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ABSTRACT

Open data initiatives such as the UK Biobank and Human Connectome Project
provide researchers with access to neuroimaging, genetic, and other data for
large samples of left-and right-handed participants, allowing for more robust
investigations of handedness than ever before. Handedness inventories are
universal tools for assessing participant handedness in these large-scale
neuroimaging contexts. These self-report measures are typically used to
screen and recruit subjects, but they are also widely used as variables in
statistical analyses of fMRI and other data. Recent investigations into the
validity of handedness inventories, however, suggest that self-report data
from these inventories might not reflect hand preference/performance as
faithfully as previously thought. Using data from the Human Connectome
Project, we assessed correspondence between three handedness measures -
the Edinburgh Handedness Inventory (EHI), the Rolyan 9-hole pegboard, and
grip strength - in 1179 healthy subjects. We show poor association between
the different handedness measures, with roughly 10% of the sample having
at least one behavioural measure which indicates hand-performance bias
opposite to the EHI score, and over 65% of left-handers having one or more
mismatched handedness scores. We discuss implications for future work,
urging researchers to critically consider direction, degree, and consistency of
handedness in their data.
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Introduction and motivation

Since it was first published in 1971, the Edinburgh Handedness Inventory
(henceforth EHI; Oldfield, 1971) has become the gold-standard for evaluating
handedness in neuropsychological contexts. The use of some version of the
EHI is now ubiquitous for subject screening and participant exclusion in
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neuroimaging studies, often to the omission of other methods of handedness
assessment (Fazio & Cantor, 2015). The exclusion of left-handed subjects
(defined as those with either low or negative EHI scores) in neuroimaging
contexts - specifically those probing language or other lateralized functions
— is largely justified, considering the effect of subject lateralization on var-
iance in activation patterns and resultant issues with common statistical
approaches (see Bailey, McMillan, & Newman, 2019; Kréliczak, Gonzalez, &
Carey, 2019; Vingerhoets, 2014). Still, some have argued that this is a mis-
guided approach, claiming that the inclusion of left-handers and other atypi-
cally lateralized individuals can tell us more, not less, about cortical function,
and especially, asymmetry (Willems, Haegen, Van, Fisher, & Francks, 2014).
Unfortunately, after decades of research paradigms specifically including
both left- and right-handers, handedness effects on other aspects of laterality
are still difficult to characterize. Efforts to identify a coherent relationship
between handedness and language laterality, for example, have proceeded
for over a century, and yet still, many studies show contrasting relationships
between subject handedness and hemispheric activation patterns (Badza-
kova-Trajkov, Corballis, & Haberling, 2016; Mazoyer et al., 2014; Mellet et al.,
2014; Somers et al., 2015; Zago et al., 2016).

Disparate findings from large-scale studies of functional brain lateraliza-
tion and handedness have resulted in revived discussions — at least from
within the community of laterality researchers — on the use of the EHI and
other handedness inventories. One result of these renewed discussions is a
“degree vs. direction” approach, where subjects are classed not into binary
directional categories (right- vs. left-hander), but into ordinal categories
reflecting degree of handedness, such as strong right-handed, mixed-
handed, weak left-handed, etc., prior to analysis (Gonzalez & Goodale,
2009; Kaploun & Abeare, 2010; Newman, Malaia, & Seo, 2014; Pritchard,
Propper, & Christman, 2013; Somers et al., 2015). This approach has led to
some improvements, most notably in linking variability in left-handers’
hand performance to similar variability in activation patterns in the brain;
this variability seems to be lacking overall in right-handers (Christman, Pri-
chard, & Corser, 2015). Still, the partitioning of EHI scores into ordinal cat-
egories is arguably a least-effort and post hoc approach to addressing
issues with handedness measures and classification, and - despite many cri-
tiques — the use of EHI values as a singular handedness assessment remains
consistent.

Much was done to evaluate the internal consistency and validity of hand-
edness inventories, and to compare various handedness assessments to each
other, in the 1970's and 1980’s. Overall, however, the expediency of self-
report measures like the EHI resulted in their ubiquity over other handedness
assessments (especially behavioural ones, which take time and resources to
administer). Handedness literature from the past decade is arguably returning
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to these roots, as more recent discussions parallel earlier debates on handed-
ness assessment and characterization (see Annett, 1985; Bryden, 1977;
McManus, 1983, 1984, 1985). Despite a revived interest in the validity of hand-
edness inventories (Blisch, Hagemann, & Bender, 2010; Dragovic, 2004; Fazio,
Coenen, & Denney, 2012, 2013; Milenkovic & Dragovic, 2013; Veale, 2014), to
our knowledge, only a few studies have been conducted directly comparing
self-report, survey-based handedness classifications with actual measures of
hand performance and hand preference (Brown, Roy, Rohr, Snider, &
Bryden, 2004, 2006; Bryden, Brown, & Roy, 2011; Corey, Hurley, & Foundas,
2001; Flindall & Gonzalez, 2018; Gonzalez, Whitwell, Morrissey, Ganel, &
Goodale, 2007; Leppanen, Lyle, Edlin, & Schifke, 2018; McManus, Van
Horn, & Bryden, 2016). Some of these studies evaluated a different hand-
edness inventory as their survey-based measure (such as the Waterloo
Handedness Questionnaire, or WHQ), but in general, participants in each
of these studies were asked to complete both the survey and behavioural
handedness assessments. These tasks typically include: at least one version
of a pegboard task (Annett, grooved, etc.), finger tapping, grip strength,
and other behavioural measures. Raw scores and laterality indices (or
LI's, see Methods below) for performance measures are then compared
to the survey score, which is also a laterality quotient (see Edlin et al.,
2015, however, for a discussion on EHI administration and scoring inconsis-
tencies; also see McManus et al., 2016, pp. 387-388, for a discussion on
simple differences between hands versus laterality index calculations).
Brown et al. (2004) assessed the correlations between five performance
measures (finger tapping, grip strength, both pegboard and grooved peg-
board, and the Wathand Box Test) and the WHQ in 62 participants, and
found that most measures had significant correspondence to the WHQ,
with the exception of the grooved pegboard. They later (2006) conducted
the same measures on 120 additional subjects, and found that all measures,
save for grip strength, were significantly correlated with the WHQ values.
However, in assessing directional correspondence between behavior-based
scores and the WHQ (see Methods below), many subjects (ranging
between 7% and 49%) showed at least one behavioural measure with a
different handedness direction than their WHQ score (Brown, Roy, Rohr, &
Bryden, 2006, p. 8). A backward linear regression for predicting WHQ with
behavioural scores showed the Wathand box test (WBT) as the most signifi-
cant predictor of WHQ scores, and that grip strength was the only non-signifi-
cant predictor. In a third study, they assessed the WBT and the WHQ as they
related to language laterality in 142 subjects, using the Fused Dichotic Words
Test (Bryden et al,, 2011). They found that both tasks — one behavioural and
one survey-based - had non-significant correlations with the language data,
with the exception of the WHQ and language laterality in females. They con-
clude by urging further work comparing behavioural handedness measures
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to language lateralization, implicating fMRI as a component of future
research.

Corey et al. (2001) assessed the correspondence between two perform-
ance measures including the EHI, and finger tapping, grip strength, and a
grooved pegboard task, in 52 healthy subjects. They found high correspon-
dence between preference and performance data, and only 5 subjects
showed different handedness classifications between performance LI's and
survey classifications (two left-handers and 3 right-handers). Despite this
high correspondence, they recommend the use of multiple metrics to classify
subjects based on handedness. They conclude:

Whether other anatomic asymmetries are linked to hand preference or perform-
ance or both remains unclear. A multivariate approach to defining handedness
and a multivariate examination of anatomic asymmetries may clarify the
relationship of handedness to other more complex lateralized behaviors such
as speech, language, and praxis. (Corey et al,, 2001, p. 151)

Overall, these studies suggest that there are complicated patterns of associ-
ation even between the different measures of handedness, and that survey-
based and behavior-based handedness assessments are likely not isomorphic.
These issues, obviously, would complicate any efforts to understand how hand-
edness relates to other human asymmetries (see Gonzalez, van Rootselaar, &
Gibb, 2018; Hopkins, 2018, for recent discussions of these topics).

In contrast to these approaches, Gonzalez and Goodale (2009) assessed
correspondence between the EHI and hand-performance using more natura-
listic tasks — puzzle and LEGO®-building - in 20 subjects. They filmed subjects’
hand movements and created LI's for how often subjects used each hand,
and then compared these data to EHI scores. They showed high correspon-
dence between the LEGO® and puzzle tasks for all subjects, but these data
did not match well with the EHI scores, especially for left-handers. Although
all 10 left-handers in the sample were classed as strong left-handed (average
EHI =-94.1), at least half of them used their right hand more frequently than
their left in the behavioural task (Gonzalez et al., 2007, p. 277). In a later study
probing language laterality with a dichotic listening task, they assessed cor-
relations between the EHI, grip strength, finger tapping, and the LEGO® task
in 36 subjects (Gonzalez & Goodale, 2009). They found that the LEGO® task
measures were the only ones with significant correlations with the dichotic
listening task. Although they also found significant correspondence
between the EHI, grip strength scores, and finger tapping scores, these
measures did not correlate with the dichotic listening task language laterality,
as the LEGO® task did. They suggest that, in their sample, “there is something
about visuomotor control and handedness that does not map onto other
measures of laterality in motor control” such as the EHI and more common
behavioural tasks (Gonzalez & Goodale, 2009, p. 3187).
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In another recent paper (Flindall & Gonzalez, 2018), this team combined
two handedness inventories, the EHI and Waterloo Handedness Question-
naire (for a combined survey, the E-WHQ) and assessed the survey’s accuracy,
reliability, and ability to predict grasping patterns. In a meta-analysis of data
from their previous studies, Flindall and Gonzalez (2018) showed that % right
hand use for grasp-to-build tasks correlated significantly with E-WHQ survey
scores, but only for the entire population. This effect was not replicated when
subjects were grouped into subsets by handedness, as all correlations
between E-WHQ scores and % right-hand use in Left, Right-, and Ambidex-
trous-handers were non-significant; they state that “within self-defined hand-
edness groups, individual score on the E-WHQ is not useful in predicting
right-hand preference in a simple grasping task” (Flindall & Gonzalez, 2018,
p. 7). They also assessed whether or not the consistent Likert design of the
survey impacted subject responses, showing that scrambling the response
order for the 22-item survey led to significantly lower scores than the tra-
ditional test, within the same subjects. Finally, they assessed the consistency
of subject responses in a test re-test paradigm, and found that over 90% of
participants changed their response to at least one question. Overall, the
team concludes that: “ ... the accuracy of a single handedness determination
may be questionable; at worst, E-WHQ handedness scores may be irrelevant
when it comes to predicting hand preference for grasping” (Flindall & Gonza-
lez, 2018, p. 13).

There seems to be little consensus on which measure is the best to use in
explorations of handedness-related asymmetries, specifically for language,
but extending into other functions as well. Although more naturalistic tasks
may be the most viable option, they require more time and effort on the
part of the experimenter in terms of recording, coding, and analyzing; this,
we feel, explains the ubiquity of survey-based handedness assessments
within neuropsychological research, and is one of the largest obstacles to
overcome in future work. Aside from the use of more naturalistic manual
motor tasks in the studies described above, relatively little has been done
to explore the role that the EHI itself, and other handedness measures, may
play in obscuring, not elucidating, the complexity of human handedness
and its relationship with other phenomena. To add to this discourse, we
assess multiple measures of handedness using handedness data from the
Human Connectome Project (Van Essen et al., 2013).

Methods
About the HCP data

The Human Connectome Project is an open-data initiative which provides
structural and functional neuroimaging data to researchers (along with
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demographic data, and behavioural data for several common psychological
assessments) from over 1200 healthy adult participants from the United
States. All Human Connectome Project (HCP) subjects complete a battery
of tasks, three of which are assessments of participant handedness'. The
first is the 10-question, or “short form” version, of the Edinburgh Handedness
Inventory (or EHI, see Oldfield, 1971), which is a standard self-reported survey
of hand-use preference for various tasks, and the other two are hand motor
measures from the NIH toolbox (Gershon et al., 2010; Kallen et al., 2012a,
2012b; Reuben et al., 2013; see also Wang et al., 2013). These measures
include the 9-hole Pegboard Dexterity Test (or Rolyan pegboard) which
measures time taken to complete a peg-manipulation task, in seconds
(lower values reflect better performance); and a grip strength task, measured
in pounds using a dynamometer (higher values mean better performance).
Importantly, subjects complete the pegboard and grip strength tasks with
both the left- and the right-hand, thus providing behavioral metrics for com-
paring the laterality of hand motor skills to the self-reported data from the
EHI. In addition to these three metrics, the NIH toolbox includes a direct ques-
tion: “Are you right-handed or left-handed?” — with possible responses being:
“Right-handed” “Left-handed” and “Not sure” — so we treat these responses as
a participant’s self-identified handedness. As subject recruitment was con-
ducted irrespective of handedness, the number of left-handers in this
sample, as classed by the EHI (n =112, roughly 10%), corresponds well with
broad handedness-trends across living human populations. Thus, we feel
that this is a reliable sample for assessing correspondence between self-
reported EHI values and direct physical measures of manual motor skill. Fur-
thermore, with the impressive amount of behavioural and neuroimaging data
also provided for these subjects (Barch et al,, 2013), the HCP sample provides
many future avenues for assessing handedness-related differences in psycho-
metric data, brain anatomy, and brain function.

The HCP has released data for over 1200 subjects, but this sample includes
several twin, sibling, and parent-child pairs. As we did not exclude for family
or twin status in this study, it is important to note that roughly 300 of the
1200 HCP participants are related to at least one other participant. These
data present a unique opportunity to study family relationships in future
work, and indeed there are undoubtedly many interesting interactions to
study between age, sex, twin status, and handedness in this data set. As
effects of sex, age, and other demographics may be as related to the HCP’s
recruitment and screening procedures as to a true signal, we will focus
solely on the handedness measures in this paper. Of the 1200 HCP

'Some HCP data, including information about participant handedness, is considered “restricted” by the
HCP, meaning that researchers must complete paperwork and request permission in order to gain
access to that information. Information on restricted access for the HCP data can be found at
https://www.humanconnectome.org/study/hcp-young-adult/document/restricted-data-usage.
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participants, those with positive illicit-drug test results (restricted-access'
demographic information) were first removed from the sample. Those with
either the grip strength or pegboard measures three standard deviations
above or below the sample mean were also removed from analysis. Thus,
this study includes 1179 of the 1200 HCP subjects. In addition, 46 HCP partici-
pants underwent a full test-retest paradigm and have two sets of data to
compare for internal consistency of the HCP protocols; one of the test-
retest participants was stripped from the larger sample due to outlying hand-
edness scores, so our test-rest data includes 45 participants.

Measures and terminology

Our main goal is to explore the typical ways in which neuroimagers partition
left- and right-handers into groups for analysis. Thus, many of our analyses
are run on the entire HCP sample as well as on the right- and left-handed
subject subsets, as defined by EHI scores, to mirror the approach of others
working with handedness data in neuroimaging contexts. Analyses done
on EHl-delineated “right-handers” (EHI > 0) will be indicated by the term
EHI+ and those on EHI-delineated “left-handers” (EHI < 0) will be denoted
EHI-. To reiterate, these terms reflect subject groupings based on EHI
scores, and are independent of the behavioural handedness measures for
the right- or left-hand, and of the self-identification groupings, which will
be indicated as such. We report summary statistics on the EHI and raw grip
strength and pegboard scores across all 1179 subjects, as well as “left-
handers” (EHI- n=112) and “right-handers” (EHI+ n=1067) separately, in
Table 1. Based on the self-identification data alone, discrepancies exist
between handedness classification based on EHI scores and subject self-
reporting: 120 subjects self-identified as left-handed, 1045 self-identified as
right-handed, and 14 self-identified as not sure. As with previous studies (Flin-
dall & Gonzalez, 2018; Mazoyer et al., 2014), several (n = 25) HCP participants
with “moderately” right-handed EHI scores (EHI+ participants) self-identified
as left handed, and a small number (n = 3) of participants with left-handed EHI
scores (EHI- participants) identified as right-handed in the HCP sample as well.

Due to our particular interest in whether the EHI accurately reflects
handedness when measured in other domains, we calculated laterality
indices (henceforth, LI or LI's) for the behavioural tasks, using the following
approach:

Right hand grip — Left hand grip .
Right hand grip + Left hand grip

(1) GripstrengthlLl =

’

where positive values indicate a right-hand superiority, and negative
values indicate a leftward bias.



Table 1. Summary statistics for the entire subject pool (top, n = 1179), and the right-hander (middle) and left-hander (bottom) subsets. Mean, standard
error (s.e.), population variance, standard deviation (st.dev.) are shown for all groups for each of the following measures: raw Grip Strength (grip
strength) scores for the right- and left-hands; raw Pegboard (pegboard) times (in seconds) for the right- and left-hands; EHI survey scores; and
calculated Grip Strength and Pegboard Laterality Indices (grip strength LI, pegboard LlI).

Grip strength right hand  Grip strength left Pegboard left
Summary Statistics (pounds) hand (pounds) Pegboard right hand (seconds)  hand (seconds) EHI Grip strength LI Pegboard LI
All subjects  mean 86.531 81.167 21.630 22.604 66.068 3.426 2.270
n=1179 s.e. 0.781 0.770 0.083 0.078 1.301 0.173 0.173
variance 26.804 26.443 2.839 2.667 1993.01 35.444 35.549
st.dev. 717.833 698.657 8.055 7.108 44.662 5.956 5.964
EHI+ mean 86.242 80.403 21.521 22.686 78.932 3.780 2.699
n=1067 s.e. 0.817 0.810 0.086 0.082 0.593 0.179 0.179
variance 26.686 26.472 2.821 2.681 374913 34.295 34321
st.dev. 711.475 700.086 7.953 7.179 19.372 5.859 5.861
EHI- mean 89.282 88.439 22670 21.827 —56.473 0.061 -1.814
n=112 s.e. 2.634 2376 0.266 0.228 2.710 0.552 0.510
variance 27.874 25.144 2.812 2411 815.464 33.881 28.828
st.dev. 770.037 626.591 7.836 5.761 28.685 5.847 5.393
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Left hand pegboard — Right hand pegboard .
Right hand pegboard + Left hand pegboard

(2) PegboardlLl = 100,

where positive values indicate a right-hand superiority, and negative
values indicate a leftward bias (recall that pegboard scores are in
seconds, so lower measures reflect better performance).

These LI's preserve directional bias within subjects in a way similar to the
EHI - positive values indicate rightward bias; negative values indicate left-
ward bias — and they also account for absolute differences (i.e., magnitude
differences in raw scores) between subjects (Brown et al., 2006; Oldfield,
1971; but see McManus et al., 2016, pp. 387-389). Discrepancies between
the EHI and these other handedness measures are the focus of the remaining
sections.

Results
Group-level differences in HCP handedness measures

As with other data sets, the HCP behavioural handedness measures do not
have the classic “j-shaped” skew which is present in EHI scores; grip strength
and pegboard LI values are generally centred around 0 and are more nor-
mally distributed, particularly in the case of EHI- subjects. Although many
of the HCP handedness measures are non-normally distributed, we use para-
metric statistics in this study following the recommendation of Fagerland
(2012), in which parametric statistics were shown to be more appropriate
for large-scale data sets, even in cases where the distributions are skewed.
All analyses were completed in R 3.5.1 (R core Team, 2018). We used t-tests
to assess group-level differences in the raw NIH Toolbox measures, and all
measures except for right-hand grip strength showed significant differences
between EHI+ and EHI- subjects (see Table 2).

It is often the case that significant differences in handedness measures
within un-balanced samples are driven largely by the “right-handed” partici-
pants (see Flindall & Gonzalez, 2018, p. 8, Figure 1). Thus, performance differ-
ences between the dominant and non-dominant hands were tested within
each handedness group. EHI+ subjects showed significantly better perform-
ance for the dominant hand compared to the non-dominant hand for both
grip strength and pegboard (grip strength difference in means=9.75, t=
6.451, p <0.001, effect size =0.385; pegboard difference in means =-2.54,
t=-16.549, p < 0.001, effect size = 0.993), but EHI- subjects showed a signifi-
cant difference only for the pegboard task (grip strength difference in means
=—-6.203, t=-1.249, p=0.216, effect size =0.291; pegboard difference in
means = 1.963, t=3.740, p <0.001, effect size=0.869) (see Figure 1). As
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Table 2. t-tests comparing right-handed subset (EHI+) means to left-handed subset
(EHI-) means, for: raw grip strength for the right- and left-hands; raw pegboard
times (in seconds) for the right- and left-hands; EHI values; and calculated grip
strength and pegboard LI's. Means, difference in means, t-values, p-values, and effect

sizes are shown.

t-tests for EHI-based EHI+ EHI- Difference in Cohen’s D

handedness groups mean mean means t-value p-value (effect size)

grip strength right 86.242 89.282 -3.040 1.102 0.2723 0.113
hand

grip strength left hand  80.403 88.439 —8.036 3.201 0.002** 0.305

pegboard right hand 21.521 22,670 —1.149 4175 <0.0071*** 0.419

pegboard left hand 22.686 21.827 0.859 —3.429 <0.007%*** 0.323

EHI 78.932 —-56.473 135.405 —48.80 <0.0071%** 6.627

Grip Strength LI 3.780 0.061 3.719 —6.403  <0.001*** 0.635

Pegboard LI 2.699 -1.814 4513 —8.327 <0.0071*** 0.770

* p<0.05

** p<0.01.

*** p <0.001.

Raw Grip Strength and Pegboard Measures of Left and Right Hands
For EHI- and EHI+ HCP Subjects, n = 1179

230
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Handedness Group —®- EHI- -®- EHI+

Figure 1. Interaction plots depicting raw grip strength (left) and raw pegboard (right)
scores for EHI- (red) and EHI+ (aqua) subject subsets. Note that differences between the
dominant and non-dominant hand are less severe in EHI- participants than in EHI+
ones, especially for grip strength.

shown in Table 2, effect sizes between EHI+ and EHI- participants vary widely
between the EHI and the behavioural measures. Pearson’s linear correlations
between the EHI and behavioural LI's show small, but significant positive cor-
relations between the three measures, indicating that increased rightward-
bias in one measure correlates with increased rightward-bias in the others.
Sub-sample tests, however, confirmed that this effect was also driven by
the EHI+ subjects, as only one of the EHI+ correlations reached significance,
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Table 3. Pearson’s linear correlation values for EHI and grip strength LI, EHI and
pegboard LI, and grip strength and pegboard LI's. Correlation values (r) and
probabilities (p(uncorrelated)) are shown for all three tests for the entire sample
(top), as well as the EHI+ subset (middle) and EHI- subset (bottom).

EHI and grip
Pearson'’s strength LI EHI and Grip strength
correlations for ~ correlation pegboard LI and pegboard
EHI groups (r) p-value correlation (r) p-value Ll correlation (r)  p-value
All subjects 0.1866 <0.007%** 0.2511 <0.007*** 0.0848 0.003**
EHI+ 0.0443 0.15 0.1452 <0.0071*** 0.0515 0.09
EHI- 0.1119 0.24 —0.0406 0.67 —-0.0107 0.91
* p<0.05.
** p <001
*** p <0.001.

and none of the EHI- correlations did (Table 3). Although we replicate group-
level patterns typically reported in large-scale studies on handedness
measures, our correlations suggest that EHI scores are incomplete represen-
tations of HCP subjects’ actual manual performance, particularly for pre-
sumed “left-handers”. These results corroborate a common characterization
of left-handers in the broader literature, namely, that they are not left-
biased in the same way that right handers are right-biased. This provides
further justification for exploring left- and right-handed subjects as separate
subsets (EHI+ and EHI-) in addition to running whole-sample analyses.

Characterizing handedness distributions: What about consistency?

That left- and right-handers show different patterns of hand biases across
multiple measures is interesting on its own, but that these differences are
unstable across multiple measures complicates interpretations of handed-
ness, which are relevant to broader analyses in these data sets, for instance
those of structural or functional brain differences and genome wide associ-
ation studies (GWAS) comparing right- and left-handers. An important discus-
sion related to this about handedness consistency (see Pritchard et al., 2013),
which is related to degree of preference. On this, Leppanen et al. (2018) state:

If handedness inventories are valid measures of preference, then reports of
strong preference should be associated with relatively large performance dis-
parities favoring the putatively preferred hand and reports of weak preference
should be associated with relatively small disparities. To our knowledge, such a
relationship has never been documented in the context of performing labora-
tory analogues of inventory tasks. (Leppanen et al., 2018, p. 544, emphasis
added)

This team investigated 129 participants (only 8 with left-biased EHI scores),
and hypothesized that EHI self-report responses would correlate with hand
choice when participants actually performed the survey tasks spontaneously
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(untimed), and with time differences between the dominant and non-domi-
nant hand when participants performed the same survey tasks again with
both hands (timed). They found a significant correlation between EHI
scores and hand choice for spontaneous task completion. Using a simple
difference (non-dominant hand time — dominant hand time) for the timed
version of each task, the team first noted that differences between hands
were significantly larger when the non-preferred hand was used first (this
was randomly assigned for each participant). As hand order was significant,
the team did analyses for preferred-hand-first and preferred-hand-second
groups separately; they found significant correlations between EHI scores
and the magnitude of time difference between hands when performing
survey tasks. Regarding handedness consistency, Leppanen and colleagues
split their data set into consistent (EHI +/- 80) and inconsistent (EHI
between 0 and +/-75) handers, and found that proportion of tasks performed
with the preferred hand, and time differences between hands, were signifi-
cantly higher in consistent handers, with the odds of using the nonpreferred
hand for spontaneous task performance 8 times higher in inconsistent
handers (Leppanen et al., 2018, p. 551).

We wanted to explore the HCP data in a similar way, so we split EHI+
and EHI- participants by handedness consistency using the same EHI
cutoff (scores +/- 80 are considered consistent handers, whereas inconsist-
ent handers have EHI scores between 0 and +/- 75). It is important to note
that a significantly higher proportion of EHI+ participants are consistent
handers (n=662, 62.04%) when compared to EHI- participants (n=30,
26.78% classed as consistent; X-squared for EHI and consistency =50.527,
p <0.001), again likely reflecting left-hander’s overall tendency towards
reduced manual bias and high variability across individuals, which is gen-
erally not present in right-handers. However, the only measure which
showed significant differences between consistent and inconsistent
handers was the pegboard LI, and this was only in EHI+ participants (differ-
ence of means=1.3803, t=3.7157, p<0.001, effect size=0.238). Thus,
unlike Leppanen et al. (2018), and using a much larger sample size, we
find that consistently-handed HCP participants have similar distributions
of the other two behavioural handedness measures, regardless of
whether they are left-handed or right-handed (Figure 2). This finding
suggest that further investigation is needed into the merits of partitioning
participants into categories for analysis based on handedness consistency,
as our data generally support leaving participants with extreme EHI survey
scores (+/- 80) grouped alongside participants with less extreme or inter-
mediate scores. Alternatively, a multivariate approach for delineating con-
sistent vs. inconsistent handers could be explored in cases where multiple
handedness measures exist.
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Raw Behavioral Handedness Measures of Consistent and Inconsistent Handers
For EHI- and EHI+ HCP Subjects, n = 1179
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Figure 2. Raw scores for grip strength and pegboard in consistent vs. inconsistent
handers. With the exception of pegboard scores, consistent and inconsistent handers
(based on EHI scores) have indistinguishable behavioural handedness measures.

Correspondence between the EHI and behavioural handedness
measures

We have outlined several ways in which EHI scores seem useful for partition-
ing HCP subjects into meaningful handedness groups, but when evaluated
against the behavioural measures, these procedures look more tenuous,
which is concerning considering the ubiquity of the use of handedness
surveys as sole measures of handedness. McManus et al. (2016) discuss
related issues with regard to handedness characterization, revisiting data
from Tapley and Bryden’s (1985) circle-marking task (n = 1556, with n=161
self-identified as left-handed), and Van Horn’s (1992) study, which includes
Tapley-Bryden circle-marking data, as well as Annett pegboard data (where
various pegboard configurations were tested). Although this team was not
specifically interested in validating the EHI survey against behavioural
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Table 4. Congruency of EHI direction with both Grip Strength (grip strength LI) and
Pegboard (pegboard LI) for all subjects (top), the EHI+ subset (middle), and the EHI-
subset (bottom). Congruency was assessed for each subject, where positive values
indicate right-hand skew and negative values indicate left-hand skew for all three
measures. Frequencies for congruent subjects (all measures match), partial
congruence (EHI matches either grip strength LI or pegboard Ll), and non-congruent
(EHI does not match either grip strength LI or pegboard LI), are shown in the left,
and percentages on the right. Note that roughly half of the overall sample has at
least one behavioural score indicating opposing hand preference to the EHI, and
more than 15% of left-handers (EHI-) have behavioural scores which both indicate
right-hand preference.

Congruence Total Congruent Partial Incongruent % Congruent % Partial % Incongruent

All subjects 1179 592 469 118 50.25 39.81 10.02
EHI+ 1067 555 413 99 52.01 38.71 9.28
EHI- 112 37 56 19 33.04 50.00 16.96

measures, but instead in the overall characterization of handedness, they
note “almost perfect separation of self-reported right and left-handers” on
the Tapley-Bryden circle-marking task, with “only 7 (0.5%) right-handers per-
forming better with the left hand, and 1 (0.6%) left-handers performing better
with the right hand” (McManus et al,, 2016, p. 378). McManus et al. (2016)
found that direction of handedness across tasks was more consistent than
degree of handedness, and note:

If a person is right-handed for task A then they are very likely to be right-handed
for task B, but if their dominant hand is very much better than their non-domi-
nant hand for task A then that has no predictive ability for how much better
their dominant hand will be com-pared with their non-dominant hand on
task B. (McManus et al., 2016, p. 393, emphasis original)

We also assessed congruency between the three handedness scores for
each subject. Does the direction of the EHI (positive for “right-handers” and
negative for “left-handers”) match the direction of the behavioural LlI's,
which, as calculated, also have positive values to indicate rightward bias
and negative values to indicate leftward bias? We considered congruency
on a subject-specific basis using the following categories: full congruency,
where all three scores indicate the same directional bias (all positive, or all
negative); partial congruency, where one of the behavioural LI's is in the
opposite direction as the EHI; and non-congruency, where both the grip
strength LI and pegboard LI indicate hand bias opposite to the EHI score.
Congruency was assessed for the whole sample as well as the EHI+ and
EHI- subsets (Table 4).

Only half of all HCP subjects show full EHI-grip strength LI-pegboard LI con-
gruency, although again, as with the raw scores, this trend is largely being
driven by the EHI+ subjects in the sample (Figure 3). Over 65% of the left-
handed subjects, as classed by the EHI, have at least one behavioural score
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Handedness Measure Congruency between EHI, GSLI, and PBLI

All HCP Subjects, n=1179
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Figure 3. Congruency plots for the entire sample (left), EHI- (centre) and EHI+ (right)
subjects. A minority of EHI- subjects have all three scores matching in direction, and
roughly half of all subjects have either grip strength LI or pegboard LI scores indicating
hand performance bias opposite in direction to their EHI scores.

which indicates a right-hand bias. Over 10% of HCP participants have behav-
ioural LI's which both indicate hand performance opposite to their EHI
scores, regardless of whether they report as right-handed or left-handed.
Intra-class correlations (ICC's) for EHI, grip strength LI, and pegboard LI direc-
tionality (Koo & Li, 2016) show low correspondence (< 0.2, indicating only
slight agreement) for the whole sample, and for the EHI+ and EHI — subsets
as well, confirming our other analyses (see Supplementary Materials, Table
1). Interestingly, congruence frequencies are similar when the data are
further split by handedness consistency (see previous section), so even those
with extreme EHI values have high incidences of incongruent behavioural data.

Discussing the unpublished Van Horn (1992) data, McManus et al. (2016)
note that pegboard data are unimodal, as opposed to both the circle
marking task (which is bimodal) and survey data (which is “j-shaped”). On
this, they claim that “the T&B [circle] task separates the right- and left-
handers entirely, whereas the pegboard scores are not so good at doing
that, four of the 28 right-handers and 2 of the 28 left-handers being in the
‘wrong’ half” (McManus et al., 2016, p. 384, emphasis added). We have
found very different proportions of congruency in the HCP data, although,
if anything, this confirms the authors original point that different handedness
measures simply behave differently.
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Measurement reliability: HCP test-retest data

Unfortunately, knowing all the ways in which multiple handedness measures
do not correspond with each other does very little to tell researchers which
measure or sample-partitioning system is the best one to use in neuroima-
ging or genomic analyses about handedness. Of additional potential rel-
evance here is the HCP's test-retest data®, in which EHI, grip strength, and
pegboard measures were collected on two separate occasions for 45 partici-
pants. Test-retest reliability was computed using Pearson’s correlations
between initial test scores and retest scores (Table 5). Regarding self-report
and survey-based EHI data, we replicate Flindall and Gonzalez's (2018)
findings that survey scores are generally stable across testing sessions, with
the exception of the Broom question (“Which hand would you use to hold
a broom (upper hand)?”), and Eye question (“Which eye do you use when
using only one?”). Raw grip strength measures have high reliability as well,
although raw pegboard scores have only moderate reliability. Presumably,
measures with higher test-retest reliability should be favoured, as low
reliability likely indicates high measurement error — unless one is specifically
interested in the hand-eye fine motor coordination performance that is better
assessed by the pegboard than the grip strength task. Despite high and mod-
erate reliability at the raw score level, reliability scores for grip strength and
pegboard laterality indices are much lower (or for raw differences; see
McManus et al., 2016, pp. 387-388). Overall, it seems that as one looks at
handedness data from these large-scale data sets more thoroughly, there is
less and less clarity about how they would best be used in argumentation
about handedness effects on various other traits.

Discussion

Although our analyses of these three handedness metrics are interesting in
their own right, we are ultimately most concerned with implications for
subject classification and exclusion in neuroimaging and genomic study con-
texts. Knowing that roughly half of the HCP subjects have partially or entirely
mismatched survey-based and behavior-based handedness scores, and that
each of these measures is genuinely complex in terms of its reliability and
potential external validity, what procedures should be used to split subjects
into groups for analysis? What, if anything, should be done about the use of

2We had to ask for the raw NIH toolbox scores for the test-retest data, which led us to an interesting
discovery about the HCP's definition of “raw” NIH toolbox data. It seems that the HCP “raw” NIH
toolbox data for the 45 test-retest participants in the larger s1200 data release is actually an
average of the two scores from T1 and T2, meaning that for these participants, our laterality indices
(Grip strength LI and Pegboard LI) were computed on averaged “raw” data, unbeknownst to us,
when the original analyses took place, whereas the remaining 1134 participant LI's were calculated
on single-measure (truly “raw”) data.
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Table 5. Test-retest reliability measures, using Pearson’s linear correlations, for the
entire test-retest sample (n=45). Correlation values (r) and probabilities (p
(uncorrelated)) are shown for self-identification, overall EHI scores, the individual
survey question answers, raw grip strength and pegboard scores, and laterality
indices and raw differences between these measures for the right and left hands.

Pearson’s linear correlations for test-retest reliability Correlation (r) p-value
Self-identification 1 0

EHI 0.975 < 0.0071***
Write 0.993 < 0.0071***
Throw 0.966 < 0.0071***
Scissors 0.947 < 0.0071***
Toothbrush 0.862 < 0.001***
Knife 0.734 < 0.0071***
Spoon 0.878 < 0.0071***
Broom 0.620 0.0031
Match 0.894 < 0.0071***
Box 0.792 < 0.0071***
Foot 0.794 < 0.0071***
Eye 0.505 0.2227
Grip strength right hand 0.907 < 0.007***
Grip strength left hand 0.939 < 0.007***
Pegboard right hand 0.525 < 0.007***
Pegboard left hand 0.556 < 0.007***
Grip strength LI 0.417 0.0042**
Pegboard LI 0.277 0.0646
Grip strength difference 0.408 0.0053*
Pegboard difference 0.298 0.0462*

* p<0.05.

**p <001,

**¥ p < 0.001.

the EHI for subject recruitment and screening? Results of many studies could
change if subjects were grouped as “right-" or “left-handed” based not on EHI
scores, but on Grip Strength (grip strength LI+ n =845 (71.7%); grip strength
LI- n =334 (29.3%)), Pegboard (pegboard LI+ n = 774 (65.6%); pegboard LI- n
=405 (35.4%)), or the many other existing handedness measures. Unfortu-
nately, very little has been done to assess these measures in their own
right, and much more needs to be done to assess their validity if we are to
justify the use of behavioural handedness measures in place of survey-
based metrics like the EHI. These large-sample data sets provide a good
opportunity to explore different hand preference and performance measures
in terms of raw numbers of participants and statistical power, but there is an
unfortunate circularity in that the experimental design and implementation
of measuring handedness in these data sets is of less importance than
other aspects of data collection; in other words, the very data sets which
would strongly suggest that handedness measures need rethinking are
ones where the handedness tasks chosen were likely not as deeply con-
sidered as much of the other collected data.

In many ways, our results mirror previous investigations into the EHI as a
measure of subject handedness, but there are a few important differences.
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With a much larger sample size than previous studies (n=1179), we show
that several issues exist with the use of the EHI as a sole handedness
metric. Based on our sub-sample analyses using the EHI to split subjects
into groups, it seems that right- and left-handers have very different manifes-
tations of multiple handedness measures. Future works on handedness-
related asymmetries would benefit from whole-group as well as sub-
sample reporting, as whole-sample analyses may be “benefitting” from
these disparities. For example, although the raw measures (grip strength
and pegboard scores for the right and left hands) and LI's had significant
pair-wise correlations for the whole sample, our results corroborate other
works in showing low correspondence in particular between EHI and grip
strength LI, and we have also shown that - when considered separately -
EHI, pegboard LI, and grip strength LI scores for EHI- subjects have poor cor-
respondence. Although this is not the case in some recent studies, many pub-
lished works present analyses of their data for all subjects as one group,
leaving us unsure of how much their effects are being driven by EHI+ subjects
(especially in studies using non-balanced samples, such as our own).

The EHI no doubt communicates some credible information about
subject handedness, but we have also shown that at least 10% of the
entire HCP sample shows non-congruence between the survey- and behav-
ioural-measures for handedness. This raises the possibility that the EHI has
a significant “social-labeling” component, which may be less strongly
affecting performance measures: subjects may identify as right- or left-
handed for a variety of social and/or cultural reasons independent of
their actual handedness performance. Over 65% of EHI- subjects have at
least one directional disparity between EHI scores and Grip Strength and
Pegboard Ll's. For those uninterested in studying handedness (those
who purposely exclude “left-handers” from their studies), these congruence
results may also matter, as the most widely used criterion for left-hand
subject exclusion in neuroimaging projects — a negative EHI score - is fre-
quently not congruent with actual behavioural data, at least in the HCP
subject pool. Regarding the pragmatics of screening for right-hand-exclu-
sive paradigms, however, we believe the continued use of the EHI to be
an appropriate course of action, particularly for participants with extreme
EHI scores. However, for those explicitly studying handedness, our congru-
ence data urge caution for categorizing subjects based on EHI scores, par-
ticularly those with mid-range EHI values, and especially in studies
specifically on handedness. It is still generally unclear which handedness
measures should be trusted more over the others in situations where
they do not correlate, likely contributing to the continued use of only
one measure, typically a survey-based one such as the EHI, in neuroima-
ging contexts. We are particularly concerned that grip strength, a
measure which ourselves and other laterality researchers have shown to
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be uncorrelated with other hand preference and performance measures in
multiple independent studies, is still in use in these large-scale neuroima-
ging and genomics studies. For example, the UK Biobank has over 500,000
participants who completed a battery of tasks, including functional neuroi-
maging, genetic sequencing, etc., yet their only two measures related to
handedness are a single self-report question about hand use, and grip
strength (Sudlow et al., 2015).

In cases where survey-based scores were the only handedness information
collected, researchers can still improve upon the discourse on handedness-
related asymmetries by properly specifying their publication titles and text;
instead of claiming that “Handedness does (or does not) correlate with X"
we might be more direct: “EHI scores do (or do not) correlate with X". After
decades of conflicting results, it is time to seriously consider the value of
the EHI as a sole proxy for subject handedness in lateralization studies. As
Oldfield himself stated:

| am far from suggesting that, where manual or cerebral laterality are important
issues in a piece of research, the [EHI] is a sufficient means of assessment of the
handedness aspect. But for screening purposes ... it may, | hope, prove useful.
(1971, p. 110)

We feel that researchers interested in laterality need to acknowledge that
many of our problems in identifying handedness-related and handedness-
independent asymmetries may be related largely to methods which are
confounding, not clarifying, potentially real relationships. The best way
to address this issue is to replicate works like those of Gonzalez and col-
leagues and use more naturalistic measures of handedness, even if they
are labour-intensive. In lieu of this, and to make use of extant data such
as that provided by the HCP and other open-source neuroimaging initiat-
ives, it will also be important to compare each handedness measure to
well-known asymmetries in the brain, perhaps starting with fMRI of
language tasks, but extending beyond that. Careful evaluation of these
measures may confirm the EHI as an important handedness measure to
include in data analysis, but there is no sure way to know this without
explicitly testing it.
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