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Abstract Right-handed people show an advantage in
detecting a delay in visual feedback concerning an active
movement of their right hand when it is viewed in a natu-
ral perspective compared to when it is seen as if viewing
another person’s hand (Hoover and Harris in Exp Brain Res
233:1053-1060, 2012. doi:10.1007/s00221-014-4181-9;
Exp Brain Res 222:389-397, 2015a. doi:10.1007/s00221-
012-3224-3). This self-advantage is unique to their domi-
nant hand and may reflect an enhanced sense of ownership
which contributes to how right-handed people relate to the
world. Here we asked whether left-handers show the same
pattern of performance for their dominant hand. We meas-
ured the minimum delay that could be detected by 29 left-
handers when viewing either their dominant or non-domi-
nant hand from ‘self’ or ‘other’ perspectives and compared
their thresholds to an age-matched sample of 22 right-
handers. Right-handers showed a significant signature self-
advantage of 19 ms when viewing their dominant hand in
an expected ‘self’ perspective compared to ‘other’ perspec-
tives. Left-handers, however, showed no such advantage for
either their dominant or non-dominant hand. This lack of
self-advantage in detecting delayed visual feedback might
indicate a less secure sense of body ownership amongst
left-handers.
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Introduction

Our hands are the main organs with which we interact with
the world: they are our presence in the world and an organ
of the mind (Radman 2013). Our hands are used to aid
thought (e.g., in counting) and are an important social tool
with which we gesture, communicate, caress, and fight.
Other people’s hands are important to us too as indicators
of what they might be about to do. Try not to look where
someone is pointing! Learning to manipulate objects with
the hands plays a critical role in cognitive development
through a child’s interactions with the world (Piaget 1954;
Bremner and Cowley 2013) and in the construction of the
body schema (Merleau-Ponty 1945). It is through interac-
tions with the world, largely with the hands, that a child
learns to distinguish themselves from the rest of the world
and to develop a distinct sense of self (Rochat 1989, 1998,
2003; Rochat and Striano 2000). The hand then can be
regarded as the agent, or even the representative, of the self.

Unlike most mammals, humans generally show a strong
handedness preference (Bryden et al. 2000; Chatagny et al.
2013) with approximately 90 % preferring the right (Old-
field 1971; Annett 1985). This preference is associated with
the dominant hand (and arm) being stronger (Farthing et al.
2005), faster (Annett et al. 1979) and more precise in per-
forming motor tasks (Heuer 2007; for a review see Goble
and Brown 2008). Hand preference may be more than just
for convenience: because of the extensive use of the pre-
ferred hand, people with dominant right hands experience
and interact differently with their environment than people
with dominant left hands. Handedness, therefore, frames
right- and left-handers’ creation of the mental representations
of their bodies and actions differently: the body-specificity
hypothesis (Casasanto 2009). This hypothesis posits that
‘peri-dominant-hand space’ (left for left-handers and right
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for right-handers) provides a reference frame that distin-
guishes self from non-self body parts (Conson et al. 2010).

Although many behaviours in left-handers are simply
reversed relative to right-handers along with their handed-
ness preference, there is some indication that the difference
between left- and right-handers may be more profound lead-
ing to left-handers having a more easily disrupted perception
of self. Thus, left-handers may be slightly more vulnerable
to the rubber hand illusion which involves accepting an arti-
ficial hand as part of one’s own body (Ocklenburg et al. 2011
but c.f., Haans et al. 2008). Left-handedness has been linked
to cognitive disorders, such as schizophrenia (Lishman and
McMeekan 1976; Orr et al. 1999; Webb et al. 2013), which
are associated with a reduced sense of agency (Franck et al.
2001; Maeda et al. 2013), less confidence of being in con-
trol of one’s actions (Gallagher 2000) and a weaker sense of
body ownership (as seen for example through an increased
rubber hand illusion; Thakkar et al. 2011). Might this mean
that even healthy left-handers may have a propensity for
lowered body ownership relative to right-handers?

The sense that you are in control of your body’s
actions—the sense of agency (Gallagher 2000)—is associ-
ated with the sense that you own your body (van den Bos
and Jeannerod 2002). Body ownership, however, can be dis-
sociated from agency (Sang et al. 2006; Balslev et al. 2007)
and can be quantified by assessing the tolerance for a tem-
poral asynchrony between visual feedback and efferent and
proprioceptive information during a self-generated move-
ment (Hoover and Harris 2012, 2015a, b). Performing this
task requires the participants to identify the image as being
of their own hand and is therefore a test of body ownership.
Right-handers are more sensitive at detecting such an asyn-
chrony when viewing movement of their dominant hand in
the natural ‘self’ perspective than when viewing their domi-
nant hand from another perspective or their non-dominant
hand from any perspective (Hoover and Harris 2012). We
interpret this characteristic self-advantage as an implicit
measure of body ownership suggesting a special place for
the right hand in the self-representation of right-handers.
Can such a self-advantage be found for left-handers?

We therefore measured the thresholds for detecting delay in
visual feedback for movements of the left and right hands in
left-handers while they viewed either hand from a natural ‘self’
perspective and from the perspective of another and compared
results with an age-matched control group of right-handers.

Methods
Participants

We tested a total of 56 (32 left- and 24 right-handed) par-
ticipants, 26 of whom were recruited through the York
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University Research Participants Pool and were awarded
class credit for their participation. The remaining 30 par-
ticipants were recruited through posters and snowball tech-
nique on campus and were paid $10 per hour of participa-
tion. Handedness was determined by an adapted version
of the Edinburgh Handedness Inventory (Oldfield 1971).
Handedness scores could range between —100 and 100
with left-hand dominance falling between —30 and —100
and right-hand dominance falling between 30 and 100. Peo-
ple who scored as ambidextrous (between —30 and 30) did
not participate in this study. Participants who were not able
to perform the task (see “Data analysis” section) were not
included in the data analysis. In total, we analysed 29 left-
handed participants (15 females; mean age = 24 £ 7 years;
mean inventory score = —67.6 + 21, range = —30 to
—100) and 22 right-handed participants (12 females; mean
age = 26 + 8 years; mean inventory score = 83.2 £ 16,
range = 50-100). The experiment was approved by the
York University office of research ethics and follows the
guidelines of the Declaration of Helsinki. All participants
gave informed consent.

Apparatus

The apparatus was the same as described in previous stud-
ies (Hoover and Harris 2012, 2015a, b). Participants sat
50 cm away from an LCD screen (HP Fv583AA 20" wide-
screen monitor; 1600 x 900 pixels; 5 ms refresh response
time). They placed their hand on the tabletop shielded from
direct view by a black cloth. A PlayStation Eye Camera
(SCET; resolution 640 x 480 pixels @ 30 Hz) was mounted
on a chin rest and pointed down at their hand at an angle
that captured a natural view of looking down at the hand on
the table (Fig. 1).

Temporal and spatial manipulations of the movements

The video from the camera was fed into an iMAC (mid
2010), read by a MATLAB program (version R2009_b)
and played through the LCD screen with either the mini-
mal delay of the system (approximately 85 ms; see Hoo-
ver and Harris 2012) or with an imposed additional delay
of between 33 and 231 ms. The real-time video delay was
implemented with a Psychophysics Toolbox extension of
MATLAB subroutine PsychVideoDelayLoop (Brainard
1997; Pelli 1997).

Participants were presented with their left or right hand
viewed from four different viewing perspectives: (1) a
‘self” perspective (unflipped: the natural, expected image
of the hand), (2) vertical axis flip (flipped so that the hand
appeared as the opposite hand), (3) horizontal axis flip
(flipped so that the hand appeared upside down or as an
other’s opposite hand) and (4) both axes flip (flipped so that
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Fig.1 Apparatus: participants sat on an adjustable chair at a
table 50 cm from an LCD display, centred at eye level. They placed
their hand on the table shielded from view by a black cloth. A Play-
Station Eye Camera was mounted on the front of the chin rest and
pointed down at their hand. The camera was angled to capture the
view as seen from a “natural” egocentric perspective as if looking
down at their hand. Participants used foot pedals to make responses
(Hoover and Harris 2012)

the hand appeared as an other’s same hand). Visual per-
spectives 1 and 2 represented egocentric perspectives and
visual perspectives 3 and 4 represented allocentric perspec-
tives. Examples of these perspectives are shown as insets in
Figs. 2 and 3.

Movement

Participants made a single flexion of approximately 2 cm
with their index finger of either their left or right hand. A
set of 15 practice trials were completed prior to the experi-
ment to ensure that all participants performed the appropri-
ate movement and did not touch the table with their finger
or their other fingers so as to not introduce any additional
tactile cues.

Procedure

Participant sat at the table and positioned their hand in
view of the camera. We used a two-interval forced choice
(2IFC) discrimination paradigm to assess the thresholds
for detecting temporal asynchrony. For each trial, there

were two 1 s periods separated by an inter-stimulus inter-
val of 100 ms: a minimal-delay presentation of the move-
ment and an imposed-delay presentation of the movement.
Which period had which delay was randomly chosen by
MATLAB. There were eight possible differences in delays
between the two periods: 0, 33, 66, 99, 132, 165, 198 and
231 ms. Participants pressed down on foot pedals through-
out the experiment and raised their left or right foot to
indicate which period had the imposed delay (left = first
period; right = second period).

The experiment used a counterbalanced block design
where the movements of the left and right hands were
tested in two blocks. The eight differences of delay were
each presented eight times for the four viewing condi-
tions in a random order for a total of 256 trials per hand.
After 128 trials, in any given block participants were given
a break. Each session of 128 trials lasts approximately
15 min. The entire experiment consisted of 512 trials and
took approximately 1 h to complete.

Data analysis

The minimum delay that could be detected was determined
by fitting a logistic function to the proportion of times par-
ticipants correctly reported which period contained the
delayed presentation of their movement as a function of the
imposed visual delay using:

0.5

77()) (1

y=05+
1+e_< b

where x is the imposed delay, x, is the 75 % detection
threshold and b is the reciprocal of the slope of the func-
tion. The goodness of fit (+?) of this function to the data
varied between 0.6 and 0.7.

We used repeated measures analysis of variances (ANO-
VAs) on the individual thresholds for the statistical analy-
sis. We corrected for violations of sphericity by using the
Greenhouse—Geisser correction. Alpha was set at p < 0.05
and multiple comparisons were made with the false dis-
covery rate p value correction (Benjamini and Hochberg
1995). Of the 56 participants tested, five participants’ (three
left- and two right-handers) data were removed from the
analysis because they were not able to perform the task
(i.e., did not reach 75 % correct for more than half of the
conditions).

Results
Figures 2 and 3 show the proportion of times participants

correctly identified the period with the delay plotted as
a function of the delay (system plus imposed delays)
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Fig. 2 Mean proportion correct in detecting a delay plotted as a func-
tion of the imposed delay for left-handers using their dominant (left)
(a) and non-dominant (right) (b) hands. The sigmoidal curves plotted
through data are for the ‘self’ (unflipped) perspective (solid dark lines
and inverted triangles), with the video flipped around the vertical
axis (solid light lines and filled circles), flipped around the horizontal

averaged across the participants for both the left-hand
(Fig. 2) and right-hand (Fig. 3) groups for the four viewing
perspectives. Psychometric functions are plotted through
the average data. Mean thresholds and reciprocals of the
slope of the logistic fits through each participant’s data are
given in Table 1.

Discriminating visual delays for left-handers

A 2 (hands) x 4 (perspectives) repeated measures ANOVA
revealed no effect of hand (F(I,ZS) = 0.60, 0.45, npz =0.02)
or of perspective (F5g4) = 0.25, p = 0.86, np*> = 0.01).
There were no differences amongst the visual perspectives
for the left-handed participants for either their dominant
left (Fig. 2a, c) or non-dominant right (Fig. 2b, d) hands.
Analysis of the slopes (see “Methods”) showed no effect of
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axis (dashed dark lines and filled squares) and flipped around both
axes (dashed light lines and filled triangles). The vertical dashed line
represents the 75 % threshold for the ‘self” (unflipped) perspective,
and the horizontal line represents the 75 % criterion. Average 75 %
thresholds are plotted as histograms for each perspective for the dom-
inant (c¢) and non-dominant (d) hands. All error bars represent SEM

hand (F 55y = 0.22, p = 0.64, np* = 0.01) or perspective
(Fg4y=1.32,p=0.27, np* = 0.05) for the left-handers.

Discriminating visual delays for right-handers

A 2 (hands) x 4 (perspectives) repeated measures ANOVA
revealed a significant interaction between which hand was
used (dominant right hand or non-dominant left hand) and
perspective (F3 g3 = 3.67, p = 0.02, np® = 0.15). To break
down the interaction, we looked at each hand separately. For
the dominant hand (Fig. 3a, c), we found a significant effect
of perspective (Fy 1 44335y = 7-62, p = 0.001, np? = 0.266).
Thresholds were lower for the ‘self” (unflipped) perspective
M £ SE = 135 £ 7 ms) compared with the ‘other’ per-
spectives (vertical axis flip M & SE = 150 &= 5 ms, M £+ SE
difference = 14 + 6 ms, p = 0.03; horizontal axis flip
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Fig. 3 Mean proportion correct in detecting a delay plotted as a function of the imposed delay for right-handers. Format as for Fig. 2

Table 1 Mean thresholds (SDs of the cumulative Gaussians in brack-
ets) for the left- and right-handed groups, with standard errors

Dominant hand (ms)

Non-dominant

hand (ms)
Left-handers
Self (unflipped) 163 £7(26+4) 172+ 6 (20 £ 4)
Vertical axis flip 171 £9 (30 £ 5) 170 £ 6 (26 £ 6)

Horizontal axis flip
Both axes flip
Right-handers

Self (unflipped)
Vertical axis flip
Horizontal axis flip

Both axes flip

168 + 8 (25 £ 6)
169 +£7 (31 +£6)

135+ 7(16 £ 4)
150 £5 (15 £ 5)
160 + 7 27 % 6)
154 +7 (18 £ 5)

176 £8 (26 £5)
171 £10(32 £ 8)

153 +£7 (17 £ 4)
144 £ 6 (15 + 4)
159 £ 6 (25 £ 5)
157£8025+7)

M £ SE = 160 + 7 ms, M =+ SE difference = 25 + 7 ms,
p = 0.02; and both axes flip M &+ SE = 153 £+ 7 ms,
M = SE difference = 18 £ 5 ms, p = 0.02). For the

non-dominant hand (Fig. 3b, d), there was no effect of per-
spective (F33 = 2.09, p = 0.11, np* = 0.09). In other
words, the ability to detect the delay was best when par-
ticipants were moving their dominant hand and when the
images were presented in the ‘self’ perspective. When par-
ticipants were moving their non-dominant hand, there were
no differences across the visual perspectives. These results
are similar to those found in previous studies and confirm
the signature self-advantage for the right hand viewed in a
‘self” perspective (Hoover and Harris 2012, 2015a, b). Anal-
ysis of the slopes revealed no effect of hand (£, 5, = 0.18,
p = 0.68, np* = 0.01) or perspective (Fae3 = 1.97,
p =0.13, np* = 0.086).

Difference in thresholds between left-
and right-handers

There was a between-groups effect when compar-
ing the left- and right-handers (F 49y = 5.26, p = 0.03,
np?> = 0.10). When looking at the dominant hands,
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Fig. 4 Self-advantage (difference between the minimal delay
detected when viewing from the ‘self” and ‘other’ perspective in ms)
plotted as a function of laterality index where negative indicates left-
handedness, for each participant in the study. Left-handers are shown
as closed symbols and right-handers as open symbols. The distribu-
tion of values is shown as a Gaussian on the right side of the graph
for left- (grey shaded curve) and right-handers (open curve)

right-hander thresholds were significantly lower than left-
hander thresholds in the ‘self’ (t(49) = 2.817, p = 0.01;
M =+ SE difference = 28 4+ 9 ms) and vertical axis
flip (1455 = 2.11, p = 0.06, p = 0.04; M + SE differ-
ence = 21 + 10 ms) perspectives. For the non-dominant
hand, we found the same pattern: right-handers had sig-
nificantly lower thresholds than left-handers for the self
(fagy = 2.12, p = 0.04; M +£ SE difference = 19 £ 9 ms)
and vertical axis flip (tag) = 2.44, p = 0.04; M £ SE dif-
ference = 26 4+ 11 ms) perspectives. In other words, right-
handers were able to detect smaller differences in delays
than the left-handers when the hands were presented in
the upright configurations (egocentric perspectives). They
did, however, show similar abilities to detect the delay for
the inverted configurations (allocentric perspectives) using
either hand. Figure 4 plots the difference between the mini-
mum delay detected in the ‘self” and ‘other’ perspectives as
a function of the laterality index for left- and right-handers
(negative and positive laterality scores respectively). There
was no correlation of the size of the effect with laterality
index for left r (29) = 0.211, p = 0.27, r* = 0.04 and right
r (22) = —0.206, p = 0.36, r* = 0.04. The distribution of
these values is shown as Gaussians to the right of the graph.
Analysis of the slopes showed no significant between-
group differences (F; 49, = 2.42, p = 0.13, np* = 0.05).

Discussion

In this study, left- and right-handers compared movement of
their left or right hand with a video image, viewed in either
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a ‘self” or ‘other’ perspective, to estimate whether there
was a delay in the visual feedback. The results for right-
handers replicated the pattern shown in our previous stud-
ies which reported lower thresholds while viewing move-
ments of the dominant right hand (but not the left hand)
when viewing in the ‘self’ (unflipped) perspective: the
signature self-advantage (Hoover and Harris 2012, 2015a,
b). Left-handers showed no such difference in detection
thresholds across hands and perspectives and showed no
self-advantage for detecting temporal asynchrony for their
dominant hand in the ‘self’ (unflipped) perspective. Instead
left-handers’ thresholds for both hands in all the conditions
tested were comparable to those of right-handers viewing
either hand in the inverted ‘other’ perspectives. There were
no differences in the slopes of the functions across hands
and perspectives for either left- or right-handers, suggest-
ing that the task was equally difficult in all conditions for
both groups.

Self-advantage as an indicator of self

Right-handers in the present study detected a visual delay
that was about 19 ms shorter in the ‘self” perspective (dark
line inverted triangles in Fig. 3a) than the minimum vis-
ual delay detected in the inverted perspectives (light solid
and dark and light dashed lines in Fig. 3a). These results
confirm previous estimates of the self-advantage (21 ms,
Hoover and Harris 2012, 2015a, b and 20 ms, Zopf et al.
2015). We interpret the self-advantage as resulting from the
view of the hand in the natural perspective matching the
internal representation of the hand, thus being interpreted
more directly as one’s own hand. The upright configura-
tions correspond to egocentric or ‘plausible self’ perspec-
tives because the hand is seen in postures could be adopted
naturally. The inverted configurations, however, correspond
to postures that are impossible to achieve with one’s own
hands and are therefore regarded as egocentric or ‘other’
perspectives.

A similar self-advantage has been reported for other
behavioural measures such as in recognition of self in
static images of body parts (Saxe et al. 2006; Conson et al.
2010), judging laterality of hands (Parsons 1994; Dyde
et al. 2011) and enhanced body ownership illusions (e.g.,
the rubber hand illusion, Holmes and Spence 2007) when
the respective stimuli are presented in a ‘plausible self’
posture. Left-handers mirror right-handers whereby perfor-
mance on some tasks is better with their dominant left hand
compared to their non-dominant right hand. For example,
during an explicit self-recognition task using images of
hands presented in ‘self’ (upright) and ‘other’ (inverted)
perspectives Conson et al. (2010) found fastest reaction
times for left-handers recognizing their dominant hand
viewed in the ‘self’ perspective. When making speeded
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left-right hand judgments while imagining themselves
as schematic human figures, left-handers responded more
quickly when a target was located on the left side of the
figure compared to when it was on the right side (Gardner
and Potts 2010). Their results suggest that hand dominance,
and subsequently the motor experiences that stem from this
dominance, affects body/self-perception and predicts a self-
advantage for the left hand in left-handed participants. The
lack of a self-advantage in left-handers that we found using
implicit rather than explicit measure of body ownership
thus suggests that left-handers do not differentiate between
‘self” and ‘other’ as clearly as right-handers.

No self-advantage for left-handers

Left-handers tend to display a weaker (and less consist-
ent) hand preference than right-handers (Annett 1985;
McManus 1995, 2003; Bryden et al. 2000). Consistent
with this, our mean left-hand participants’ absolute later-
ality scores were about 15 points lower than those of the
right-handers. This may contribute to why right-handers’
thresholds differed with the hand performing the task,
whereas left-handers’ thresholds did not (c.f., Marzoli et al.
2013): they were not left-handed enough! However, the
extent of left- or right-handedness does not seem to be a
factor (Fig. 4). Despite their scores on a handedness inven-
tory, left-handers tend to be more ambidextrous than right-
handers (Annett 1967; Gonzales et al. 2007; Linkenauger
et al. 2009). For example, varying the orientation of a
tool has less effect on whether left-handers think they can
reach it than it does on right-handers. Right-handers score
consistently worse in this test thinking incorrectly that
tools presented in an unusual orientation are out of reach
(Linkenauger et al. 2009). If left-handers extend this ability
to their assessment of movements of their hands and regard
either as representing themselves equally, then this might
contribute to them having equal delay thresholds for each
hand; that is, left-hander’s tendency towards being ambi-
dextrous might result in them having the equivalent of two
right hands—both of which can be regarded as agents of
the self. The fact that the minimal delay that left-handers
could detect under all viewing conditions was equivalent
to thresholds in the ‘other’ perspective for right-handers
argues against this, however.

Marzoli et al. (2015) have shown that both left- and
right-handers tend to ‘perceive’ an action being performed
with the right hand when confronted with ambiguous sil-
houettes of people performing actions with their hand or
arms. These results suggest a greater attentional bias for all
people towards the right hand and may reflect the experi-
ence of left-handers in a predominantly right-handed world.
There are instances where left-handers identify as left-
handed, but performance on dexterity tasks shows that they

are actually right-hand dominant (Chatagny et al. 2013).
Although our participants were identified as left-handers
using the Edinburgh Handedness Inventory (Oldfield 1971),
it may be that they retained some right-hand dominance.
No such self-advantage for the right hand in left-handers
was observed which argues against this possibility contrib-
uting to the results of our task. However, further research
investigating how lowered hand dominance contributes to
the creation of the body schema and subsequently the sense
of body ownership for left-handers may reveal some impor-
tant differences between left- and right-handers.

A more likely correlate with the lack of self-advantage
in left-handers is the lack of asymmetry of body space
shown in left-handers in general (Gentilucci et al. 1998;
Hach and Schiitz-Bosbach 2010; Takeda et al. 2010), prob-
ably related to lesser lateralization in body and action-spe-
cific regions of the brain (such as parietal and extrastriate
areas; Willems et al. 2009, 2010a, b; Willems and Hagoort
2009; Vingerhoets et al. 2012). Hach and Schiitz-Bosbach
(2010) found that a difference in handedness led to differ-
ences in how people represent their body space. When par-
ticipants were asked to point to parts of their body or to
remove circular patches from their body while blindfolded,
right-handers had a tendency to bias the locations of body
parts and the circular patches more to the right than they
actually were, whereas left-handers showed no such spatial
bias. A lack of asymmetry was also found a mental rota-
tion task where participants identified hand images pre-
sented in varying orientations. Right-handers more quickly
identified right hands compared to left hands, whereas left-
handers showed no difference in performance across hands
(Takeda et al. 2010). Similarly, when presented with left
and right hands gripping objects in congruent and incon-
gruent grips, right-handers more easily identified right
hands, whereas left-handers again showed no bias in hand
identification (Gentilucci et al. 1998). This same symmetri-
cal performance was evident when participants were asked
to imagine others’ actions: right-handers imagined a greater
proportion of movements being performed with their right
hand, whereas left-handers had no greater proportion of
imagined actions being performed with their left hand than
with their right (Marzoli et al. 2013). These observations
suggest that left-handers do not identify with either hand,
do not have a heightened sense of ownership of their domi-
nant hand, and for them neither hand acts as a specialized
agent of self.

Conclusion
We suggest that the focus of attention and self-expression

through the right hand of right-handers is associated with
the way they interact with the world. The absence of a
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self-advantage in left-hander suggests that they do not
have such a precise internal self-representation of a hand
movement. We speculate that this may be associated with
a lowered sense of body ownership in general and conse-
quently a less clear representation of self. This may in turn
be related to why left-handers seem to be more vulnerable
to cognitive disorders associated with disorders in the rep-
resentation of self such as schizophrenia (Lishman and
McMeekan 1976; Webb et al. 2013).
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