasks may be strongly bilateral. For example, while functional neuroimaging
studies show right-lateralized activations for some spatial tasks (e.g., line bisection), bilateral activations are
often reported for others, including classic spatial tasks such as mental rotation. Moreover, constructive apraxia
has been reported following left- as well as right-hemisphere damage in adults, suggesting a role for the left
hemisphere in spatial function. Here, we use functional neuroimaging to probe lateralization while healthy
adults carry out a simplified visual-spatial construction task, in which they judge whether two geometric puzzle
pieces can be combined to form a square. The task evokes strong bilateral activations, predominantly in parietal
and lateral occipital cortex. Bilaterality was observed at the single-subject as well as at the group level, and
regardless of whether specific items required mental rotation. We speculate that complex visual-spatial tasks
may generally engage more bilateral activation of the brain than previously thought, and we discuss implications
for understanding hemispheric specialization for spatial functions.

1. Introduction

Hemispheric specialization, i.e., the notion that the brain's two
hemispheres differ with regards to the functions they subserve, the
types of stimuli they prefer, and their computational makeup, has long
been a topic of interest for those studying the brain, its cognitive
functions, and its behavioral output. The topic has found its way into
conventional wisdom (albeit often in distorted form) and continues to
be a matter of lively discussion (e.g., Efron, 1990; Hugdahl and
Westerhausen, 2010). Some of the earliest indicators that the two
hemispheres are not created equal were the observations by Broca
(1861) and Wernicke (1874) of “language areas” in the left hemisphere.
It has also long been known that basic sensory and motor function cross
over on their way from the body periphery to the cerebral cortex: The
primary motor cortices of the two hemispheres control movement of the
contralateral extremities and the somatosensory cortices receive tactile
input from the contralateral side of the body (Penfield and Boldrey,
1937). Similarly, the visual cortices receive visual input from the con-
tralateral side of the visual field (Holmes, 1918).

These known lateralizations enabled Sperry et al. (1969)'s crucial
research on "split-brain" patients. In these patients, the fibers of the
corpus callosum (and often also the anterior commissure) were cut to
treat intractable epilepsy. As a result, direct inter-hemispheric com-
munication was impossible, so that sensory information from one side
of the body and the visual field was only available to the contralateral
hemisphere. This provided a unique opportunity for investigating what
one hemisphere can do on its own with the available information. For
example, Sperry and colleagues found that the patients could not pro-
duce the names of objects presented visually to solely the right hemi-
sphere. This is consistent with the idea that language is largely left-
lateralized, at least in adults, for which there is converging evidence
from countless studies using different methodologies (e.g., Broca, 1861;
Lenneberg, 1967; Binder et al., 1996; Stromswold et al., 1996;
Bookheimer et al., 1997).

In 1965, Bogen and Gazzaniga introduced another paper on split-
brain cognition and hemispheric specialization by stating that “an in-
creasing accumulation of clinical data suggests that complementary func-
tions in man may be verbal v. visuospatial” (p. 394), thus attributing

http://dx.doi.org/10.1016/j.neuropsychologia.2017.10.005
Received 25 April 2017; Received in revised form 29 September 2017; Accepted 3 October 2017

⁎ Corresponding author.
E-mail address: as2266@georgetown.edu (A. Seydell-Greenwald).

Neuropsychologia 106 (2017) 194–206

Available online 04 October 2017
0028-3932/ © 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

MARK

http://www.sciencedirect.com/science/journal/00283932
https://www.elsevier.com/locate/neuropsychologia
http://dx.doi.org/10.1016/j.neuropsychologia.2017.10.005
http://dx.doi.org/10.1016/j.neuropsychologia.2017.10.005
mailto:as2266@georgetown.edu
http://dx.doi.org/10.1016/j.neuropsychologia.2017.10.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropsychologia.2017.10.005&domain=pdf


visual-spatial function to the right hemisphere. In further support of this
notion, they reported that two split-brain patients could perform visual-
spatial construction tasks with the left hand (steered by the right
hemisphere), but not with the right hand (steered by the left hemi-
sphere). This notion of a verbal left and a spatial right hemisphere is
also reflected in the "Hemispheric Crowding" hypothesis (Teuber,
1974), according to which early left-hemisphere lesions result in visual-
spatial impairments because verbal skills are assumed by the right
hemisphere and thus "crowd out" the visual-spatial abilities it normally
supports.

Much research has followed these initial findings and resulted in
more detailed articulations of hemispheric lateralization. With respect
to language, it is now known that while certain aspects, such as syntax
and semantics, indeed rely predominantly on the left hemisphere,
others, such as prosody, involve the right hemisphere (Weintraub et al.,
1981; George et al., 1996). With respect to visual-spatial functions, two
theoretical frameworks have embraced the idea that they may be dif-
ferentially localized to the right vs. left hemisphere as a consequence of
the nature of information-processing preferences in the two hemi-
spheres. Kosslyn (1987) proposed that the left hemisphere has a pro-
cessing preference for categorical spatial information (e.g., the differ-
ence between categories 'above' and 'below'), while the right
hemisphere tends to process coordinate spatial information (i.e., the
detailed information required for reaching and navigation). Ivry and
Robertson (1998) proposed that visual and auditory information un-
dergo differential filtering by the two hemispheres, resulting in pro-
cessing biases such that the left hemisphere tends to achieve re-
presentations with more 'local' detail while the right hemisphere
achieves representations that are more 'global' in nature. Empirical
studies have lent support to both views (e.g., Kosslyn et al., 1989, 1998;
Laeng, 1994; Ivry and Robertson, 1998), and the two frameworks and
their predictions are compatible with each other (Okubo and
Michimata, 2004; Borst and Kosslyn, 2010). Notably, both frameworks
emphasize that these hemispheric processing preferences are relative,
not absolute. Despite these more detailed articulations of hemispheric
lateralization, the general idea articulated by Bogen and Gazzaniga −
that language and space are preferentially represented by the left vs.
right hemispheres − has permeated the literature.

However, from our reading of the literature, the evidence is much
less consistent regarding right-lateralization of visual-spatial functions
than it is regarding left-lateralization of language. On one hand, there is
evidence in favor of right-lateralization. Behavioral studies show that
tasks tapping memory for spatial location are performed better for sti-
muli presented to the left hand (Witelson, 1976) or in the left visual
field (Kimura, 1969; Durnford and Kimura, 1971; Tucker et al., 1999;
Postma et al., 2006). Lesion studies indicate that injury to the right
hemisphere, especially the parietal lobe, results in dramatic impair-
ments in the spatial domain that are evident in drawing, construction,
and orientation tasks as well as in left-right disorientation and apraxia
for dressing (Brain, 1941; McFie et al., 1950; Hecaen et al., 1956;
Vallar, 1998). Hemispatial neglect, in which patients have difficulty
perceiving stimuli or parts of stimuli contralateral to their lesion site, is
much more common after lesions to the right than lesions to the left
hemisphere (Bisiach and Luzzatti, 1978; Vallar, 1998). A telltale sign is
a rightward bias in the line bisection task: When asked to mark the
center of a horizontal line, patients with right-parietal lesions place
their mark too far to the right (Schenkenberg et al., 1980), whereas
healthy adults are quite accurate and if anything tend to have a small
leftward bias (Jewell and McCourt, 2000). The same rightward bias can
be induced experimentally by temporarily disrupting right parietal
cortex through repetitive transcranial magnetic stimulation (rTMS);
left-sided rTMS has no spatially biasing effect (Fierro et al., 2000).
Lastly, functional neuroimaging studies requiring line bisection judg-
ments (Fink et al., 2001; Çiçek et al., 2009) reveal activations pre-
dominantly in right parietal and premotor cortex. All this points to
significant right-hemisphere lateralization for certain spatial functions.

On the other hand, there is also ample evidence for left-hemisphere
involvement in some visual-spatial tasks. Lesion studies have reported
impairments in visual-spatial skills, especially visual-spatial con-
structive functions, following left-hemisphere lesions (McFie et al.,
1960; Arrigoni and De Renzi, 1964; Gainotti et al., 1977). Returning to
the evidence derived from split-brain patients mentioned above,
Gazzaniga's (1995) review qualifies the initial report (Bogen and
Gazzaniga, 1965) on two split-brain patients who could perform visual-
spatial tasks with their left hand (right hemisphere) but not their right
hand (left hemisphere) by noting that in other patients, neither hemi-
sphere by itself could perform well on visual-spatial tasks, and in yet
other patients, the left hemisphere performed better. Similarly, the
occipito-parietal (dorsal) "where" pathway (Ungerleider and Mishkin,
1982) for localizing and/or interacting with objects in space is bilat-
erally represented (Haxby et al., 1991), although there is some evidence
that the two hemispheres differ with respect to the way in which they
represent object location, with the right hemisphere favoring a metric
(coordinate) and the left hemisphere favoring a relative (categorical)
approach (Kosslyn et al., 1989, 1998).

Most relevant to the present study is the functional neuroimaging
literature on the most classic of all spatial tasks − mental rotation
(Shepard and Metzler, 1971). In this task, participants are presented
with pictures of two three-dimensional objects and asked to judge
whether they are identical (true if one is a rotated view of the other) or
not (false if one is a reflected version of the other). Various versions of
this task have been widely used to gauge spatial abilities in children and
adults (Vandenberg and Kuse, 1978; Kosslyn et al., 1990; Frick et al.,
2013) and to evaluate gender differences in spatial abilities (Voyer
et al., 1995; Peters, 2005). The related functional neuroimaging lit-
erature often reports bilateral, rather than right-lateralized, parietal
activations (Cohen et al., 1996; Richter et al., 1997, 2000; Vingerhoets
et al., 2002).1 Support for the possibility that mental rotation often
engages bilateral areas, and certainly is not unequivocally right-later-
alized, also comes from two meta-analyses of mental rotation neuroi-
maging studies (Zacks, 2008; Tomasino and Gremese, 2016).

Notably, the latter meta-analysis (Tomasino and Gremese, 2016)
also revealed that the degree of lateralization can be modulated by
stimulus type and strategy: If the task involves bodily as opposed to
non-bodily stimuli (e.g., hands vs. objects) and if participants used
motor-based as opposed to visual imagery-based strategies (e.g.,
“imagine rotating the object” vs. “imagine the object rotating in
space”), activation becomes more bilateral compared to the right-la-
teralized activations observed for non-bodily stimuli and non-motor
strategies. This is consistent with dissociations observed in patients
with unilateral brain lesions, where right-sided lesions are associated
with mental rotation impairments for objects (but not hands) and non-
motor (but not motor-based) rotation strategies, whereas the opposite
holds for left-sided lesions (Tomasino et al., 2003; Tomasino and
Rumiati, 2004). It is also consistent with similar findings on line bi-
section, where activation becomes more bilateral (due to increasing
left-sided activations) if stimuli are presented in near vs. far space (i.e.,
within reach) and if the bisection task is active (i.e., involving a motor
component) rather than purely perceptual (Weiss et al., 2003).

In sum, the mixed pattern of lateralization results for visual-spatial
tasks contrasts with the relatively unequivocal evidence for language
lateralization, highlighting that we do not yet have a full understanding
of whether and how spatial functions are lateralized in the brain. In
part, this may be due to the fact that there is no monolithic spatial

1 While some studies indicate that lateralization may differ between sexes and at dif-
ferent points in the menstrual cycle (Gur et al., 2000; Hugdahl et al., 2006; Schöning
et al., 2007; Zhu et al., 2015), the results are inconsistent across studies and may be due to
small sample sizes. For example, some studies (Thomsen et al., 2000; Levin et al., 2005)
found stronger right parietal activations for male than female participants, whereas other
studies (Jordan et al., 2002; Clements et al., 2006) reported stronger right parietal acti-
vations in women.
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system that parallels the intricately organized system of language.
Indeed, the range of spatial functions that one can enumerate includes
those that engage recognition of specific types of stimuli from distinctly
different domains (e.g., faces, bodies, scenes, biological motion), those
that engage non-spatial domains that may be deeply entwined with
spatial representation (e.g., number), and those that engage mental
operations that transform objects in space (e.g., mental rotation, ex-
pansion/contraction). Based on the existing literature, it seems unlikely
that these many spatial functions share just one lateralization profile;
empirical studies will be required in order to understand whether the
classic view of spatial functions as right-lateralized is still viable. In this
paper, we contribute to this goal by examining lateralization patterns in
a complex visual-spatial task that is a hallmark of spatial cognition:
visual-spatial construction.

Visual-spatial construction tasks, such as the classic Block Design
Test (Kohs, 1920), require participants to assemble parts into a speci-
fied pattern (see Fig. 1C for an illustration of patterns and constituent
parts). These tasks are used to track the development of spatial abilities
(Del Guidice et al., 2000; Stiles, 2012), measure individual and sex
differences in neurologically healthy children and adults (Levine et al.,
1999; Hegarty and Waller, 2005), and assess spatial impairments fol-
lowing from genetic disorders or brain damage (Cornish et al., 1998;
Hoffman et al., 2003; Stiles, 2012), which makes them an important
tool for understanding brain function. They are also commonly in-
cluded as sub-tests of standardized IQ tests (e.g., the various deriva-
tions, for children and adults, of the Bellevue Intelligence Scales in-
troduced by Wechsler (1939), and the Differential Ability Scales by
Elliot, 1990), which indicates that visual-spatial skills are viewed as an
important component of overall intelligence. The widespread use of
visual-spatial construction tasks is not surprising considering their ob-
vious face validity: Constructing a complex figure out of various sub-
components clearly requires several core spatial processes, including
mental parsing of the target shape into constituent components, iden-
tifying those components among the available set, understanding how
those parts have to be positioned relative to each other to form the
target shape, and using executive control functions to interleave these

processes (Hoffman et al., 2003; Ballard and Hayhoe, 1997). Given that
individual parts must often undergo rotation and/or translation in order
to fit correctly into the overall shape, the task also draws on the classic
spatial function of mental rotation as well as other mental transfor-
mations.

To our knowledge, only one imaging study to date has investigated
brain activations during a construction task. Meyer-Lindenberg et al.
(2004) designed an fMRI task that heavily drew on visual-constructive
function without requiring participants to actually assemble the design
(which would not be feasible inside the scanner due to the motion ar-
tifacts it would create). On each trial, participants saw two shapes
composed of complex polygons, side by side. In a Match condition,
participants pushed one of two buttons to indicate whether the two
shapes were identical (in which case they were also oriented in the
same way). In the Construction condition, participants judged whether
the two polygons could be combined to form a square, which required
both mental rotation and translation of the pieces. The Match and
Construction conditions were compared to each other and to a Motor
control condition in which participants saw pairs of identical polygons
and were instructed to push the "same" button on all trials. The focus of
the Meyer-Lindenberg study was to compare activation between in-
dividuals with Williams Syndrome (who have severely impaired visual-
spatial skills, exemplified by poor performance in pattern construction
tasks) and typically-developing controls. Controls showed bilateral oc-
cipitoparietal activations when comparing the Construction to the
Match condition, whereas people with WS did not. Group differences
reached significance in the right parietal lobe when comparing Match
and Motor control, and in the left parietal lobe when comparing Con-
struction and Match, demonstrating hypoactivation in people with
Williams syndrome, which the authors argue reflects the behaviorally
observed deficit in the construction task. The results suggest bilateral
parietal involvement in the Construction task. However, because the
Construction task required mental rotation, which, as reviewed above,
is often associated with bilateral parietal activations (Zacks, 2008;
Tomasino and Gremese, 2016), it is not clear whether the results are
attributable to mental rotation per se, or to the more general spatial

Fig. 1. Experimental Design. (A) Example stimuli for the different experimental and control conditions. In the Spatial Task, participants indicated whether the two puzzle pieces could
be combined to form a square. The Translation condition required that participants mentally translate (slide) one shape into the other; the Rotation condition required mentally rotating
one of the shapes by 90 degrees prior to the mental translation step. In the Luminance Control Task, participants indicated whether the gray squares superimposed on the puzzle pieces
were the same shade of gray. (B) Schematic illustrating the time course of the two functional MRI runs. Rest periods are shown in gray, instruction periods in black, and the different task
conditions in the colors shown on the inserts in A: orange for the Translation condition, yellow for the Rotation condition, and blue for the Luminance control condition. There were two
types of luminance control blocks, one using the puzzle pieces from the Translation condition (vertical stripes) and one using the puzzle pieces from the Rotation condition (horizontal
stripes). (C) Illustration of how the puzzle pieces used here are composed of the same elements as the figures in the Wechsler Block Design task.
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demands of mentally combining two parts to form a complex pattern.
Here we adapt Meyer-Lindenberg's design to examine lateralization

patterns in neurologically healthy young adults. We make three crucial
changes to the design. First, to disentangle the effects of visual-spatial
construction (i.e., mental combination of parts to create a whole pat-
tern) compared to the specific function of mental rotation, we created
two Construction conditions. In the Translation condition, the polygons
were positioned so that deciding whether they fit together required
participants to mentally translate the parts, "sliding" one toward the
other to decide. In the Rotation condition, the polygons were positioned
so that participants had to mentally rotate one of the puzzle piece by 90
degrees prior to the mental translation step. While this condition re-
quires both Rotation and Translation, we will refer to it as the
"Rotation" condition, both for brevity and to emphasize what distin-
guishes it from the Translation condition. Second, we included
Luminance Control conditions which closely matched the two
Construction conditions with respect to visual stimulation and motor
demands. (The conditions are described in detail below and illustrated
in Fig. 1.) Third, to make the task more similar to those commonly used
to assess spatial skills behaviorally, we used polygons composed of the
same geometric primitives as in the Block Design subtest of the
Wechsler IQ tests.

Based on the literature showing bilateral activations for mental
rotation but right-lateralized activations for line bisection judgments,
we hypothesized that complex spatial tasks in general (and not just
mental rotation) might evoke bilateral activations. If this is correct, we
would expect bilateral activations not only when comparing the
Rotation condition to the Luminance control condition, but also when
comparing the Translation condition to the Luminance Control condi-
tion. We also directly compared activations in the Translation and the
Rotation conditions to investigate whether adding mental rotation to
the task demands specifically increases left-hemisphere activations.

2. Materials and methods

2.1. Participants

Participants were 35 members of the Georgetown University com-
munity, recruited via on-campus flyers and by word of mouth. They
ranged in age from 18 to 37 (mean 23, SE 0.81 years). There were 19
women and 16 men.2 All except 6 were right-handed according to the
Edinburgh Handedness Inventory (Oldfield, 1971). While it is known
that certain aspects of brain organization differ in some left-handers
(for a recent review, see Willems et al., 2014), we did not exclude left-
handers from this study.3 All participants provided informed consent
prior to study participation and were compensated for their time.

2.2. Design, stimuli, and procedures

Following consenting, assessment of handedness, and MRI safety
screening, participants were familiarized with the experimental task
outside the scanner until they had demonstrated proficiency and felt
comfortable performing it. They then completed two five-minute runs
of the task inside the scanner. Each run contained two 24-second blocks
of the "Translation" and the "Rotation" conditions, and their respective
"Luminance Control" counterparts, as described below, for a total of

eight blocks, interleaved with nine short periods of rest. Fig. 1 provides
an illustration of the experimental conditions (Fig. 1 A) and the time
course of the two functional runs (Fig. 1 B). The screen background was
gray throughout the experiment (RGB 128, 128, 128) because pilot
work determined that participants perceived a white background as
uncomfortably bright.

During Rest blocks (shown in gray in Fig. 1B), participants were
instructed to rest their eyes on a fixation cross displayed at screen
center and did not push any buttons. Each Rest block concluded with a
written instruction screen (displayed for 3 s) announcing the upcoming
task (either “PUZZLE block. Look at the puzzle pieces. Button 1 = they
fit together. Button 2 = they don't fit together.” or “COLOR block. Look
at the gray squares. Button 1 = they are equally bright. Button 2 =
they look different.”). The instructions were well-known to the parti-
cipants due to pre-scan training, so that recognizing them within 3 s did
not pose any difficulty.

All experimental conditions required participants to push one of two
buttons held in their right hand. For the Spatial Task (Translation and
Rotation conditions, shown in orange and yellow in Fig. 1), they pushed
one button if the two black shapes displayed on the screen could be
combined to form a square, and the other button if that was not pos-
sible. For the Luminance Control Task, they pushed one button if the
two small gray squares displayed on the two black shapes were the
same shade of gray, and the other button if they were different shades
of gray. To ensure that participants were continuously engaged
throughout the block, the next trial appeared immediately following a
button push or if a response had not occurred within 3 s of trial onset.
Participants were familiarized with this time limit prior to scanning and
rarely timed out. To avoid cutting off participants right after the be-
ginning of a trial, the last trial that began before the end of each 24 s
task block was not aborted at the end of the 24 s task block, but lasted
until the participant responded (or up to 3 s if there was no response).
Thus, block duration could theoretically vary between 24 and 27 s, and
participants completed as many trials as possible within that time
period.4 The rest period following each task block was shortened de-
pending on how much the block had exceeded 24 s so that the onset
between subsequent task blocks was constant at 36 s.

To maximize similarity to the Wechsler Block Design task, the
shapes displayed on the screen were composed of the same geometric
primitives represented on the Wechsler blocks (squares and triangles).
Each shape was effectively constructed from six Wechsler blocks, as
illustrated in Fig. 1 C. We presented all shapes that could be con-
structed, given the constraint that one row of blocks (the outer edge of
the to-be-assembled square) always consisted of three solid black
blocks, and the second row (the "seam" of the to-be-assembled square)
never consisted of three solid blocks. Shapes that resembled letters
(e.g., L) or objects (e.g., a house) were excluded from the stimulus set.
Trials were randomly drawn from a set containing an equal number of
stimulus pairs that could or could not be combined to form a square.

In the Translation condition, the shapes were always arranged such
that combining them to form a square only required mentally trans-
lating them along the horizontal axis. During training, this was de-
scribed to the participants as, "You can slide these together to form a
solid black square," spoken with an illustrative bimanual gesture in-
dicating the horizontal movement of the shapes towards each other. In
the Rotation condition, the left shape retained its position, but the right
one was rotated 90 degrees counterclockwise. This was described to the
participants as, "This time you have to first rotate this one and then see
if you can slide them together," again spoken with an illustrative bi-
manual gesture.

2 Given the inconsistent reports in the literature about sex differences in mental rota-
tion activation, we ensured sample sizes large enough that groups of male and female
participants could be analyzed separately. However, initial analyses did not reveal any
significant sex differences. We thus report results across all subjects.

3 We did, however, complete the group analyses with and without the left-handed
participants, and despite small quantitative differences (as one would expect by chance),
the results remained qualitatively the same. We also compared individual activation maps
between left and right-handers and found no obvious differences (supplementary Figure
S1).

4 In practice, variations in block duration were small (mean block duration 24.89 s, SD
0.29 s, min 24.15 s, max 25.74 s), and block durations did not differ significantly between
conditions (Rotation: mean 24.95 s, SE 0.57 s; Translation: mean 24.85 s, SE 0.48 s;
Luminance: mean 24.88 s, SE 0.31 s; all pairwise t(34)< 1.59, p>0.12), nor were they
correlated with performance in any of the conditions (all |r|< 0.25).
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In the Luminance Control conditions, we presented the same shapes
as in the Translation and Rotation conditions, but superimposed a small
gray square on each shape. There were only two shades of gray (RBG
100, 100, 100 and RGB 60, 60, 60), both darker than the screen
background. During training, participants were familiarized with what
"same" and "different" shades of gray looked like. The gray square could
appear inside any of the three solid black squares making up the outer
edges of the to-be-assembled squares. We chose superimposing small
squares, rather than altering the luminance of the shapes themselves,
because pilot work indicated that if the two shapes themselves were of
different luminance, the task could be accomplished “in one glimpse,”
resulting in near-perfect accuracy and reaction times that were much
faster than the Translation condition. The presence (or absence) of
superimposed gray squares also served as a trial-by-trial reminder of the
task, thus preventing participants from accidentally performing the
Spatial Task during Luminance Control blocks (and vice versa).
Participants were explicitly instructed to ignore the underlying puzzle
pieces and focus exclusively on the gray squares during the Luminance
Control blocks.

2.3. Imaging procedures

Neuroimaging was performed on a research-dedicated Siemens Trio
Tim 3-Tesla magnetic resonance imaging scanner with a 12-channel
birdcage headcoil. Participants lay in supine position with their heads
at the center of the magnet. They wore headphones mounted in Bilsom
ear defenders, which allowed them to hear instructions from the control
room while being shielded from the scanner noise. Visual stimuli were
projected onto a screen at the back of the scanner via an Epson
PowerLite 5000 projector and viewed by the participants through a
slanted mirror mounted on the head coil. Head position inside the head
coil was stabilized by inserting foam pillows between the head coil and
the ear defenders. Responses were recorded with two Cedrus fiber optic
button response boxes, velcroed together so that participants could hold
them in their right hand and operate both buttons with their thumb.
Stimulus presentation and logging of behavioral responses was handled
by E-Prime 2.0.

Scanning sessions began with a 1-min “Localizer” scan to acquire a
low-resolution anatomical scan to aid volume placement for the sub-
sequent scans. Participants then performed two 5-min functional runs
to assess blood-oxygen-level-dependent (BOLD) signal changes asso-
ciated with the experimental and control conditions (see Fig. 1B).
Lastly, we acquired a high-resolution anatomical scan (MPRAGE) on
which to superimpose the functional data and to aid transformation of
individual data into a standard stereotactic coordinate system. Scan-
ning parameters were as follows:

Functional runs (T2*-weighted): Gradient echo-planar imaging
(EPI), 50 horizontal slices acquired in descending order, voxel size 3 ×
3 × 2.8 mm3 with a distance factor of 7% between slices, repetition
time (TR) of 3 s, echo time (TE) of 30 ms, flip angle of 90 degrees,
matrix 64 × 64, duration 5 min (100 vol acquisitions).

MPRAGE (T1-weighted): 176 sagittal slices, voxel size 1 × 1 ×
1 mm3, TR of 2530 ms, TE of 3.5 ms, inversion time (TI) of 1100 ms,
flip angle of 7 degrees, matrix 256 × 256, duration 8 min.

2.4. Imaging analysis

2.4.1. Preprocessing
Imaging analyses were performed with BrainVoyager 20.2 for Mac.

Anatomical data underwent inhomogeneity correction, brain extrac-
tion, and transformation into Talairach space using 9-parameter affine
transformation. Manual corrections were performed where automated
brain extraction failed, and landmarks for the Talairach transformation
were identified manually. Functional imaging data from both runs
underwent the following pre-processing steps: removal of the first two
volume acquisitions to allow for T1 saturation, slice-scan time

correction, removal of linear trends, 3D motion correction to the first
volume of the run using rigid-body transformation, co-registration to
the anatomical data using 9-parameter gradient-based alignment,
transformation into Talairach space using the same transformation
applied to the anatomical data, and spatial smoothing with an 8 mm
FWHM Gaussian kernel.

2.4.2. Statistical analysis
For statistical data analysis, voxel time courses from both runs were

combined and fitted with a general linear model. The model contained
four stimulation-related predictors: one for the Instruction periods, one
for Translation blocks, one for Rotation blocks, and one for Luminance
blocks. (Note that while there were two types of Luminance blocks −
those in which stimuli were oriented as in the Translation condition and
those in which they were oriented as in the Rotation condition −
preliminary analyses showed no differences between these conditions
with respect to behavioral performance or brain activations, indicating
that participants indeed followed instructions to ignore the puzzle
pieces and did not perform mental rotation during the Luminance
Control condition. We thus combined these conditions for the purpose
of analyses to decrease the number of statistical comparisons.) Rest
periods served as the model's baseline. Each predictor's time course was
convolved with a standard hemodynamic response function (two
gamma HRF, time to peak 5 s, time to undershoot peak 15 s). The model
also included the z-transformed motion estimates and a constant pre-
dictor for each functional run as nuisance regressors.5 Analyses were
constrained to voxels inside the brain (mask based on anatomical
image), and voxel time courses were normalized (percent signal change
transformation) and corrected for serial autocorrelations (second-order
model). For group-level analyses, all participants' beta maps were
combined into a random effects (RFX) analysis treating each partici-
pant's results as a random sample from a larger population. For inter-
subject overlap maps, we computed, for each voxel, the percentage of
participants whose individual t-maps showed significant activations for
the contrast of interest.

Activation maps were thresholded using a single-voxel threshold of
p<0.001 (which was stricter than the single-voxel threshold required
to keep the false discovery rate below 5%) in combination with a
cluster-size threshold of k<0.05, which is only passed by clusters
whose size is unlikely to occur by chance in a dataset of similar extent
and smoothness (as determined by a Monte-Carlo simulation with 1000
iterations, implemented in the "Cluster-Level Statistical Threshold
Estimator" plugin for BrainVoyager).

To further probe the response properties of areas identified in the
whole-brain analyses, we defined functional regions of interest (ROIs)
from the group-level activation maps and extracted the average percent
signal change across all voxels in the ROI, separately for each partici-
pant and condition. Using the resulting values, we computed paired
Student's t-tests to compare conditions, and Pearson product-moment
correlation coefficients to assess potential links between activations and
task performance.

2.4.3. Laterality indices
To quantify to what extent brain activation was lateralized, we

employed a measure commonly used in the neuroimaging literature on
language: the lateralization index (LI). While there are different ways of
computing LIs, the basic idea is always the same: Quantify activation on
the left and on the right, then compute the (left−right)/(left+right)
ratio such that an LI of−1 indicates complete right-lateralization, an LI

5 As mentioned above, we allowed participants to work at their own pace to ensure
continuous task-related activations in all conditions. As a consequence, reaction times
(and the number of trials completed) differed between conditions. To investigate whether
this had any bearing on the results, we also ran a GLM including reaction times as a
nuisance regressor. The results of this analysis were not significantly different from the
ones presented here.

A. Seydell-Greenwald et al. Neuropsychologia 106 (2017) 194–206

198



of 1 indicates complete left-lateralization, and an LI of 0 indicates
perfect bilaterality. Because LIs are strongly dependent on the specific
threshold at which activation is quantified (Wilke and Lidzba, 2007),
we used a bootstrapping approach to compute a weighted mean of LIs
obtained at different thresholds (Wilke and Schmithorst, 2006). Speci-
fically, we applied 25 different t-thresholds to our activation maps,
spanning the range from 0.1 to the maximum t-value in the map in
equal steps. The single-voxel threshold was always combined with a
cluster size threshold of 5 voxels, which, in combination with the
spatial smoothing applied to the data, should prevent single-voxel ac-
tivation outliers from distorting the results. LI computation was aborted
for thresholds at which there were fewer than 10 active voxels on either
side; otherwise, 10,000 LI estimates were computed from the sum of t-
values of randomly drawn active voxels on each side (sampling ratio:
0.25), and a trimmed mean (using only the central 50% of estimates) of
these 10,000 estimates was used as the robust LI estimate for this
threshold. Following LI computation for each threshold, each LI was
multiplied with its t-threshold value, such that LIs for stricter thresholds
received higher weights. Finally, the sum of all weighted LIs was di-
vided by the sum of all t-thresholds. Since spatial functions are usually
attributed to posterior parietal cortex, LI computation was constrained
to an anatomically defined bilateral posterior parietal ROI comprising
BAs 7, 40, and 39. LI computation and mask generation were accom-
plished with an in-house script using Matlab R2015b and BVQXtools
v0.8d (downloaded from the BrainVoyager support site).

3. Results

3.1. Behavioral

Not surprisingly, given its additional demands on mental rotation,
the Rotation condition was harder than the Translation condition,
showing both lower accuracy (% correct, Rotation condition: mean
85.09, SE 1.99; Translation condition: mean 93.37, SE 0.90, t(34) =
4.52, p<0.001) and slower reaction times (RT, Rotation condition:
mean 1408 ms, SE 24 ms; Translation condition: mean 1225 ms, SE
28 ms, t(34) = 10.52, p<0.001; see Fig. 2). Reaction times and ac-
curacy data in the Luminance condition were comparable to those in

the Translation condition (both t<0.73, both p>0.47). Like the
Translation condition, the Luminance condition was easier than the
Rotation condition in both accuracy (% correct, Rotation condition:
mean 85.09, SE 1.99; Luminance condition: mean 92.65, SE 0.89, t(34)
= 3.44, p<0.001) and reaction times (RT, Rotation condition: mean
1408 ms, SE 24 ms; Luminance condition: mean 1205 ms, SE 32 ms, t
(34) = 6.7, p<0.001). Because the task was self-paced, the number of
completed trials also differed between conditions (N trials, Translation
condition: mean 57, SE 1.04; Rotation condition: mean 51, SE 0.68;
Luminance condition: mean 58, SE 1.10). However, within each con-
dition, neither the number of trials completed nor average reaction time
was significantly correlated with accuracy (Rotation condition: r =
0.21 for number of trials, r = −0.17 for RT; Translation condition: r =
0.11 for number of trials, r = −0.14 for RT; Luminance condition: r =
0.16 for number of trials, r = −0.20 for RT; minimum correlation
required for significance at p<0.05 = |r|> 0.334), indicating that
participants who worked faster were not necessarily better at the task.
Importantly, if the number of trials completed per condition had any
effect on the fMRI results, the smaller number of trials completed in the
Rotation condition should lead to lower activations in that condition
compared to the others. Thus, we can be confident that any excess
activations observed in the Rotation condition compared to the others
(as reported below) are not driven by the number of trials completed.

3.2. Imaging

3.2.1. Translation and rotation vs. luminance control
As predicted, both the Translation and the Rotation condition

showed stronger activation than the Luminance Control condition in an
extensive network of brain areas (Table 1, Fig. 3A), with activation
peaks in superior and inferior parietal cortex (BAs 7 and 40), lateral
occipital (BA 19) and inferior temporal cortex (BA 37), and premotor
cortex (BA 6). All of these areas have previously been reported as
showing activation in mental rotation tasks (see, for example, the meta-
analyses by Zacks et al., 2008, and Tomasino and Gremese, 2016).

Activations (Fig. 3 A) were strongly bilateral and in virtually iden-
tical locations for the Rotation and Translation conditions, indicating
that this bilateral pattern is a signature of the mental visual-spatial
transformations required by the construction tasks, regardless of whe-
ther they involve mental rotation. Similar activation patterns were
observed in all participants, and there was high inter-subject agreement
regarding activation locations (Fig. 3 C, Supplementary Fig. S1).

The only obvious difference was the presence of significant activa-
tion in the pre-supplementary motor area (pre-SMA, not visible in
Fig. 3A due to its location on the medial surface between the hemi-
spheres) for Rotation> Luminance Control, but not for Translation>
Luminance Control. Compared to Rest, all conditions showed activation
in this area, although it was of smaller magnitude than activations in
parietal and occipital cortex. Because activation was comparable in the
Translation and Luminance Control conditions, it cannot reflect any-
thing specific to visual-spatial construction. Instead, it is likely linked to
task difficulty and/or effort, since it was strongest in the (most difficult)
Rotation condition. This interpretation is in line with the literature,
which counts the pre-SMA among a set of brain areas referred to as
“Task-Positive Network” (TPN, Fox et al., 2005), “Multiple Demand
Network” (Fedorenko et al., 2013), or “Effort (or Extrinsic) Mode
Network” (Hugdahl et al., 2015), whose activation increases with the
demands posed by an externally focused task, regardless of that task's
specific nature.

3.2.2. Rotation vs. translation
Comparing the Rotation and the Translation conditions revealed

stronger activations for the Rotation condition in superior parietal
cortex bilaterally (BA 7, with higher peak value and larger cluster ex-
tent on the right), left inferior parietal cortex (BAs 7 and 40), bilateral
lateral occipital cortex (BA19), and the pre-SMA (Fig. 4, Table 2), thus

Fig. 2. Behavioral results. Both accuracy and reaction times indicate that the
Translation and Luminance condition were equally hard, and significantly easier than the
Rotation condition.
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displaying the bilateral occipitoparietal activation pattern suggested by
the literature on mental rotation. The excellent correspondence be-
tween these areas and those found activated by the Rotation and

Translation compared to Luminance Control condition highlights the
similarity between the Rotation and Translation conditions and in-
dicates that mental rotation is not special in the sense that it activates
unique brain areas. Instead, it is one of many operations of visual-
spatial processing and draws upon the same general brain areas as other
aspects of visual-spatial construction. Of course it is likely that the
computations underlying mental rotation rely wholly or partly on se-
parate ensembles of neurons, but at the spatially coarse level of fMRI
investigations, mental rotation appears to be "more of the same" with
respect to visual-spatial construction.

To explore whether these activation differences might be associated
with sheer difficulty or effort, rather than specific to visual-spatial
construction, we performed post-hoc analyses on functional ROIs cre-
ated from the group-level activations. Note that because they were
defined by their stronger activation in the Rotation than in the
Translation condition, these ROIs are bound to show significant acti-
vation in the Rotation condition. If ROI activation is associated with
visual-spatial processing, it should also be significant in the Translation
condition, which also makes spatial demands. As can be seen in Fig. 5
(orange bars), this was the case for all ROIs. More importantly, if ROI
activation is to some extent space-specific, it should be significantly
larger in the Translation condition than in the Luminance Control
condition, which is equal in difficulty (judging from accuracy and re-
action times) but does not make spatial demands. In contrast, equal
activation in the Translation and Luminance Control conditions would
be indicative of a general difficulty effect.

As can be seen in Fig. 5 (top), all parietal ROIs showed significant
Translation> Luminance activation differences, which demonstrates
their specific role in visual-spatial construction. In addition, the left
parietal ROIs also showed strong negative correlations between acti-
vation and performance in the Translation condition (Fig. 5, bottom;

Table 1
Activation clusters for Translation> Luminance and Rotation>Luminance.

Peak Tal coords, T> L Peak Tal coords, R> L Peak t, T> L Peak t, R>L side Location description BA

−21, −70, 43 −21, −70, 43 13.2 13.2 Left Superior parietal lobe (SPL) 7
24, −67, 40 12, −67, 49 13.5 11.7 Right Superior parietal lobe (SPL) 7
−39, −43, 40 −36, −43, 43 12.5 12.1 Left Postcentral sulcus (IPL) 7, 40
36, −40, 40 36, −40, 40 9.0 8.9 Right Postcentral sulcus (IPL) 7, 40
−33, −82, 7 −33, −82, 4 9.5 9.9 Left Middle occipital gyrus (MOG) 19
30, −82, 13 30, −82, 13 11.9 9.1 Right Middle occipital gyrus (MOG) 19
−45, −64, −11 −45, −67, −8 12.8 12.1 Left Fusiform gyrus (FG) 37
45, −58, −11 42, −61, −8 11.8 12.1 Right Fusiform gyrus (FG) 37
−21, −10, 49 −21, −10, 49 9.9 9.5 Left Precentral sulcus (FEF) 6
24, −10, 49 24, −10, 52 10.0 8.3 Right Precentral sulcus (FEF) 6
−45, −2, 31 −45, −1, 31 9.9 10.1 Left Precentral sulcus (PM) 6
48, 5, 31 45, 2, 28 5.8 6.0 Right Precentral sulcus (PM) 6
−3, 8, 49 −2, 8, 52 6.1 3.4 (n.s.) Midline medial frontal gyrus(pre-SMA) 6

T> L, R> L, R>T - fMRI contrasts for the conjunctions of Translation> Luminance and Translation>Rest, and Rotation> Luminance and Rotation>Rest, respectively. BA -
Brodmann area; IPL - inferior parietal lobule; FG - fusiform gyrus; FEF - frontal eye field; PM - premotor area; pre-SMA - pre-supplementary motor area.

Fig. 3. Spatial Task activations. (A) Areas displaying significantly stronger activations
during the Spatial Task conditions (left: Translation condition, right: Rotation condition)
than during the Luminance Control condition while also showing significant activation
compared to Rest in the respective Spatial Task condition. Strong bilateral activations
were observed in the superior parietal lobe (SPL) and along the postcentral sulcus (BAs 7
and 40, IPL), on the middle occipital gyrus (MOG, BA 19) and the fusiform gyrus (FG, BA
37), and in premotor cortex (PM, BA 6). For activation peaks, see Table 1. (B) Inter-
subject overlap maps, illustrating that activation locations were highly consistent across
participants. Activation maps are overlayed on the Colin27 brain template transformed
into Talairach space, and thresholded at a p< 0.001 single-voxel threshold combined
with a k< 0.05 cluster-size threshold.

Fig. 4. Activations when contrasting the Rotation condition with the Translation
condition. Note that the views were chosen to best show the activations on as few slices
as possible. Peak locations are listed in Table 2. Thresholds as in Fig. 3.

A. Seydell-Greenwald et al. Neuropsychologia 106 (2017) 194–206

200



Supplementary Table S1); participants whose error rates suggest that
they found the task more difficult also showed the strongest parietal
activations. No significant performance correlations were observed for
the Luminance condition, and correlations in the Translation condition
significantly exceeded those in the Luminance condition (see
Supplementary Table S1, last row, for results of a Fisher r-to-z trans-
formation and the associated p-values), suggesting a space-specific ef-
fect. Note that while no space-specific difficulty-related activation in-
creases were observed for the Translation condition in right SPL, this
should not be taken as evidence that right SPL activation is not space-
specific. Right SPL passed the crucial test for space-specific activation,
i.e., that activation in the Translation condition be significantly larger
than in the equally difficult Luminance condition. The absence of a
significant negative correlation between performance and activation in
the Translation condition and the stronger activation of right SPL
compared to left SPL and IPL could suggest that while right SPL is al-
ways involved in spatial tasks (and more so if they require mental ro-
tation), the involvement of left SPL is modulated at least partly by the
difficulty of the spatial task (even if it does not require mental rotation).
However, this interpretation requires independent confirmation in an
experiment that explicitly manipulates difficulty in a within-subject

design.
In contrast, the occipital ROIs and the pre-SMA were equally acti-

vated in the Translation and the Luminance Control condition, thus
violating the crucial requirement for space-specific activation, and
showed similar correlations between performance and activation in the
Translation and the Luminance Control condition that did not differ
significantly (see Supplementary Table S1). Taken together, these
findings suggest that occipital and pre-SMA activations were not spe-
cific to visual-spatial construction demands, but more generally to en-
gagement in a visual task and modulated by task difficulty.

3.2.3. Laterality indices
While the activations shown in Fig. 2A provide strong qualitative

evidence that visual-spatial construction tasks are associated with bi-
lateral, not right-lateralized activations, we also addressed this question
quantitatively by computing laterality indices (LIs) for individual par-
ticipants. As described in the methods section, LIs range from −1
(maximally right-lateralized) to 1 (maximally left-lateralized), with
values around 0 indicating bilaterally symmetric activation.

Fig. 6 illustrates the LIs for the different conditions. While there was
considerable variation across subjects, LIs generally clustered around 0

Table 2
Activation peaks for Rotation>Translation.

Peak Talairach coordinates Peak t Cluster extent (mm3) side Location description BA

−6, −73, 46 4.2 379 Left Superior parietal lobe (SPL) 7
27, −64, 43 5.4 4238 Right Superior parietal lobe (SPL) 7
−39, −46, 43 4.8 1626 Left Postcentral sulcus (IPL) 40
−21, −67, 31 5.1 1632 Left Postcentral sulcus (IPL) 7
−18,−88,−5 6.0 5400 Left Middle occipital gyrus (MOG) 19
30, −85, 7 5.7 4583 Right Middle occipital gyrus (MOG) 19
0, 11, 46 4.6 862 Midline Medial frontal gyrus(pre-SMA) 6

Fig. 5. ROI analyses probing the response profile of areas displaying significantly stronger activation during the Rotation than the Translation condition (cf Fig. 4). If the
ROI's activation reflects visual-spatial construction (as opposed to general task) demands, it should show significant activation during the Translation condition (which requires visual-
spatial construction) and significantly less activation during the Luminance Control condition. This is the case for the three parietal ROIs (top left), but not for the occipital and the frontal
ROIs (top right), all of which activate similarly for the Translation and the Luminance Control condition. Of the parietal ROIs, the left ones additionally showed significant negative
correlations between activation and performance in the Translation condition (bottom row), but not in the Luminance Control condition, which further confirms their role in visual-
spatial construction. All correlation values can be found in Supplementary Table S1.
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and did not differ significantly from 0 at the group level, indicating
bilateral rather than lateralized activation for all conditions. There were
no LI differences between the conditions (paired t-tests, all p>0.1). We
also computed Pearson correlations between performance and LI and
subjected them to non-directional significance tests because we had no
a-priori expectations about how lateralization might change as a
function of performance. There were no significant correlations be-
tween accuracy or reaction times and LIs in the Luminance Control
condition (r = 0.07 [p = 0.689] for % correct and r = 0.09 [p =
0.607] for RT). For the two Spatial Task conditions, correlations for
accuracy and RTs trended in opposite directions, as would be expected
since increasing difficulty should be reflected in lower accuracy and
longer RTs (Translation condition: r = −0.33 [p = 0.053] for accu-
racy, r = 0.20 [p = 0.249] for RT; Rotation condition: r = −0.18 [p =
0.301] for accuracy, r = 0.25 [p = 0.147] for RT). While most of these
correlations did not reach significance, the tendency for high-per-
forming participants to show more right-lateralized LIs is consistent
with the observation of negative correlations between left-parietal ac-
tivations and accuracy during the ROI analyses (Fig. 5). They could
cautiously be interpreted as suggesting that the left parietal lobe be-
comes increasingly involved if the task is difficult for the particular
participant. Such increases in bilateral activation with increased task
difficulty have been observed across task domains (e.g., Just et al.,
1996, for language; Klingenberg et al., 1997, for working memory;
Helton et al., 2010, for vigilance).

4. Conclusions and discussion

This study was designed to investigate the neural basis of a complex
visual-spatial task: in particular, a visual-spatial construction task si-
milar to those commonly used to assess spatial abilities on the beha-
vioral level. Based predominantly on the observation that impairments
in the visual-spatial domain, such as hemispatial neglect, occur more
frequently after lesions to the right than the left hemisphere (Bisiach
and Luzzatti, 1978; Vallar, 1998), visual-spatial skills have often been
ascribed to the right hemisphere, and the parietal lobe in particular
(Gazzaniga and Ladavas, 1987). However, a close look at the literature
reveals several challenges to this view. For example, spatial impair-
ments are also observed in adults with left-hemisphere lesions (McFie

et al., 1960; Arrigoni and De Renzi, 1964; Gainotti et al., 1977), and
functional neuroimaging studies of mental rotation, a core visual-spa-
tial function, often reveal bilateral activations (Zacks, 2008; Tomasino
and Gremese, 2016). Moreover, studies that use spatial “localizer” tasks
such as distance judgments to identify spatial processing regions of the
dorsal stream have identified bilateral parietal ROIs (e.g., Haxby et al.,
1991; Zachariou et al., 2015, 2016). Based on this, we asked whether
complex visual-spatial construction tasks would evoke bilateral acti-
vations or clear lateralization favoring right parietal cortex. We further
asked whether the presence or absence of mental rotation demands
would alter lateralization.

To answer these questions, we conducted an fMRI study in which
neurologically healthy young adults were exposed to two Construction
conditions (one requiring mental Translation only, and one requiring
mental Rotation and Translation) and a Luminance Control condition
that was visually similar and of similar difficulty to the Translation
condition. By contrasting brain activations in these different conditions,
we showed that both Construction conditions were associated with
bilateral activation increases in the same parietal and lateral occipital
brain areas. This pattern was evident not only at the group level, but
also in individual subjects, with lateralization indices clustering around
zero. Compared to the Translation condition, the Rotation condition
evoked stronger activations in superior parietal cortex bilaterally and in
left inferior parietal cortex, within the same areas activated when
contrasting either condition to the Luminance Control condition. Left
parietal activations tended to increase with increasing task difficulty (as
reflected in lower accuracy and slower reaction times) specifically in
the Spatial Task conditions, but not the Luminance Control condition,
which further confirmed the functional role of left parietal cortex in this
complex visual-spatial construction task.

Taken together, our findings suggest bilateral parietal involvement
in complex visual-spatial tasks requiring the mental manipulation of
objects in space, regardless of whether these manipulations include
rotation. Below, we put these findings in perspective, discussing how
they intersect with previous views of spatial lateralization of function as
well as the empirical findings that have been offered as support. We
argue that our findings of bilateral involvement in the spatial con-
struction task are consistent with many previous findings but, im-
portantly, support some re-interpretation of previous strongly-held
views about the lateralization of function for space (compared to lan-
guage) more generally.

4.1. Lesion studies: more evidence for bilaterality

If complex visual-spatial skills require two intact hemispheres, one
would expect to see impairments of visual-spatial skills after lesions of
either hemisphere in adults. At first glance this appears to be at odds
with clinical findings that right parietal lesions more frequently pro-
duce marked and lasting spatial impairments (Brain, 1941; McFie et al.,
1950; Hecaen et al., 1956; Bisiach and Luzzatti, 1978; Ratcliff, 1979;
Vallar, 1998). However, a careful examination of the lesion literature
presents a more complex picture, consistent with our present findings.
While lasting disorders of spatial attention, such as hemineglect, are
indeed more common with right-sided lesions (Vallar, 1993), left-sided
lesions can also impair aspects of spatial cognition, especially visual-
spatial construction abilities (McFie et al., 1960; Arrigoni and De Renzi,
1964; Gainotti et al., 1977). According to McFie et al. (1950), it was
once "the generally accepted view that spatial disorientation and kindred
symptoms are to be ascribed to a lesion of the dominant [i.e., left] hemi-
sphere" (p. 169, explanation in brackets added) and "Impaired perfor-
mance on visual-constructive tasks is extremely common in cases with oc-
cipital, occipito-parietal, or parieto-temporal lesions of the left cerebral
hemisphere; indeed the most striking instances of constructional apraxia
have been reported in cases of left-sided cerebral involvement" (p. 188).
Moreover, dissociations have been shown for the same visual-spatial
task depending on stimulus type and strategy: Whereas patients with

Fig. 6. Lateralization indices. Lateralization was computed for a bilateral posterior
parietal ROI comprising BAs 7, 40, and 39. While there was considerable variation across
individuals, group means (shown with standard error bars) did not differ from zero, in-
dicating bilaterality. There were no significant LI differences between conditions.
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right-sided lesions could mentally rotate hands but not non-bodily sti-
muli, the opposite was true for patients with left-sided lesions
(Tomasino et al., 2003). Similarly, patients with left-sided lesions
showed impairments when instructed to imagine rotating the stimulus,
but not when instructed to imagine the stimulus rotating by itself
(Tomasino and Rumiati, 2004).

We suspect that the emphasis on the right hemisphere's role in
spatial cognition in the more recent literature is due to the fact that
right-hemisphere lesions produce very obvious and striking impair-
ments such as hemispatial neglect, which are related to the spatial
domain but are also heavily loaded on attention, whereas the impair-
ments from left-hemisphere lesions, such as constructional apraxia, are
less evident in everyday life and only revealed by tasks that make very
specific spatial demands, such as mental rotation or construction.
Moreover, because left-hemisphere lesions often result in language
impairments, patients may be unable to follow the instructions for tasks
that would reveal more subtle spatial deficits.

4.2. Functional neuroimaging

To investigate lateralization of spatial function, the neuroimaging
literature to a large extent relies on variations of the so-called "land-
mark task" (Fink, 2000), which is modeled after the line bisection task
that clinicians use to diagnose hemispatial neglect (see Introduction).
Given that hemispatial neglect is both more common and more per-
sistent after lesions to the right than to the left hemisphere, it is not
surprising that this task yields right-lateralized (although not ex-
clusively right) activations at group level as well as in most individual
participants (Fink, 2000, 2001; Çiçek et al., 2009; Cavézian et al.,
2012). However, it is important to note that hemispatial neglect can
also be viewed as a disorder of attention rather than one of spatial re-
presentation (Bartolomeo, 2014). According to this view, patients'
biases on the line bisection task result from an inability to direct at-
tention to the contralesional side of the line, which causes them not to
perceive the leftmost part of the line. Support for this view comes from
a phenomenon described as "extinction," where neglect of stimuli on the
contralesional side is only evident in the presence of a competing sti-
mulus on the ipsilesional side. This has been interpreted as demon-
strating a problem with disengaging attention from the ipsilesional side
and directing it to contralesional space, rather than with accurate
spatial representation of contralesional space per se. Additional evi-
dence for the attentional nature of hemispatial neglect comes from the
observation that it is often accompanied by non-spatial attention defi-
cits, such as disruptions of the temporal dynamics of visual processing
(Husain et al., 1997) and a general difficulty with sustaining attention
over longer periods of time, even in the auditory domain (Robertson
et al., 1997). Since parts of the fronto-parietal attention system are
right-lateralized (Corbetta et al., 1993; Corbetta and Shulman, 2002),
right-lateralization of activation in the landmark task may thus be at-
tributable to right-lateralization of spatial attention in particular, rather
than right-lateralization of visual-spatial functions in general.

Another commonly imaged spatial task is mental rotation. As al-
ready touched upon in the Introduction, parietal brain activations re-
ported for this task are bilateral in the majority of papers (Cohen et al.,
1996; Tagaris et al., 1997; Richter et al., 1997, 2000; Jordan et al.,
2001; Vingerhoets et al., 2002; Vanrie et al., 2002; Lamm et al., 2007),
bilateral but stronger on the right in some (Harris et al., 2000;
Podzebenko et al., 2002), and exclusively right (Halari et al., 2006) or
exclusively left (Alivisatos and Petrides, 1997; Vingerhoets et al., 2001)
in very few.6 A 2008 meta-analysis concluded that "Activity was observed

bilaterally in most areas; however, in the parietal cortex, activity was
somewhat more consistently observed in the right hemisphere" (Zacks,
2008). Similarly, a 2010 meta-analysis concluded that the mental ro-
tation network included activations in the inferior and superior parietal
lobule bilaterally, although laterality was modulated by stimulus type
and strategy such that activation was more right-lateralized for non-
bodily-related stimuli and non-motor strategies (Tomasino and
Gremese, 2016). The fact that when strong lateralization is observed, it
is usually in studies with small numbers of participants and those that
split participants into sub-groups based on sex, in combination with the
inconsistent results, may indicate that the observed lateralization ef-
fects are spurious or not very robust, with the more robust finding being
that of bilaterality and potentially a slight right-bias.

All in all, our impression is that while our results are at odds with a
generally held notion of the right hemisphere as the spatial one, they
are perfectly consistent with the existing literature reviewed above.
This conclusion suggests that many complex spatial tasks may engage
both hemispheres to a similar degree. This may follow from the many
requirements of such tasks. For example, in our puzzle task, people
must represent the individual parts accurately, carry out a mental op-
eration on these parts, and make a judgment of whether the two parts
can compose a square after these operations. Other complex spatial
cognitive tasks might similarly draw on multiple spatial functions (e.g.,
parsing, object representation, mental operation). If any or all of these
functions engage bilateral parietal areas, then the result will be bilateral
activation. This proposal is not inconsistent with theoretical formula-
tions that propose specialization of the two hemispheres for different
types of spatial processing (e.g., Kosslyn, 1987; Ivry and Robertson,
1998). For one thing, those proposals focus on earlier aspects of visual
processing and the consequences of these for later spatial representa-
tion. More importantly, however, even the puzzle task requires that
people represent the final model in terms of both local and global
features – the local individual parts and the global sum of the parts.
Even given spatial processing specializations within each hemisphere,
the full puzzle task would require the cooperation of both kinds of
processing and thus both hemispheres.

4.3. Caveats, implications, and future directions

An important caveat when interpreting the present findings is that
activation increases in particular brain regions during an fMRI task are
not by themselves indicative that the brain regions are required for
performing the task. One might argue that the left parietal activations
observed here were functionally redundant and merely collateral to
those observed in the right hemisphere. Another possibility is that the
left parietal activations reflected participants’ attempts to use linguistic
encoding for more difficult parts of the task. Although we doubt that
even complex linguistic encodings would have beneficial effects (and
the absence of activations in classic language areas, such as left inferior
frontal cortex, speaks against complex inner monologue), it is possible
that simple encodings such as “rotate”, “slide”, or “three peaks” could
have been deployed while carrying out the construction tasks, espe-
cially if participants were having difficulty. The observed correlations
between left parietal activations and performance during the con-
struction task speak against the idea that these activations were merely
collateral; however, definitive conclusions require studies that sys-
tematically manipulate the engagement of the left parietal lobe. For
example, one could introduce specific variations in stimuli and in-
structions to see whether this results in changed activation and/or
performance (see Tomasino and Gremese, 2016). Another approach is
to experimentally disrupt the left parietal lobe, for example by means of
transcranial magnetic stimulation (TMS), in order to see whether this
leads to declines in performance, suggesting a critical role of this re-
gion. While we know of no such study focused on visual-spatial con-
struction, there are studies investigating the effects of parietal rTMS on
mental rotation performance. One showed a slowing of reaction times

6 Note that “exclusive” activation on one side simply means that no significant acti-
vation increases were observed on the other side at the particular threshold chosen. If
effect sizes are overall small, activation might reach significance on only one side purely
by chance, so that these papers are better counted among the "bilateral, but stronger on
the right/left" categories.
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only with disruptive stimulation of the right parietal lobe (Harris and
Miniussi, 2003), whereas another (Bestmann et al., 2002) demonstrated
slowing of reaction times for visuomotor mental rotation for rTMS of
the left and right parietal lobe equally. More studies are urgently
needed, but the existing evidence seems to support the idea of bilateral
involvement.

Importantly, we do not mean to suggest that all visual-spatial
functions are bilateral. For example, as mentioned above, both clinical
assessments and neuroimaging studies implicate the right but not the
left hemisphere in line bisection tasks, and other specialized functions
such as the perception of faces and biological motion are known to be
right-lateralized (faces: Kanwisher et al., 1997; Pitcher et al., 2007;
biological motion: Pelphrey et al., 2003; Grosbras et al., 2012). In line
with the notion that some, but not all spatial skills require bilateral
involvement, a meta-analysis of studies on lateralization of visual-spa-
tial functions (Vogel et al., 2003) concluded that, while across all types
of studies and populations the right hemisphere was dominant for
spatial processing, findings depended strongly on the specific task, the
population studied, and the method of study. In addition, stimulus type
and strategy appear to play a significant role even within the same
spatial task, with increasing left – and thus more bilateral – activations
for bodily stimuli and for strategies that draw upon motor imagery
(Tomasino and Gremese, 2016).

Over the past decades, impairments in the spatial domain have been
called by different names, classified into different sub-categories, as-
cribed to perceptual or motor-related difficulties, and attributed to
different hemispheres and locations within hemispheres. Clarifying this
picture will require additional decades of research. This should include
an effort to create theoretically motivated taxonomies of spatial func-
tions that help us understand the complexity embodied in the creation,
manipulation, and use of spatial representations. These should be used
to categorize the effects of naturally occurring lesions and integrate the
results with findings from behavioral and functional neuroimaging
studies. Lastly, hypothesized distinctions should receive independent
confirmation with experimentally induced lesions (e.g., with tran-
scranial magnetic stimulation). Until then, we would argue that, for
understanding the brain basis for spatial functions, it would be helpful
to use tasks that are complex enough to engage a number of different
spatial functions, of which some may activate only narrow regions of
the brain, but others might activate broad networks of brain areas re-
lated to spatial processing. We believe that the task introduced here can
help to serve that purpose.
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