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Testing the Darwinian function of lateralization. Does separation of 
workload between brain hemispheres increase cognitive performance? 
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A B S T R A C T   

Brain lateralization is a fundamental aspect of the organization of brain and behavior in the animal kingdom, 
begging the question about its Darwinian function. We tested the possibility that lateralization enhances 
cognitive performance in single- and dual-tasks. Previous studies reported mixed results on this topic and only a 
handful of studies have measured functional brain lateralization and performance independently and simulta-
neously. We therefore examined a possible positive effect of the strength and direction of lateralization on two 
demanding cognitive tasks: A visuospatial task (mental rotation MR), and a language task (word generation WG), 
executed either as a singletask or as dual-task. Participants (n = 72) performed these tasks while their single-task 
brain lateralization was assessed with functional Transcranial Doppler for both tasks. From these measurements 
we determined strength and direction of lateralization for both tasks and the individual pattern of lateralization 
(contralateral or ipsilateral) was derived. These factors, along with sex, were used in a GLM analysis to determine 
if they predicted the respective performance measure of the tasks. We found that for MR there was a significant 
medium effect of direction of lateralization on performance with better performance in left-lateralized (atypical) 
participants (partial eta squared 0.061; p = .039). After correction for outliers, there was a significant effect for 
strength (p = .049). For the dual-task, there was a significant positive medium effect of strength of lateralization 
on performance (partial eta squared 0.062; p = .038, respectively) No other association between direction or 
strength in either tests were found. We conclude that there is no evidence for hemispheric crowding, and that 
strength of lateralization may be a factor that contributes to the evolutionary selection of functional brain 
lateralization. Pattern of lateralization does not, explaining the large inter-individual variation in these traits.   

1. Introduction 

After the discovery of Broca’s and Wernicke’s areas, which indicated 
the lateralization of language, many additional lateralized brain func-
tions have been found in humans (Toga and Thompson, 2003). Later, 
evidence of lateralization of other brain functions and behavior was 
found in a wide variety of other taxa, from molluscs and insects over 
birds, and mammals (Frasnelli et al., 2012a; Ocklenburg et al., 2019; 
Vallortigara et al., 1999; Vallortigara and Rogers, 2005). Lateralization 
of brain and behavior is now established as a fundamental aspect of the 
organization of the brain throughout the animal kingdom (Blum and Ott, 
2018; Frasnelli et al., 2012b; MacNeilage et al., 2009). This begs the 
questions about its evolution and Darwinian function. Several theories 
have been proposed to explain the advantages and disadvantages of 
hemispheric specialization. 

The specialization of one hemisphere for a particular function (such 
as language) would reduce the need for processing information in both 
hemispheres and in turn the need for communication between the 
hemispheres via the corpus callosum. This would then allow for quicker 
processing speed and decision making by avoiding time-consuming 
cross-talk (MacNeilage et al., 2009). Indeed, when we take motor con-
trol as an example, in chimpanzees it has been found that stronger 
behavioral lateralization results in better task performance that may 
have a fitness benefit: Individuals who more strongly preferred one hand 
over the other for ant fishing were more efficient in this task (McGrew 
and Marchant, 1999). Specialization of cognitive functions could hold 
the same benefit and it would allow for better dual-tasking in case the 
simultaneous execution of two tasks is processed in different hemi-
spheres. This has been shown in an experiment in which lateralized - as 
compared to unlateralized - chickens were more efficient in feeding 
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while simultaneously monitoring their environment for predators 
(Rogers et al., 2004). 

Of course, one could argue that task division within hemispheres 
would have the same beneficial effect as task division between hemi-
spheres. However, it is likely that division between hemispheres would 
have a greater impact as most cognitive functions require activity of 
larger networks, which have a larger chance on interference when 
executed in the same hemisphere. This is called crowding. Moreover, the 
organization of the brain in two hemispheres might have developed 
from the organization of primitive neural systems with two lateralized 
ganglia leading to task divisions between rather than within hemi-
spheres, as having a dominant hemisphere for a task avoids conflicts 
between the hemispheres in decision making (Crow et al., 1998; Val-
lortigara and Rogers, 2005). Thus, an individual who, due to stronger 
brain lateralization, can perform cognitive tasks more efficiently, needs 
less time and brain capacity, resulting in better performance and more 
capacity for additional tasks, which might ultimately increase 
Darwinian fitness. 

Although not always realized, the term lateralization encompasses 
two different aspects: Its direction and strength. Where the direction 
describes the dominant side of a function or behavior, the strength de-
scribes how strong this dominance is. The so called pattern of laterali-
zation refers to how different brain functions are distributed over the left 
and right hemisphere. This can result in a so called typical pattern 
(language left, visuospatial right), a mirrored pattern (language right, 
visuospatial left), or ipsilateral left/right patterns (both functions lat-
eralized to the left or right hemisphere only). 

Not only at the individual level, but also on the population level, 
strong lateralization of behavior can be beneficial, as it allows in-
dividuals to adjust their behaviors to each other, which is particularly 
important for swarming, schooling or herding animals (Rogers et al., 
2004; Vallortigara and Rogers, 2005). Interestingly, the fact that 
movements are more predictable for opponents or predators if a species 
has a biased laterality, also gives individuals with less or opposite 
lateralization a possible advantage, because it makes them less pre-
dictable and thus more successful. The increased predictability, and 
therefore potential cost of lateralization, together with increased 
vulnerability for brain damage in one hemisphere that cannot be easily 
compensated for by the other, supports the idea that evolution favoured 
brain lateralization because it has clear benefits on Darwinian fitness 
that outweigh the costs. However, evidence, especially for humans, is 
still not convincing. 

Nevertheless, from several previous studies there is some evidence 
concerning the advantages of brain lateralization for cognitive perfor-
mance in humans, most of which are taken as evidence for a beneficial 
effect of stronger lateralization on task performance (Hirnstein et al., 
2014; for a review see Tzourio-Mazoyer et al., 2017). A majority of the 
research, however, is based on the use of paradigms that address either 
language processing and/or spatial processing since these functions 
show consistent lateralization (but opposite) biases towards one hemi-
sphere in healthy participants; typically, the left hemisphere is dominant 
for language and the right hemisphere for visuo-spatial processing. In a 
developmental study in children and adolescents (n = 20), Everts et al. 
(2009) found that the laterality index (fMRI) for language, being a 
mixture of both direction and strength of lateralization, positively 
correlated with verbal and non-verbal performance. With age, the 
lateralization of language and visuo-spatial functions strengthened. 
When assessing lateralization with fTCD as done by Knecht et al., 
(2001), a positive correlation between hemispheric asymmetry and 
verbal fluency, spoken foreign languages, and academic achievements 
was found in a sample of healthy volunteers (n = 326). Mellet et al. 
(2014) investigated the relation between strength and direction of lan-
guage lateralization in a sample of 297 adults, half of which were 
left-handed. They compared the subgroups of participants with lan-
guage being lateralized to the left hemisphere, to the right hemisphere 
or ambilateral, based on the fMRI lateralization index. No difference in 

verbal and spatial performance was found between left and right later-
alized participants. Only the ambilateral group performed worse in 
comparison, indicating an effect of strength, not direction of language 
lateralization (Mellet et al., 2014). Gerrits et al. (2020) determined the 
lateralization of five different brain functions by means of fMRI and 
assessed cognitive performance in their participants. They found that 
the more a participant deviated from the typical organization pattern of 
the four functions, the poorer they performed in the cognitive assess-
ment. There is also some support for the hypothesis that the distribution 
of two brain functions over different hemispheres allows more efficient 
processing – and hence better performance: Powell et al. (2012) found in 
a sample of 82 participants that when language and spatial ability were 
located in the same hemisphere, performance of each corresponding 
task was significantly decreased. Nonetheless, there is also evidence that 
stronger lateralization corresponds to a decrease of performance since a 
study in 230 participants found an inverted U-shaped relationship be-
tween performance and laterality when using a visual half-field task, a 
word-matching task, and a face-matching task (Hirnstein et al., 2010). 

Importantly, the studies mentioned above, including those that do 
show a positive relationship, suffer from one or both of two inadequate 
methods. First, the tasks used to assess functional lateralization differ 
from the tasks used to measure performance. For example, a word 
generation task is used during the fMRI procedure, yet a general intel-
ligence or word-recall test is used to assess performance (e.g. Powell 
et al., 2012; Everts et al., 2009; Mellet et al., 2014). Additionally, often 
studies inferred lateralization from task performance itself (e.g. Cowell 
and Hugdahl, 2000; Boles et al., 2008; Chiarello et al., 2009) instead of 
using an independent measurement of lateralization, such as a laterali-
zation index derived from fMRI or fTCD (functional Transcranial 
Doppler). Therefore, the interpretation of laterality and performance as 
if they were directly connected may be incorrect. Furthermore, despite 
some implicit evidence for an effect of “hemispheric crowding”, that is, 
when two functions are localized in the same hemisphere they compete 
for processing capacity (for a review see Badzakova-Trajkov et al., 2015; 
Cai et al., 2013), there are only very few studies in which participants 
actually perform two tasks simultaneously. 

Lust and colleagues have addressed these issues by using experi-
mental designs that allowed the recording of cerebral laterality during 
performance of a language and a spatial task using fTCD. They also 
measured the simultaneous performance of those tasks (Lust et al, 
2011a, 2011b, 2011a). They correlated the strength of lateralization 
with performance, and compared the single and dual-task performance 
of language and visuospatial functions of four subgroups having distinct 
lateralization patterns Fig. 4 Table 1). In both studies single task per-
formance was not related to strength or direction of cerebral laterali-
zation. For dual-task conditions, the first study (N = 26, right-handers 
only) reports better performance of typical lateralization and a nega-
tive relation between strength of lateralization and performance in 
participants being non-lateralized for one of the tasks. In the second 
study (N = 71, 50% left-handed) no advantage for typical lateralization 
was found in dual-task conditions, and the right-handed subgroup 
showed a negative relation between strength and dual-task efficiency for 
atypical lateralization. Thus, the follow-up study did not confirm that 
typical lateralization or strength of lateralization is positively associated 
with better dual-task performance, even though the variation of later-
alization patterns was deliberately selected to be more diverse by 
including 50% left handers (Lust et al., 2011b). 

However, one could argue that in the previous studies of Lust et al. no 

Table 1 
Number of participants in the different laterality groups per task.   

WG left WG right Total 

MR left 13 (ipsilateral left) 5 (mirror) 18 
MR right 41 (typical) 13 (ipsilateral right) 54 
Total 54 18 72  
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relationships between laterality and performance was found because the 
tasks were too easy to perform. Therefore, in the current experiments we 
applied a setup, in which we increased the mental load. We argue that, 
by this, potential benefits of lateralization will be expressed more 
strongly, which allows for a more robust test whether individual later-
alization correlates with performance and with dual-task interference. 
Dual-task interference is measured as the performance decrease in the 
dual-task condition compared to the single-task condition. 

In the current study visuo-spatial processing was assessed with a 
right-hemispheric mental rotation task (MR). We chose this task over the 
previously used tasks by Lust and colleagues (Lust et al., 2011a, 2011b, 
2011b) because of its higher complexity. As a language task we selected 
the word generation task as this shows reliably lateralized activity in the 
brain (Knecht, 2000). We chose not to exchange the language task with a 
more complex one as word generation is a widely-used task in many 
different studies and will allow the results to be more widely comparable 
with other studies. Additionally, previous to the task selection we have 
evaluated the performance decrease in the dual-task in the study by Lust 
et al. (2011a) and found that the line-bisection task only contributed to 
approximately one fourth, thereby indicating that this was the easier 
task of the two. Lateralized brain activity during each task was recorded 
by means of fTCD (see below) during single task performance. Subse-
quently, the participants performed the two tasks simultaneously. Only 
during this dual-task, fTCD was not applied as its signal cannot be 
decomposed in separate task activity and the duration of insonation 
could have exceeded the recommended safe time window of 60 min in 
some cases. We also actively recruited left -handed participants in our 
study in order to obtain a wider variety of different lateralization types, 
since it has been shown that left-handers more often deviate from the 
typical lateralization for a task (Floel et al., 2005; Knecht, 2000; Pujol 
et al., 1999). This means that our sample would not only include the 
typical laterality pattern (language left, spatial processing right), but 
also the alternative patterns such as the reversed (mirrored) or unilateral 
patterns (ipsilateral left or right). In this way, we are able to investigate 
not only the effect of strength and direction of lateralization on perfor-
mance, but also the effect of varied patterns of lateralization over both 
hemispheres. 

Based on the above-mentioned hypotheses about the benefits of 
brain lateralization, we expect that for the strength and direction of 
lateralization:  

(1) if lateralization is beneficial, stronger lateralization will be 
associated with better single-task performance. 

(2) if evolution selected for the typical direction of brain lateraliza-
tion, this typical direction will result in better single-task 
performance. 

For the pattern of lateralization we expect:  

(3) due to less competition for cerebral resources under dual-task 
conditions, individuals with contralateral brain organization 
will perform better compared to individuals with ipsilateral brain 
organization, and this effect will be stronger with increasing 
strength of lateralization.  

(4) due to less competition within the same hemisphere individuals 
with contralateral brain organization will experience less dual- 
task interference compared to individuals with ipsilateral brain 
organization and hence show better performance. This effect will 
be more pronounced with stronger lateralization (crowding). 

2. Material and methods 

2.1. Participants 

In total 72 participants were included in this study. They were 
recruited from a pool of psychology students, who received credits for 

their participation and biology students, who were financially 
compensated with €10. All participants were Dutch native speakers, 
healthy, and had normal or corrected-to-normal eyesight (40 women, 32 
men, mean (SD) age 21.4 (2.8)). We selected a sample size based on the 
previous studies of Lust et al. (2011a, 2011b), since we expected a 
stronger effect due to the more difficult mental rotation task. Aiming for 
50% left-handers, we selected participants based on their self-reported 
hand preference. Their hand preference was subsequently assessed in 
detail using the Edinburgh handedness inventory adapted for the Dutch 
language. This questionnaire consists of 10 questions (Strien, 1992) 
asking which hand one prefers to use in each of ten everyday manual 
actions on a three-point scale “left” (− 1) or “right” (1), or marking both 
options in case that the participant did not have a preferred hand for this 
action. From the answers, we calculated the sum score as a lateralization 
index (EHI) and classified the participants into a group of 28 left-handers 
(negative sum score; 13 female) and 44 right-handers (positive sum 
score; 27 female). Participants gave their written informed consent 
before the start of the experiment. 

The protocol of the experiment has been approved by the Ethics 
Committee of the Psychology Department of the University of Groningen 
(ppo-011-076). 

2.2. Cognitive tasks & performance measurements 

2.2.1. Word generation task 
Language performance was assessed with a word generation task in 

which participants had to name as many words as possible starting with 
a specific letter during 20s. They were presented with a letter in spoken 
form (audio stimulus only) preceded by baseline period (25 s, Fig. 1) and 
a subsequent cue tone (880 Hz, 1000 ms). Based on the Controlled Oral 
Word Association Test (COWAT) they were informed that personal 
names, numbers, and names of cities would not be counted as valid 
answers. Furthermore, successive words starting with the same prepo-
sition, numbers, and duplicates were excluded. Correct answers were 
recorded by two experimenters, who were present in the room. The 
stimulus letters were balanced according to the number of words 
occurring in the Dutch language per each of the letters. The lists were 
composed of the following sets of letters: U, G, L, A, F, K, Z, V, D, H (Set 
1); and J, T, N, B, E, O, W, R, M, P (Set 2) (Lust et al., 2011a). The letters 
were presented twice in a fixed random order resulting in 20 trials of 
word generation task (see Fig. 1). We used the word generation task in a 
modified version of the standard procedure, in which participants are 
instructed only to think of the words starting with the stimulus letter 
without actually pronouncing them. Since fTCD recording took place 
during the word generation task all participants were instructed to 
whisper their answers to avoid vibrations of the vocal chords, which can 
cause unwanted artefacts in the recordings. After receiving oral in-
structions by the experimenters and written instructions before the 
recording of the first set of tasks on the computer monitor, participants 
were given one practice trial to get accustomed to the procedure of 
testing (the letter “S”, which was not used during the actual test). The 
performance measure for word generation was the average number of 
words per letter generated by the participant. When a participant 
misheard the stimulus letter, this trial was excluded from the calculation 
of the average. 

2.2.2. Mental rotation task 
An adapted version of the MR task described in Shepard and Metzler 

(1988) was used. We generated six individual figures composed from 
eight cubes. From each Fig. 3D rotated versions were generated, pre-
senting views at different angles, as well as mirrored images of each. 
These images were used to produce matching and mismatching stimulus 
pairs (Fig. 1). Participants were asked to determine if a pair were the 
same or different 3D figures. The start of the task was preceded by a 
baseline period of 25 s and the start indicated by a cue tone (880 Hz, 
1000 ms), followed by the sequential presentation of 5 stimulus pairs 
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within a period of 20 s. Each pair was presented on a monitor for 3000 
ms followed by a blank screen (1000 ms) during which participants 
indicated ‘same’ or ‘different’ by pressing the corresponding button on a 
device in front of them. This custom-made input device showed two 
vertically-aligned buttons with a distance of 80 mm – the top green 
button representing “same shape” and the bottom red one “different 
shape”. The input device was fixed in place at the center axis of the 
monitor and the participants were instructed to put both index fingers 
and thumbs on the top and bottom button, respectively. This arrange-
ment, together with the vertical alignment of the buttons, was chosen to 
avoid interference from differential activation of the right or left motor 
cortex during this task as much as possible. The performance of the 
mental rotation task was measured as the number of correct decisions 
(range 0–100; 100 being the maximal score). A response was wrong 
when two shapes were indicated as being the same when they were not, 
when two shapes were reported as being different while they were 
rotated forms of each other, or when the participant did not give the 
response within the set response time. 

Participants were given two practice trials to get accustomed to the 
procedure of testing using cube shaped stimuli that were not shown 
during the actual testing. Internal reliability of the task was determined 
by correlating the lateralization indices of the first and the second block 
of mental rotation (Pearson correlation r = 0.794, p < .000). 

2.3. fTCD 

2.3.1. fTCD setup and analysis of raw data 
This technique uses the blood flow velocity in the left and right 

middle-cerebral arteries, which reflects oxygen demand of the parts of 
the cortex involved in a task. This is validated as a measurement of 
hemispheric dominance with both the WADA test as well as fMRI 
(Knecht et al, 1998, 1999, 1998; Stroobant and Vingerhoets, 2000). 
FTCD recordings were performed using the ultrasonic Doppler apparatus 
(DWL Doppler Box, Compumedics Germany) and QL 3.0 software. Two 
transducer probes (2 MHz) were positioned on the left and right tem-
poral windows of the participant and fixed in a position that allowed the 
clearest readout of the signal typical of the middle cranial artery (MCA) 
(for a detailed description of fTCD, see Deppe et al., 2004). FTCD was 
only recorded during single-task sessions. During the time of dual-task 
testing the device was switched off but remained on the head of the 
participant. When no clear MCA signal could be found (due to head 
shape or other reasons), participants were excluded (n = 8). 

Analysis of the fTCD recordings was performed using the dopOSCCI 
m2 software package (Badcock et al., 2012a) to determine hemispheric 
lateralization of language processing (WG) and spatial processing (MR) 
with the help of Matlab software package R2011b. Recordings of 
single-tasks were combined to include 20 trials each for WG and MR, and 
fed into the dopOSCCI program where the raw data was processed in 
such a way that artefacts (e.g. effects of heartbeat) were removed and 
the 20 trials centred on the event of the cue tone so that all baseline and 
task periods would align. From these aligned trials an average of the 
change in blood flow velocity relative to baseline is calculated for the 
right and left MCA, which is a proxy for hemispheric activation. The 

baseline period was chosen 15 s before the cue tone even though 25 s 
were recorded in order to omit carry-over effects from the previous task 
period. To determine the individual laterality of a task we chose an 
analysis period (period of interest POI) from 7 s after the cue tone until 
the end of the task (see Fig. 2). We did not use the time-period right after 
the cue tone to exclude possible activation effects of the cue and because 
of the delay in vascular response (see Fig. 3). We chose to use a period of 
interest (13 s) that is longer than the commonly used peak window (2 s) 
within a period of interest for the calculation of the laterality index of a 
participant for a task because this is the relevant period of the cognitive 
processing of the task and gives a more stable estimate of the laterali-
zation in comparison to the 2 s most lateralized peak window (Knecht 
et al., 1998). A similar approach has been used successfully by other 
studies (Petit et al., 2020; Woodhead et al., 2020). The laterality index 
was automatically calculated by subtracting the average blood flow 
velocity change of the right MCA from the left MCA, thereby resulting in 
a negative score when the right hemisphere was dominant for a task and 
vice versa a positive score for a left-dominant task. 

2.3.2. Procedure 
Participants sat in a quiet room on a comfortable chair in front of a 

computer screen. Tasks were presented with a behavioral stimulus 
program (E-prime, Psychology Software Tools, Pennsylvania, USA). In 
single tasks each trial lasted for 20 s, preceded by a 25 s blank screen for 
fTCD baseline recording (Fig. 1). Participants were asked to think of 
nothing or a starry night sky during this resting period. In dual tasks the 
baseline period was shortened to 15 s since no fTCD recording took 
place. 

Cognitive tasks were administered in two conditions: a single-task 
condition, in which a word-generation task or a mental rotation task 
had to be performed separately, and a dual-task condition in which both 
tasks had to be performed simultaneously. In order to avoid learning 
effects for the sequence of the task blocks, the first half of both single- 
tasks were presented before and the other half after the dual-task con-
dition. For example, the sequence was 10 trials single-task WG, 10 trials 
single-task MR, 20 trials dual-task WG + MR, 10 trials single-task WG, 
and 10 trials single-task MR. In order to balance the sequence of MR and 
WG tasks as well as the sets of letters between participants, we admin-
istered eight different protocols, each comprised of an individually- 
balanced randomization of starting task (WG/MR), letter set, and MR 
stimulus set. 

In the dual-task condition after the cue, the spoken letter was pre-
sented as well as the sequence of five MR stimulus pairs so that words 
starting with the stimulus letter had to be whispered while also pressing 
the correct button for matching versus mismatching pairs. Before the 
actual recording of the task participants were given two practice trials to 
get accustomed to the procedure of testing using cube shape stimuli and 
letters (C and I) that were not presented during the actual testing. 

2.4. Determination of lateralization strength, direction, and patterns 

DopOSCCI software calculated a lateralization index (from here on 
called fTCD_LI) and its standard error within the period of interest based 

Fig. 1. Scheme of the task block sequence and the 
timing of the trials. Task blocks of single tasks consist 
of ten trials, and the dual task of 20 trials. First task 
blocks are preceded by one practice trial (indicated 
by asterisk). Single task blocks alternate between MR 
and WG. Each trial begins with a baseline “resting” 
period (25 s in single tasks, 15 s in dual tasks), fol-
lowed by a cue tone (black bar), after which the task 
must be performed for 20 s. Internal reliability of the 
task was determined by correlating the lateralization 
indices of the first and the second block of word 
generation (Pearson correlation r = 0.577, p < .000).   
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on a maximum of 20 epochs and a minimum of 8 epochs. Participants 
with less than 8 valid epochs were excluded (n = 8) (Badcock et al., 
2012b). The specific settings used can be found in the Supplementary 
(S1). To determine the direction of lateralization and thereby assessing 
which of the two hemispheres was more involved in the task, we 
recorded the algebraic sign of the fTCD_LI. Based on this, we assigned 
participants to different groups based on their laterality per task: 
left-lateralized (positive score) or right-lateralized (negative score) 
(Table 1). These classifications were then used to assign participants into 
one of four groups of laterality patterns that were possible for the 
dual-task situation: ipsilateral left (both tasks lateralized in the left 
hemisphere), ipsilateral right, typical (WG left, MR right), or mirrored 
(WG right, MR left, see Table 1). Since we wanted to include the full 
spectrum of lateralization strength (see below) in the dataset we did not 
exclude participants with non-significant lateralization (based on the 
95% CI of the fTCD_LI). An additional analysis of the data using this 
stricter classification can be found in the supplementary material (S3). 

The strength of lateralization is represented by the numeric value of 
the fTCD_LI, without algebraic sign. The combined strength of laterali-
zation is calculated by adding up the numeric values of the fTCD_LI 
measured for MR and WG. 

2.5. Statistics 

2.5.1. Dual-task performance and interference 
Dual-task performance was calculated by adding up the standardized 

values (z-scores) of the mental rotation task performance score and the 

Fig. 2. Examples of cube figures used as stimuli for the mental rotation task. A – original figure, B – rotated matching version, C – mirrored non-matching version.  

Fig. 3. Functional Transcranial Doppler signals for Word Generation (WG) and Mental Rotation (MR) averaged over trials and participants, showing average change 
of blood flow velocity relative to baseline in the left (dotted line) and right (full line) middle cerebral artery (MCA). The light grey area depicts the baseline period 
and the dark grey area the period of interest as used in the analyses. The X-axis represents the timeline of one trial, with task onset at0 s. The difference in amplitude 
between the lines represents the direction and strength of lateralization of the task, with a reversed direction of lateralization for the two tasks (Y-axes are different 
scales for MR and WG). 

Fig. 4. Lateralization indices of MR and WG task. Negative values indicate 
lateralization of a task in the right hemisphere; positive values indicate later-
alization in the left hemisphere. High values indicate strong lateralization. 
Accordingly, each quadrant represents a specific lateralization pattern. 
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word generation task performance score under dual-task conditions. 
Dual-task interference was calculated based on the difference in per-
formance between single- and dual-task (a negative score implied dual- 
task interference, i.e. Dual-Task – Single-task (since higher scores 
represent better performance)). The z-scores of these differences were 
summed and averaged for WG and MR to obtain the overall dual-task 
interference. 

2.5.2. Analysis 
Statistical analyses were performed using SPSS Statistics software 

(version 22). 
To test hypotheses 1 and 2, i.e. better single-task performance with 

stronger lateralization and typical direction of lateralization, we con-
ducted general linear models (GLMs), with the respective performance 
measures for WG and MR as dependent variable. The three main factors 
in these models were strength of lateralization, direction of lateraliza-
tion, and sex (strength of lateralization was added as covariate). 
Furthermore, the interaction term between strength and direction of 
lateralization was added. In a stepwise backwards regression approach 
we removed all non-significant factors. The two main terms of the hy-
potheses (strength and direction of lateralization), remained in the 
model regardless of their significance level. In order to confirm hy-
pothesis 1, strength of lateralization should show a significant positive 
influence on the performance score for WG and MR. In order to confirm 
hypothesis 2, we should find a significant effect of the direction of 
lateralization on the performance of MR and WG. Furthermore, we 
predict a significant interaction effect, in the way that strength of 
lateralization is positively correlated to performance in typically- 
lateralized participants, but has no or a negative correlation in atypi-
cally lateralized participants. Sex was included in the models because of 
possible sex differences in language and spatial orientation performance 
(e.g. reviewed in Hyde, 2016). 

Under dual-task conditions, we tested our hypothesis 3 as follows: 
We conducted a GLM, using the combined performance of both tasks as 
dependent variable, and as factors the pattern of lateralization 
(contralateral vs. ipsilateral) the combined strength of lateralization 
(added as covariate), the interaction of those two terms, and sex. For the 
test of hypothesis 4 we used the same terms including the dual-task 
interference as dependent variable. We conducted a stepwise back-
wards regression procedure as described above, removing all non- 
significant effects while leaving the three main terms of the hypothe-
ses (strength and direction of lateralization as well as their interaction) 
in the model regardless of their significance level. Based on hypothesis 3 
we expect a significant positive effect of combined strength of laterali-
zation and of the pattern of lateralization on dual-task performance 
(with the contralateral lateralization pattern resulting in better perfor-
mance than the ipsilateral pattern), as well as a significant interaction 
between the two terms. For the latter we predicted that strength of 
lateralization will be positively correlated to performance for contra-
lateral participants but not for ipsilateral participants. Similarly, for 
interference under dual-task conditions, we expect a significant inter-
action wherein strength of lateralization negatively correlates to per-
formance decrease contralateral participants. 

For all factors we report the effect size as partial eta squared (η2) and 
interpret it according to Richardson (2011) (0.01, 0.06, and 0.14 for an 
indication of a small, medium, or large effect). 

To confirm the appropriateness of the stepwise backwards progres-
sion procedure, residual plots of all final models of each analysis were 
visually inspected to check whether the model was jeopardized. This 
was not the case for any of the models. Additionally, we calculated the 
Akaike information criterion (AIC = n*log (SSE/n)+2 (k+1) in which n 
= sample size, SSE = sum of squared errors, k = number of predictors) 
for every step of the backwards regression in order to select the best 
model over all steps (see Supplementary S2). 

3. Results 

3.1. Lateralization of the participants 

In order to describe our study population and thus the basis of the 
results below, we show the distributions of the various categories of 
lateralization. Table 1 lists the distribution of participants over the 
respective lateralization categories showing that the majority of par-
ticipants adhere to the typical direction of lateralization (WG left, MR 
right). Resulting from these categories are the 4 different lateralization 
patterns based on the distribution of the two directions across both 
hemispheres (represented by the cells of the table). The data yielded 
sufficient variability in lateralization patterns for analyzing the effect of 
the lateralization pattern separately from strength of lateralization 
(Table 1, Fig. 4). In total, of the 72 participants 46 had a contralateral 
organization (41 were typically lateralized, 5 mirrored) and 26 partic-
ipants showed an ipsilateral organization. 

The individual categories and lateralization indices are displayed in 
Fig. 4, where the distance from zero represents the strength of 
lateralization. 

3.2. Effect of strength and direction of lateralization on single-task 
performance 

3.2.1. Word generation 
As depicted in Table 2, no effects of strength or direction of lateral-

ization on performance of the single word generation task were found. 
There were no outliers detected in the distribution of the lateralization 
indices measured under WG. Similarly, excluding participants who were 
not significantly lateralized for the task (henceforth ‘bilaterals’ – where 
the 95% CI of the ftcd_LI-score overlaps with 0), resulted in no signifi-
cant effect of strength of lateralization (p = .607) and direction of 
lateralization (p = .480, Supplementary table S3). 

3.2.2. Mental rotation 
Table 3 reports the results of the GLM analysis of single-task MR 

performance. The final model revealed a significant positive effect of 
direction of lateralization of MR on performance of MR (Fig. 4), but not 
of strength of lateralization, although the p value approached alpha. The 
interaction of strength and direction are not significant. Sex as a main 
factor was also not significant. The removal of outliers (n = 3, strength of 
lateralization≥7.9) lowered the p-value below alpha but did not change 
the rest of the results qualitatively (direction of lateralization MR p =
.031; Strength of lateralization MR p = .049; sex p = .209; Strength of 
lateralization MR* direction of lateralization MR p = .641). When 
excluding bilaterals we find a different outcome, I e. no significant effect 
of strength of lateralization (p = .151) and direction of lateralization (p 
= .198, Supplementary table S2). 

Table 2 
Inferential statistics and effect sizes for Word Generation (WG) performance 
(average number of words per letter) after stepwise backwards regression. Bold 
p-values refer to the final model. Non-bold values indicate the p-value of the 
independent variable before removing this factor from the model in the subse-
quent step in the backward procedure.  

Factor Final model 

F df Last 
calculated p 

Partial eta 
squared η2 

B 

Direction of lateralization 
WG 

.156 1 .694 .002 -.160 

Strength of lateralization 
WG 

1.625 1 .207 .023 .140 

Strength of lateralization 
WG* direction of 
lateralization WG 

.599 1 .442   

Sex .955 1 .332    
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3.3. Dual-task performance 

The present study reveals a dual-task performance decrease of 46% 
as compared to 18% in the previous study of Lust, Geuze, Groothuis & 
Bouma (2011). Thus, our aim to study dual-task performance and 
lateralization under more demanding task conditions was met. 

For the analyses of dual-task performance, the final model revealed a 
significant positive effect of the combined strength of lateralization on 
both tasks (p = .038), while the other predictors did not reach statistical 
significance (see Table 4 and Fig. 5). The removal of outliers (n = 2, 
combined strength of lateralization≥13) did not change the results 
qualitatively (lateralization pattern p = .937; combined strength of 
lateralization p = .036; sex p = .504; combined strength of lateralization 
* lateralization pattern p = .783). Opposed to our findings above, 
excluding bilaterals did not result in a significant effect of combined 
strength of lateralization (p = .675) Lateralization pattern (p = .778) 
and interaction of the two factors were not significant as well (p = .387, 
Supplementary table S4). 

3.4. Dual-task interference 

Dual-task interference was not related to strength or pattern of 
lateralization, or their interaction (see Table 5). The removal of outliers 
(n = 2, combined strength of lateralization≥13) did not change the re-
sults qualitatively (lateralization pattern p = .642; combined strength of 
lateralization p = .800; sex p = .177; combined strength of lateralization 
* lateralization pattern p = .984). Excluding participants who were 
bilateral for at least one of the tasks resulted in no significant effect of 
lateralization pattern (p = .509), a significant effect of the combined 

strength of lateralization (p = .049), which was not found in the analysis 
above, and no significant effect of their interaction (p = .790, Supple-
mentary table S5). 

4. Discussion 

In this fTCD study, we examined the influence of brain lateralization 
on single- and dual-task performance to evaluate the possible Darwinian 
function of lateralization. We extended on previous studies by success-
fully applying a more demanding cognitive task. In doing so, we showed 
that we succeeded to test hypotheses under a higher level of mental load 
than in previous studies, especially under dual-task conditions. We 
predicted that under single-task conditions stronger lateralization (hy-
pothesis 1) and typical hemisphere organization (direction of laterali-
zation as being present in the majority of the population, hypothesis 2) 
would lead to better task performance. Similarly, under dual-task con-
ditions we expected individuals with a (stronger) contralateral lateral-
ization pattern to perform better (hypothesis 3) and to experience less 
dual-task interference (hypothesis 4). 

Single-task performance of a language task (WG) was not 

Table 3 
Inferential statistics and effect sizes for mental rotation (MR) performance 
(average number of correct decisions) after stepwise backwards regression. Bold 
p-values refer to the final model. Non-bold type indicates the p-value of the in-
dependent variable before removing this factor from the model in the subse-
quent step in the backward procedure. The asterisk indicates statistical 
significance.  

Factor Final model 

F df Last 
calculated p 

Partial eta 
squared η2 

B 

Direction of lateralization 
MR 

4.450 1 .039* .061 7.4 

Strength of lateralization 
MR 

3.248 1 .076 .045 1.2 

Strength of lateralization 
MR* direction of 
lateralization MR 

.004 1 .953   

Sex .888 1 .349    

Table 4 
Inferential statistics and effect sizes for combined dual-task performance after 
stepwise backwards regression. Bold p-values refer to the final model. Non-bold 
values indicate the p-value of the independent variable before removing this 
factor from the model in the subsequent step in the backward procedure. The 
asterisk indicates statistical significance.  

Factor Final model 

F df Last 
calculated p 

Partial eta 
squared η2 

B 

Lateralization pattern 
(contralateral vs. 
ipsilateral) 

.075 1 .785 .001 .153 

Combined strength of 
lateralization 

4.482 1 .038* .062 .105 

Combined strength of 
lateralization 
*Lateralization pattern 

.005 1 .946 <.000 -.007 

Sex .742 1 .392    

Fig. 5. Relation between MR performance and strength of MR lateralization for 
the laterality groups left lateralized – filled triangles, solid line; and right lat-
eralized – open circles, dashed line. Fitted lines are linear, based on subgroups 
left (solid) and right (dashed). 

Table 5 
Inferential statistics and effect sizes for dual-task interference after stepwise 
backwards regression. Bold p-values refer to the final model. Non-bold values 
indicate the p-value of the independent variable before removing this factor 
from the model in the subsequent step in the backward procedure.  

Factor Final model 

F df Last 
calculated p 

Partial eta 
squared η2 

B 

Lateralization pattern 
(contralateral vs. 
ipsilateral) 

.250 1 .619 .004 .156 

Combined strength of 
lateralization 

.077 1 .783 .001 .009 

Combined strength of 
lateralization 
*Lateralization pattern 

.003 1 .960 <.000 -.003 

Sex 1.692 1 .198    
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significantly influenced by the strength or direction of lateralization, 
and the interaction of the two terms (Table 2). Sex was also not found to 
be a significant predictor, albeit women tended to have slightly better 
scores (see Supplementary S4), consistent with earlier reports indicating 
that women generally perform better in language tasks (e.g. Reilly et al., 
2016). 

Single-task performance was not related to the strength of laterali-
zation in the spatial task (MR), although the p value approached the 
critical value of 0.05. Moreover, when analyzing the data without out-
liers the relationship became significant. The absence of an effect of sex 
in the mental rotation task is typical for the task setup we used (Peters 
and Battista, 2008). The presence of an effect of strength of lateralization 
is in disagreement with our previous studies that applied word genera-
tion and different visuo-spatial tasks (a dynamic landmark task and a 
driving simulator task, respectively (Lust et al., 2011a, 2011b)). This 
discrepancy might be explained by the fact that we made the 
visuo-spatial task more difficult. Consistent with our second hypothesis, 
we found that for mental rotation the direction of lateralization had a 
positive effect on task performance with medium effect size (Table 3). 
However, contrary to our second hypothesis, it was the 
atypically-lateralized group (left-dominant for mental rotation), which 
performed better (Fig. 5). 

Interestingly, the effect of a left-lateralized advantage for mental 
rotation is strengthened by the fact that the association is found equally 
well in both sexes (supplementary S4, table S6). We have identified 
several post-hoc potential explanations for this phenomenon, which 
mostly take into consideration not the argument that there is an 
advantage for left-lateralized spatial processing per se but rather that the 
nature of our experimental setup caused this. Mental rotation is recog-
nized as a multidimensional task for the solving of which different 
strategies can be utilized (Gardony et al., 2017; Lamm et al., 2007). In 
our case, the task is made more difficult by having the participants input 
their answer via button-pressing within a very short time frame (4 s). It 
could be argued that mental rotation in close time proximity to 
button-pressing involuntarily induces the need for task-switching, which 
has been shown to recruit the left posterior parietal cortex (Corbetta and 
Shulman, 2002). Additionally, Lamm et al. (2007) show in an 
fMRI-based experiment that matching a stimulus and preparing to give 
the response activates the left hemisphere network as opposed to other 
steps in mental rotation. Based on this information, we could speculate 
that we find an advantage for left-lateralized participants since our task 
setup was focused on matching the stimuli and compressed that 
response into a short time window asking the participant to make quick 
and precise decisions repeatedly. Another experiment using actual 
physical 3D block figures measured the effect of left- or right handed 
finger-tapping on performance of mental or manual rotations of the 3D 
figures (Yeary et al., 2002). They found that right-handed finger tapping 
(loading on the left motor cortex) interfered with mental rotation while 
right-handed finger tapping interfered with manual rotation thereby 
providing another incidence of left-hemispheric involvement of mental 
rotation. Yet another consideration is to ask which sort of visual pro-
cessing was induced by the specific stimuli used in our setup. Brederoo 
et al. investigated different visual stimuli and paradigms and their 
associated patterns of lateralization with respect to different principles 
of hemispheric organization (Brederoo et al., 2020). They found that the 
left hemisphere was typically involved in processing local form (detai-
l-oriented, perception of edges, corners, and individual features) while 
the right hemisphere was responsible for global form (overview, 
perception of the overall “Gestalt”). Local feature processing might be of 
advantage for the stimulus type and task we have created, since it fea-
tures sharp lines, edges, and corners that are essential to solve the task 
more successfully. However, since we cannot identify the specific 
cognitive domains which are used by the participants to perform the 
mental rotation task, this remains speculative. More research with 
different types of stimuli would be needed to discern if left dominance is 
an advantage for mental rotation in general or dependent on the specific 

task type. 
In contrast to hypothesis 1, the strength with which a function is 

lateralized does not seem to affect performance of the WG task whereas 
for the MR task the results are indecisive. This is because of the finding 
that the almost significant positive correlation between strength of 
lateralization and performance in the mental rotation task can be seen 
both in typically right- and atypically left-lateralized participants and 
becomes significant when outliers are excluded. The consistent lack of 
an effect of typical direction of lateralization on performance suggests 
that evolution has not prepared specific hemispheres for these specific 
tasks, explaining perhaps why there is so much variation in patterns of 
lateralization as indicated in Fig. 3. This is, however, not mutually 
exclusive with the idea that other – more ecologically relevant – tasks (e. 
g. facial recognition) could be the target of selection towards a specific 
hemisphere. 

Of the three studies of our research group examining the effect of task 
lateralization on performance, using fTCD with a visuo-spatial task, and 
a language task, only one found an advantage of having a typical 
lateralization pattern (Lust et al., 2011a), however, the two follow-up 
studies did not find this effect (Lust, Geuze, Groothuis, van der Zwan, 
et al., 2011; this study). The reason for this discrepancy might be the 
differences in composition of the samples. The first study of Lust et al. 
contained right-handers only and no participants with a mirrored 
lateralization pattern. The follow-up studies (Lust, Geuze, Groothuis, 
van der Zwan, et al., 2011; this study) had a balanced proportion of 
right- and non-right-handers (or at least a significant proportion of 
left-handers) and participants with a mirrored lateralization pattern. 

Contrary to our hypothesis, we did not find that in a dual-task par-
ticipants with contralateral lateralization outperformed those with an 
ipsilateral organization pattern. The absence of a significant interaction 
effect between the pattern and strength of lateralization adds detail to 
this finding by showing that no lateralization subgroup was 
differentially-affected by the strength of lateralization. By itself, how-
ever, strength of lateralization was a significant predictor of dual-task 
performance with a medium effect size (Table 4), showing a benefit 
for stronger lateralization irrespective of the actual distribution of the 
two functions over the hemispheres. This is supporting a Darwinian 
function of strength of lateralization for a cognitive task assuming that 
better performance has a positive effect on fitness (similar findings of 
this effect are reviewed in Tzourio-Mazoyer et al., 2017). Moreover, the 
fact that strength of lateralization had a positive effect on dual-task 
performance irrespective of an ipsi- or contralateral organization of 
the brain (Fig. 6) is an indication against an effect of hemispheric 
crowding. 

When analyzing the dual-task interference (i.e. performance 
decrease when two tasks are executed simultaneously) as was done by 
Lust and colleagues (therein called “dual-task efficiency”, Lust, Geuze, 
Groothuis, van der Zwan, et al., 2011; Lust, Geuze, Groothuis and 
Bouma, 2011), we could not replicate the results from their first study 
where the typically-lateralized group was less affected by dual-task 
interference (Lust et al., 2011a). Our present findings are in accor-
dance with their second study, in which a driving simulator was used as 
spatial task and where no correlation between the lateralization group 
or strength of lateralization with interference have been found (Lust 
et al., 2011b). However, we consider the effect that we found of strength 
of lateralization on dual-task performance a more relevant target for 
Darwinian selection than the decrease in performance in dual-tasks 
relative to single tasks, as this is only a relative measure. 

Overall, we found evidence that stronger lateralization increases 
cognitive performance during the dual-task, and possibly one of the 
single tasks, while the pattern of lateralization had no effect. We found 
that the direction of lateralization had a significant effect on task per-
formance albeit the atypical direction had the advantage. The first 
finding raises the question why there is still so much variation in the 
strength of lateralization, despite the suggested directional selection for 
increased strength, at least in dual-task-type situations. Perhaps 
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increased strength of lateralization may lead to potential fitness costs 
that have not been quantified yet but have been suggested by several 
authors, such as larger vulnerability for brain damage and too much 
predictability for predators or social competitors in motor behavior (e.g. 
Vallortigara et al., 1999; Vallortigara and Rogers, 2005). 

The limitations of our study lie in the fact that the tasks we used, 
cannot be generalized to all cognitive functions of the brain and only 
represent a small portion of its crucial array of capabilities. Moreover, it 
needs to be considered that even though the tasks we used are well- 
established, they only test limited aspects of language and visuospatial 
function. Secondly, our estimate of lateralization in brain activity in the 
dual-task condition is based on measurements taken during the single- 
task due to technical reasons, but ideally, it would be interesting to 
measure this simultaneously during the performance of the dual-task. 
The latter might be solved by using fMRI to clearly localize distinct 
activation patterns during the dual-task itself, and at the same time 
allowing to examine whether it makes a difference to lateralization if a 
task is only performed in the mind or has a physical component (e.g. 
speaking or button-pressing). In future studies it would be interesting to 
record the fTCD-signal throughout the whole procedure, including the 
dual-task, to record possible effects on performance and to determine 
the specific lateralization thereof. 

5. Conclusion 

In our study, we found that atypically leftward lateralization was 
associated with better task performance in the visuospatial task, but 
direction of lateralization was not a significant predictor of language 
task performance. We could not find an effect of strength of lateraliza-
tion on the performance of a language task but found some evidence for 
such a relationship for the mental rotation task. The fact that the effect of 
direction was only present in the MR task and not in WG indicates that 
the association between lateralization and performance is likely to be 
task specific. When performing two cognitive tasks simultaneously, we 
found that increased overall strength of lateralization was associated 
with better dual-task performance irrespective of lateralization pattern. 
Interference experienced during dual-task conditions was not associated 
with strength or pattern of lateralization. From this, we infer that 

strength of lateralization serves a Darwinian function, at least in the 
performance of simultaneous tasks, but that the lateralization pattern 
typically seen in the majority of humans does not seem to result from 
evolutionary selection for enhanced performance, explaining the inter- 
individual diversity of lateralization patterns in our species. 
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